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FOREWORD 

The applications and interest in thermal analysis and calorimetry have grown 
enormously during the last half of the 20  th century. The renaissance in these 
methods has been fueled by several influences. Certainly the revolution in 
instrumentation brought on by the computer and automation has been a key 
factor. Our imaginations and outlooks have also expanded to recognize the 
tremendous versatility of these techniques. They have long been used to 
characterize materials, decompositions, and transitions. We now appreciate the 
fact that these techniques have greatly expanded their utility to studying many 
processes such as catalysis, hazards evaluation, etc. or to measuring important 
physical properties quickly, conveniently, and with markedly improved 
accuracy over that in the past. 

Consequently, thermal analysis and calorimetry have grown in stature and 
more scientists and engineers have become, at least part time, practitioners. It 
is very desirable that these people new to the field can have a source of 
information describing the basic principles and current state of the art. 
Examples of the current applications of these methods are also essential to spur 
recognition of the potential for future uses. The application of these methods is 
highly interdisciplinary and any adequate description must encompass a range 
of topics well beyond the interests and capabilities of any single investigator. 
To this end, we have produced a convenient four volume compendium of such 
information (a handbook) prepared by recognized experts in various aspects of 
the topic. 

Volume 1 describes the basic background information common to the broad 
subject in general. Thermodynamic and kinetic principles are discussed along 
with the instrumentation and methodology associated with thermoanalytical 
and calorimetric techniques. The purpose is to collect the discussion of these 
general principles and minimize redundancies in the subsequent volumes that 
are concerned with the applications of these principles and methods. More 
unique methods which pertain to specific processes or materials are covered in 
later volumes. 

The three subsequent volumes primarily describe applications and are 
divided based on general categories of materials. Volume 2 concerns the wide 
range of inorganic materials, e.g., chemicals, ceramics, metals, etc. It covers 
the synthesis, characterization, and reactivity of such materials. Similarly, 
Volume 3 pertains to polymers and describes applications to these materials in 
an appropriate manner. Lastly the many important biological applications are 
described in Volume 4. 
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Each of these four volumes has an Editor, who has been active in the field for 
many years and is an established expert in the material covered by that specific 
volume. This team of Editors has chosen authors with great care in an effort to 
produce a readable informative handbook on this broad topic. The chapters are 
not intended to be a comprehensive review of the specific subject. The intent 
is that they enable the reader to glean the essence of the subject and form the 
basis for further critical reading or actual involvement in the topic. Our goal is 
to spur your imaginations to recognize the potential application of these 
methods to your specific goals and efforts. In addition we hope to anticipate 
and answer your questions, to guide you in the selection of appropriate 
techniques, and to help you to perform them in a proper and meaningful 
manner. 

P.K. G A L L A G H E R  
Series Editor 
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PREFACE TO V O L U M E  4 

This volume contains 17 chapters on many aspects of biological thermal 
analysis and calorimetry. I wish I could have written the words "all aspects" but 
it proved impossible to cover every ground. This is because some potential 
authors for Volume 4 either were not prepared to commit themselves to a spot of 
work that does not bring high impact brownie points or they fell by the wayside 
owing to the increasing pressure on academe as we hit the next millennium! After 
all, a Handbook is not intended as a flagship for disseminating the latest research 
results, though it is easy to be tempted down this path, but rather "how and what 
to do and when to do it". 

So, what started 5 years ago as a Thessalonian labour of love has, in some 
ways, become "emprisoned in black, purgatorial rails" (Keats)! I received the 
first chapter three, long years ago and some of the excellent chapters have been 
with me for two years or more. These authors have only made (to me !) the very 
occasional complaint (while probably inwardly fuming!) but my increasingly 
urgent nightmare has been of them bearing down on me all at once - as Mike 
Jagger sang "Ev'rywhere I hear the sound of marching, charging feet, boy"! I do 
apologise to all of them but I did what I could and it is in deference to these 
justifiably "charging boys" that I have called "stumps" (an end to it), inevitably 
leaving some holes. There would have been more but for some colleagues 
coming in late to replace those that failed to stay the course - each one is "like a 
diamond in the sky"! 

Talking of precious jewels, I must make mention of Ms Swan Go of Elsevier. 
Without her, I would have cracked up long ago! Not only was she there for 
every technical problem, there are many in camera ready work, but she would 
act as the proverbial shoulder in one's darkest hours, help to find alternatives, 
ring the recalcitrant and sooth the sibilant! Mirabile dictu! 

I would also like to salute the Editor of Volume 1, Mike Brown, as a fellow 
trooper! In cricketing terms, we had a long batting partnership against some 
devilish spin bowling that turned in every direction and, in the end, we won the 
match! Palma non sine pulvere! 

Finally, I am pleased to express my gratitude to all the contributors, fast and 
slow, to the Series Editor, Pat Gallagher and to the long suffering guys 
("groupies") in my laboratory ("group", we have to call it in these post-Beatles 
days) for enabling this Volume to appear at all! 

I learned a great deal from reading all the chapters but sometimes felt that in 
my work I am playing the triangle rather than the tympani. I trust that the book 
will prove valuable in assisting more scientists to realise the potential of heat 
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measurements in their research while showing those already in the business 
what is done in other areas in the name of heat! After all, the use of the 
technique in biology is two hundred and twenty years old enough to be of a 
mature vintage! 

RICHARD B. KEMP 
Volume Editor 
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ENERGETICS THAT CONTROL THE STABILITY AND 
DYNAMICS OF SECONDARY AND TERTIARY STRUCTURE 
OF NUCLEIC ACIDS. 

H.H. Klump 

Department of Biochemistry, University of Cape Town, Republic of South 
Africa. 

1. INTRODUCTION: CURRENT ADVANCES IN THE STUDIES OF 
DNA AND RNA STRUCTURES. 

The concurrent advances in the preparation of significant quantities of nucleic 
acids, both RNAs and DNAs, coupled with the development of sensitive 
calorimetric instrumentation, tias resulted in a substantial increase in the 
thermodynamic characterization of biologically important systems. In this 
chapter I will describe some of the recent applications of Calorimetry for 
exploring the origins of niicleic acid stability, the mechanisms of secondary and 
tertiary structure folding and unfolding, as studied through the use of model 
compounds, and tlie prospect of nanostructures based on nucleic acids. 
Certainly, inany additional investigations will be required to understand the 
macroscopic and microscopic origin of tlie intra and inter-molecular recognition 
events that are at the roots of biologically significant processes. 
There have been several reviews on the thermodynamics of DNA unfolding [ 1, 
2,3] so that the overall stability and the melting behaviour of any given B-DNA 
duplex structure can be predicted from its known primary sequence [4]. In this 
overview I will rather concentrate on non-inear nucleic acids/structures. Several 
non-linear, but nevertheless highly helical structures have been found. In these 
cases apparently random sequences find complementary sequences with wliich 
they pair generally in the standard Watson-Crick base pairing mode. There have 
been cases of local three-strandedness, and even G-quartet structures have been 
reported. The best known and most widely studied non-linear structures are tlie 
transfer RNAs (tRNAs). Here a two-dimensional set of stem-loop structures are 
arranged in a clover-leaf in the absence of Mg”, which folds into a tliree- 
dimensional striictiire in the presence of Mg”. Other naturally occurring RNAs 
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rarely show the strict complementarity known from DNA double helices. 
Researchers therefore concentrate on the information available on the structure 
and stability of hairpin loops, internal loops and bulges. While true knots are 
almost certainly rare, pseudoknots were suggested to exist at the 3’-end of some 
plant viruses. In a pseudoknot the stems of the two separate double helices can 
stack on each other coaxially, separated by two loops, which cross in the major 
and minor groove, respectively, of the composite helix. These structures have 
been studied by NMR and more recently by calorimetry. By no means can this 
compilation be regarded as exhaustive, it should rather serve as an indication of 
new and exciting developments in a field of which, according to Francis Crick, 
“you can hardly know too much about.” 

2. THE DNA WORLD 

2.1 Thermodynamics of DNA-helix formation: Correlation between 
enthalpy and entropy changes 

The focal point of this section pertains to the strong correlation between 
enthalpy and entropy changes observed for the dissociationlassociation of DNA 
base pairs and their next nearest neighbours’ impact on a particular base pair. In 
short this is called enthalpy-entropy compensation in DNA melting 
thermodynamics. 

The formula developed to describe the melting temperature T, of a DNA double 
helix in terms of nearest-neighbour doublets O>arametrization of DNA melting) 
takes for granted that the entropy change upon melting is the same for all doublets 
and is only a representation of the gain in conformational entropy per segment 
along the backbone (AS = 100 J/mol K) [5]. If AS is constant then the enthalpy for 
the denaturation of a given doublet is proportional to the transition temperature 
(T, = AH/AS) [6] .  For each doublet there is a characteristic enthalpy change upon 
melting (A&) that origmates fiom base pairing and fiom the stacking interaction 
between nearest neighbours x and y 171. The average enthalpy change per mole of 
doublet is gwen as 

= CAKyfXy 
(1) 

wherefiy is the mole fraction of doublet xy and C is the sum for all xy doublets 
in the helix of length n (number of base pairs) which has n-1 stacked base pairs 
(bp) contributing to helix stability [8]. The term xy means that the base sequence 
5‘-xy-3’ on one strand pairs with the complementary base sequence 3’-xy-5’ on 
the opposite strand. This takes into account that the two strands are antiparallel 
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[9]. So there are 10 distinguishable xy pairs arising from the 16 possible nearest 
neighbour base sequences in a canonical DNA. The average entropy change per 
mole of doublet is AS  = AH/T,. If we consider ASv = C (constant) then AHq/Tmy 
must be constant and accordmgly the Tm of a particular sequence must be the sum 
of the individual xy base pair contributions [lo]. 

Tm=CTxyfxy 
(2) 

The validity of this equation is limited to long DNA sequences where end 
effects and strand concentration do not play any role. For shorter sequences 
corrections have to be introduced to account for end effects and for the 
dependence of T, on strand Concentration. It has to be kept in mind that Tm is 
strongly dependent on the ionic strength of the solution [l  I], so to make these 
experiments viable the ionic strength (p = 20 mM or 75 mM) must be low enough 
to allow even the most stable base pairs to melt below the normal boiling 
temperature of water. In salt solutions of 1 M or even higher, T, for most long 
DNA sequences exceeds the boiling point of water and cannot be measured 
directly unless precautions have been taken [ 121. But short duplexes of 10 bp can 
be carefully investigated over a wide range of total oligomer concentration [ 131. 
Tinoco and co-workers have developed an empirical equation which gives the 
relation between the equilibrium constant for the duplex dissociation at T, and 
the corresponding free energy change under standard conditions, 

AGO =-RT In p K = R Tm In (4ICt) =AH'' - Tm AS' 
(3) 

Accordingly AF' and Lwo can be extracted from a van't Hoff plot of R In (4/C1) 
versus l/Tm. The data extracted from a set of optical melting curves has been 
confinned by Breslauer and co-workers [14] using calorimetry (Table I). The data 
are extracted from a set of short helices where one base pair was replaced at a 
time by another. As duplexes are made longer, their enthalpy and entropy changes 
increase with the number of base pairs and the contnbution from Cl becomes less 
sigrzlficant. When n = 100 then total strand concentration drops to lo-' M and the 
term reflecting the strand concentration becomes negligently small. A plot of 0 
versus AHo fits a rectangular hyperbola showing the enthalpy-entropy 
compensation clearly [ 151. A satisfactory fit of the data is obtained by using an 
analytical expression for the hyperbolic curve according to equation 4 where: 
T, = To + (AW/a), To = 273 K and a = 334 J/mol K. 
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aA€P A s o =  - 
a T 0 + W  

(4) 
This expression for ASo versus AHO has the form of a rectangular hyperbola 

passing through the origm. Near the origin, where AHo is much less than aTo, hs" 
is close to W I T , .  If AHO increases the slope decreases continuously as ASo 
approaches a. Taken together the melting temperature for a particular doublet 
relates in the following way to the standard melting enthalpy of this doublet, 

T, = To + & = C T, f, 
a 

( 5 )  
where T, = To + (AHo,/a). The constant To may reflect the influence of solvent 
on DNA melting, a is assumed to reflect the combined entropy change due to 
rotational freedom along the backbone single bonds after the inplane H-bonds 
have been abolished and due to the solvent entropy change. To is within 
experimental error the same as the melting temperature of ice. This is the result 
for canonical DNA doublets in 1 M NaCI, where To becomes 273 f 15 K and a is 
about 334 f 42 J/mol K. It can be assumed that the same constant values hold at 
lower salt concentration (Table I). 
In summary it can be stated that the analysis of thermal melting and calorimetric 

data has established the following points: 
(i) ASO is not a constant for DNA doublets but varies according the enthalpy- 
entropy compensation needs; 
(ii) the variation of ASO with AH" follows a rectangular hyperbola, characterised 
by two constants, To and a; 
(iii) the constant a is much larger than ASo and is interpreted as the combined 
DNA plus solvent entropy change during the DNA melting; 
(iv) the constant To is close to the melting temperature of solid H20. The large 
value of a (334 J/mol K) indicates that the calculated solvent enthalpy change, 
aTo = 92 kJ/mol, is considerably larger than any AHo value found experimentally 
for any base doublet. The implication is that the solvent related enthalpy and 
entropy changes exceed the corresponding parameters for DNA upon melting. 
From the magnitude of aTo one can conclude that at least 4 H-bonds within the 
water structure are broken. The number could be larger depending on the strength 
of H-bonding between H20 and the dissociated Watson and Crick base of a 
denatured base pair. 
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Table I 
Experimental AH" and AS" values for melting of normal DNA doublets in 
1M NaC1, pH 7.0 and corresponding calculated values of Tm." . 

Doublet mb flb Tm 
X YIX'Y' kJ/mol Jlmol K "C 

M T T  
AT/TA 
TNAT 
GTICA 

TGIAC 

GAICT 

AGITC 

GGICC 
GCICG 
CGIGC 

38.0 
35.9 
25.1 
27.2 

(36.8) 
24.2 

23.4 

32.6 
(36.4) 
46.0 
46.4 
49.7 

(33.9) 

(57.7) 

100.3 
100.0 
70.6 
72.3 

53.9 
(82.8) 
57.7 

86.9 
( 1  11.6) 

111.2 
111.6 
116.2 

(101.2) 

(81 . I )  

113+1 
105+3 
76+2 
85+4 

(1 08f3) 
94+2 1 

(1 07f6) 
85fl5 

(87+5) 
99k 1 

(1  05f4) 
138+1 
139+1 
149f 1 

a Adapted from Reference [ 141. 

2.2 Forces that control triple helix stability 
Felsenfeld et al. were the first to combine long monotonous polynbonucleotides 

to form triple helices [16]. More than ten years later (1968) Riley et a]. [ 171 and 
Morgan and Wells [ 181 obtained triplexes from polydeoxynucleotides and from 
hybrid sequences. These structures either origmate by a disproportionation 
reaction of two identical polypurine polypynmidine complexes which at moderate 
to high ionic strength and elevated temperature rearrange to a tnple helix 
consisting of two pynmidine strands and a purine strand, and a partly stacked, 
single stranded polypurine strand, or by mixing matching polypurine and 
polypynmidine strands at high temperature and high ionic strength in a ratio of 1- 
2 [2]. The purine strand forms an antiparallel Watson-Crick double helix with a 
pyrimidine strand while the second pynmidine stand binds via Hoogsteen 
hydrogen bonds to the major groove parallel to the purine strand, forming T-A*T 
and C-G*C+ tnplets (Table 11) [19]. The cytosine of the third strand has to be 
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protonated at the N3 position in order to establish a CG*C+ base triplet. Since the 
pKa of the amino group of cytosine is well below 7, the formation of the C+ 
containing triplexes is pH-dependent. Replacing cytosine by 5‘ methyl-cytosine 
abolishes the pH-dependency. There is an alternative to this first motif. The 
second motif involves 2 polypurine strands and one polypynmidine strand. T or A 
in the third strand will bind to the Hoogsteen site of A in the duplex, leaving the 
Watson-Crick hydrogen bonds intact [20]. 

Correspondingly G in the third strand binds to G in the duplex [21,22,23]. The 
second motif often requires high divalent cation concentrations, and the third 
strand being G-rich, is prone to form self-associated structures involving G- 
quartets [24]. This is particularly pronounced when the third strand is a triplex- 
forming oligonucleotide (TFO) [25,26]. Another competing structure, a G-A 
parallel duplex, can also interfere with triplex formation [27]. 

Table I1 
The Third-Strand Binding Code. 

Third Strand Residue 
Watson-Crick Core A T/U I G C  

A T/U + + + - - 
G C  - - + + +  

The possibility of undesired competition from self-association of the pyrimidine 
third strand in triplexes which form in the first motif has been generally neglected 
except in a few cases [23,28]. At slightly acidic or even neutral pH, 
oligodeoxyribonucleotides which include stretches of cytidines form a tetrameric 
structure involving C-C’ base pairs in a so called i-motif [29]. Formation of this 
motif, whether intramolecular or intermolecular, was demonstrated to act as an 
undesired, competing structure for triplex formation. The so-called i-motif is a 
tetramer of equivalent strands, which present the novel feature of intercalated C- 
C’ base pairs of two parallel-stranded duplexes, which are ody topologcally 
linked. The individual parallel-stranded duplexes are underwound and right- 
handed. The two duplexes are “zipped together” in an antiparallel fashion. 
Recently, the structure and stoichiometry of the complexes formed by short, 
cytosine rich oligonucleotides has been solved by NMR [29] and by x-ray 
crystallography [30,31]. Because of the undesired side reactions much effort has 
been centred on intramolecular triple helices (Figures 1 & 2) [32,33]. In these 
conditions, intramolecular folding based on cytosine self-pairing is limited. 
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5G-A G A G A G A G-c-f: 
7' = c- 1- c- 1- c- 1- c- 1- c, T 

+ + + + . T' Triplex 
T-T- c -1-C-1-C-1- c -1-C 3 

'GAGAGAGAG'c 
C C-T C-1-C-T C-T-C i 
T T Harpin 

T C  T T-C c-1- c 
c3 

Figure 1. Unfolding pathway of an intramolecular triple-helix forming oligomer. 
Adapted from Reference [39]. 

There are several factors that could affect the balance between self-association 
and triplex formation. Triplexes are particularly stabilised with an RNA third 
strand binding to a DNA double helix [34,35,36,37]. In general, these triplexes 
are more stable than the corresponding triplexes with a DNA thrd strand. 2'0- 
methyl oligonucleotides will introduce a further gain in stability [34, 381. There is 
a limited tendency to form undesired structures in these modified sequences. The 
first motif with its Hoogsteen code (T recognising TA base pairs, C' recogmsing 
CG base pairs) can be expanded when one uses inosine with its ability to bind 
indiscriminately to both AT and GC base pairs [38]. One or more inosines can be 
incorporated into the Hoogsteen strand in place of T andor C. The influence of 
inosine on the triplex-duplex equilibrium can be assessed through the melting 
temperature of the triplex [39]. In all cases inosine replacement lowers the 
stability of the complex. This is due to a combination of distinguishable 
mfluences of third-strand inosines which affect binding, namely backbone 
distorhon due to a bulkier purine residue andor loss of intramolecular ion pairs 
between charged cytosines and phosphate residues when inosine replaces 
cytosine-cations. Replacing more than two thymines andor cytosines, 
respectively, eliminates the binding of the Hoogsteen strand at room temperature 
altogether. Under no circumstances does inosine stabilise the triple helix: it is a 
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poor substitute and its value as a “wild-card” or an extension of the “Hoogsteen 
code” is very limited. There is a severe penalty for promiscuity 1391 

triplex 

* 
\A 

t 
‘Y 

hairpin 

A . 
I 

- r-- - --- .-- 7 -  - - I  - -  - -  7 r -- 

5 5 . 5  6 6.5 7 7.5 8 
l a i  ~ 

4.5 

PH 

Figure 2. Phase diagram (7; vs. pH) of an intramolecular triplex in 100 mM “a’] 
Adapted from Reference [ 391. 

2.3 Investigation of sequence specificity of DNA triplex formation using 
isothermal calorimetry 

DNA triplex formation has developed into a versatile tool for modification and 
gene control [21]. It has been applied to specific cleavage of DNA [40], 
repression of gene expression [41], and genome screening. Triplexes can form 
between a double-stranded homopurine-homopynmidine ( Watson-Crick) and a 
single stranded homopynmidine tract (Hoogsteen) or more recently a homopurine 
tract [22]. The main differences between binding of the homopyrimidine vs 
homopurine tract is a pH-requirement for homopynmidines @H 5 )  if there are 
cytosines within the Hoogsteen-strand while purine-oligonucleotides do not 
require and are not sensitive to pH shifts [42]. In any case the strand binds to the 
major groove of the double-stranded W-C complex homopolypyrimidine strands 
bind in parallel to the purine strand while the complementary polypurine strands 
binds in the antiparallel orientation with respect to the Watson-Crick purine 
strand. 
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Besides the canonical triplexes formed, for example, between thymine and the 
adenine-thymine base pair and cytosine and the guanine-cytosine base pair other 
combinations have been suggested to form stable triplexes, e.g. G-TA, G-GC and 
T-GC [43]. The stability of triplexes depends on pH, ionic strength, temperature, 
and, in cases where the Watson-Crick duplex is part of a plasmid DNA, it 
depends on supercoil density [44]. 

In order to understand the mechanism of triplex formation and to assess the 
effects of sequence and environment on specificity and stability, it is necessary to 
obtain detailed thermodynamic and kinetic data for the binding processes. The 
dissociation process has been widely investigated using UV-melting [35], CD 
melting and differential scanning calorimetry (DSC) [45]. The association process 
of triple formation has drawn much less attention and its mechanism has not been 
as well understood as the denaturation [46]. There are several pieces of evidence 
indicating that triplex formation is not compatible with the assumption of a simple 
two-state reaction. Thus it is important to investigate the formation of triplexes, 
and to acquire the data set which describes the complex formation by means of 
isothermal titration calorimetry (ITC). Titration calorimetry will gwe the complete 
set of thermodynamic data describing triplex formation such as enthalpy, heat 
capacity changes, binding free energy and entropy change (see Figure 3). 
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I 1 
- y - - t t -  - 
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Figure 3 .  An isothermal titration calorimetry (ITC) curve of a 1 Smer triple helix. 
Adapted from Reference [46]. 
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Kamiya et al. [46] mixed a double stranded homopurine - homopyrimidine 
complex with a single-stranded homopynmidine oligonucleotide containing both 
T-AT and C'-GC triads at pH 4.8. Based on their results one can discuss the 
mechanism of triplex formation and suggest possible means for enhancing 
sequence specificity. At 25 "C and pH 4.8, 200 mh4 Na' and 20 mM M C  in 10 
mM acetate buffer the single-stranded 15mer oligopyrimidine was added to a 
double-stranded 23mer oligopurine oligopynmidine. The resulting reaction 
enthalpy amounts to 35 I kJ/mol and the association constant K to 9 x  1 0-7 M-'. The 
triplex formation is driven by a large negative enthalpy change. From the 
association constant the value for the binding free energy AG, is calculated to be - 
189 kJ/mol. Thus the entropy change AS, for triplex formation amounts to -1024 
(J/mol K). To evaluate the heat capacity change (AC,) the enthalpy change 
associated with the triplex formation has to be determined at different 
temperatures 1461. AH increases with increasing temperature from 305 kJ/mol at 
15 "C to 380 kJ/mol at 35 "C. The estimated value of ACp is -3820 (J/mol K). 
Since the mab-itude of ACp is much larger than that of AS, -T*hS has a similar 
temperature dependency as AH. There is a pronounced energy-enthalpy 
compensation resulting in a margmal AG vs T slope (Figure 4). 

-1 ~~ ~~ ~ . . . . .  ~ ~. ~ 400:--- - -  

-7LS I 

-- - I 

I 
c A(; 
-0" 

2 AH I + '  \ 

I 

I 

I 1 
40 

-400 ' -4 
10 15 20 25 30 35 

Temperature / O C  

Fibwre 4.  Thermodynamic parameters for the formation of a 15mer 
oligopyninidine triple helix (IOmM Na Acetate, 10 mM Na Cacodylate, 0.2 M 
NaCI, 20 mM MgC12 & pH 4.8). Adapted from Reference [46]. 
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Concurrent CD measurements support the assumption that the enthalpy change 
observed is actually due to triplex formation. The magnitude of the enthalpy 
change due to triplex formation is sensitive to a number of influences, such as 
pH, ionic strength and sequence composition. Sequences containing cytosine, 
which have to be protonated to be included in the triple helix exhibit a pH 
dependent association enthalpy since upon binding cytosines have to be 
protonated on expense of the buffer. At pH 4.8 approximately 33% of cytosines 
will be protonated in solution (pKa of cytosine is 4.5). Accordingly the 
experimentally obtained AH value has to be corrected for the deprotonation 
enthalpy of buffer and protonation enthalpy of cytosine. The present results also 
suggest that the conformational states of the single-stranded oligopyrimidme in 
solution play an important role in the thermodynamics of triplex formation. It is 
also noted that the conformational stability of these sequences is strongly 
sequence dependent. In fact the conformational equilibrium of disordered single 
strands is coupled to the triplex formation in such a way that a well protonated 
single strand with prestacked nucleotides will yield a lowered association 
enthalpy on binding than a slinky sequence which requires extensive protonation. 
Any change in sequence which lower the conformational entropy of the single 
strands will lead to a preferred binding. This should be one of the features to take 
into account when designing modified oligonucleotides which should show 
enhanced sequence specificity as antisense drugs [47]. 

2.4 Determinants of oligonucleotide triple-helix stability and specificity 
To assess the current state of the thermodynamic database for triplex helix 

formation from three complementary sequences which are either linked within 
one molecule or spread over two or more molecules one has to critically assess 
the methods applied to obtain the relevant data [48]. As a great many published 
papers reveal, the thermodynamic stability has to be discussed in terms of its 
dependence on a set of parameters, most important the temperature, the pH, 
sequence composition and lesser important the length, cation concentration, base 
and backbone modification, and ligand binding [32]. Understanding the 
fundamental principles underlying the specificity and energetics of the molecular 
interaction of one nucleic acid molecule with one or more other nucleic acids is a 
key to specific therapeutics, diagnostics or tools in biotechnology [49]. The 
parameters referring to the Watson-Crick DNA duplex, which is part of triple 
helix formation, have been extensively reviewed in the literature. The focus here 
is on non-Watson-Crick base-base interactions via hydrogen bonds and 
intrastrand interactions via base stacking. Since initially reported in 1957 [16] 
there was a long period of very limited interest in triplexes. Renewed interest has 
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sprung up recently mainly due to two factors. First came the discovery of an 
intramolecular triplex in supercoiled plasmids (H-DNA) which may play an 
important role in mediating gene activity in living cells [50]. A much higher 
degree of excitement was created by the proposal to use sequence-specific 
recognition of double stranded DNA by oligonucleotides to develop an antigene 
technology [40]. 

The elucidation of the cellular role of oligonucleotides as well as the rational 
design of them for the control of biological activities will require a basic 
understanding of how the solution conditions and the sequence will influence the 
stability of triple helices in vitro and in vivo. Characterising the linkage between 
thermodynamic parameters and solution conditions represents an essential first 
step towards such an understanding. Great care must be taken to define the states 
in any thermodynamic system, since meaningful comparisons can only be drawn 
if either the initial state of the final one of the two systems being compared are 
identical [51]. Great care must be taken to choose environmental conditions 
which suppress secondary equilibria that may compete with the desired triplex 
formation. One of the preconditions, usually taken for granted, is that the isolated 
single strands are present as random coils. At low pH and/or temperature this 
may not be the case. Only recently it has been discovered that C-rich single 
strands at low pH can form duplexes which combine through topological links to 
quadruplexes (i-motif) [29]. Similarly, oligopurines with continued runs of 
guanines in the presence of potassium can self-associate to form quadruplexes 
(G-quartets) [24]. Each of these self-association events will compete with duplex 
formation and even with triplex formation and influence the thermodynamic 
behaviour of the system. Another prerequisite which has to be met is that the 
system has to be at equilibrium. It has been observed that triplex formation 
proceeds at a slower rate compared with duplex formation, so sufficient time is 
required for the system to equilibrate [27]. Several model systems have been 
reported for the study of oligonucleotide based triple helices. An important 
difference between the model systems is the molecularity of the complex which 
in turn makes the system either concentration dependent or independent [52]. 
The choice of an mtrastrand triplex formation seems to be the most straight 
forward approach yet the presence of the loops that connect the paired region in 
some of these model systems may not be as benign as anticipated. Nuclease 
digestion experiments show that the third stand binding of the 3' end of the 
sequence into the groove of the 5 Watson Crick hairpin results in distortion of 
the loop that joins the Watson-Crick hairpin helix [53]. This observation is in line 
with the perturbation, relative to standard B-form DNA, as shown by 
Radhakrishnan & Patel [53]. In general there is always a possibility for at least 
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transient interactions between single stranded loop sequences and other single 
stranded extensions of hairpin helixes. An approach is made to minimise such 
complications by choosing non-nucleotide linkers [54]. 

Appropriate choice of solution conditions and careful design of helical and 
intervening sequences can enable triplexes to undergo two distinct order-disorder 
transitions. The triplex-to-duplex transition can be decoupled from the canonical 
duplex-to-coil transition [55]. The intramolecular triplex provides significant 
advantage when one considers stoichiometry of the different helical segment, and 
the orientation of the third strand with respect to the orientation of the Watson- 
Crick purine strand. They are also extremely useful for the systematic evaluations 
of basic triple defects, unusual bases, or internal bulge loops in the third strand. 
When considering the effects of small perturbations (mismatches, bulges, etc.) 
well removed form the ends, the analysis most suitable to use is based in 
differences (AAH, AAG, etc.) [56]. Anomalies which come from unavoidable end 
effects are treated independently from changes in the central region, and since 
they are identical in the reference system and the perturbed system, they can be 
subtracted out. Although the primary thermodynamic data will be to some extent 
compromised by the end effect, the change created by the perturbation will be 
readily reflected in the change of the thermodynamic parameters. Intramolecular 
triplex formation has been reported for a great number of pyr.pur.pur, and a few 
pyr.pur.pur, triplex motifs. The three dimensional structure of these folding 
motifs has been elucidated by NMR. As stated above, the main advantage of the 
molecularity of one for these transitions is that the thermodynamic parameters 
are by definition concentration independent. Thus reflux of pH and/or ionic 
strength on the triplex-duplex transition are more clearly discernible [56]. In fact, 
the decoupling of concentration effects by studies on intramolecular triplexes has 
allowed construction of detailed phase diagrams and the development of a semi- 
empirical model for triplex-duplex and duplex-to-coil phase behaviour [48]. 

Coupled equilibria play a large role in the overall thermodynamic behaviour of 
oligonucleotide triple-helix systems. As one can clearly see there is a mutual 
effect of sequence composition on salt and pH dependence of the melting 
temperature. The most difficult assessment to date is the estimate of the uptake 
or release of potentially associated water molecules upon the conformational 
change. Drug binding also can couple to third-strand binding equilibria to either 
stabilise the triplex and shift the equilibria away from the Watson-Crick double 
helix stability or vice versa [57]. Any protonation reaction, necessary for third 
strand binding through cytosines which require a charge uptake, is linked to pH 
changes in the buffer solution present. So buffers with a large heat of protonation 
such as Tris (Tris-hydroxymethyl-ammo-methane) will exhibit a temperature 
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dependent shift in pH and should be avoided. Finally one has to bear in mind that 
the pKa value of hydrogen-ion buffers depends on the concentration of the 
supporting electrolyte in solution. 

All of the noncalorimetric methods for the determination of the change in Gibbs 
free energy accompanying the complex formation of oligonucleotides depend on 
the well known van't Hoff equation [8]. A complete description of this 
equilibrium requires the knowledge of the number of each chemical-distinctive 
species, including protons, cations, anions, and water, i.e. any change will 
influence the equilibrium. When comparing the equilibrium constants for 
different processes one must be sure that K is defined properly. In the simplest 
case K for a hybridisation process which leads to triplex formation is a function 
of the relative concentration of the contributing oligonucleotide species. The 
methods for the exact determination of the amount of free and bound 
oligonucleotide are usually based on one of the three physical principles: 
electrophoresis which leads to a physical separation of the species, spectroscopic 
estimation through selection of characteristic wave length for each component, or 
selecting a temperature (Tm) at which relative concentrations of components are 
equal [23]. 

The most straight forward approach to discriminate between the constituents 
and the complex at least for the qualitative description of the system is by gel 
electrophoresis, because the electrophoretic mobility of the larger complexes 
differs considerably from the single stranded oligonucleotides. This approach 
requires only very little material, and leads to rapid results but it requires that the 
complex is stable under the running conditions, i.e. temperature, buffer, and 
electric field strength. When single strands are radiolabelled the isolated bonds 
can be quantified and the equilibrium constant evaluated. Two dimensional gel 
electrophoresis can be used to elucidate the unfolding of the complex when the 
second dimension is a temperature gradient [33]. This method requires that the 
complex can be isolated and used as the starting material. Frequently one only is 
interested in the difference in flee energy changes (AAG) associated with a 
mismatched complex as compared to a perfect one. Conditions can be found 
where both complexes are stable and can be separated by gel electrophoresis. 
Quantification of the bands allows the direct determination of the relative 
equilibrium constants and thus AAG. These techniques are relatively easy to 
execute when dealing with an intramolecular triplex, because only different 
conformations compete but no new molecular species are created. In all the cases 
where the molecularity is not one, more complex analytical methods are required 
which are beyond the scope of this chapter. A note of caution is necessary at this 
point. It has become common practice to measure Tm and Tm differences (ATm) 
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between two processes, i.e. the melting of a perfectly matched complex and a 
mismatched complex, and to interpret the A Tm value as a true reflection of the 
difference in Gibbs free energy changes at some temperature well below Tm. This 
approach contains some pitfalls, i.e. it ignores any differences in the temperature 
dependence of AG; it does not account for the enthalpy change for the two 
processes which is usually not the same. Shifts in Tm with changes in the 
concentration of an effector (pH, peptide) can be interpreted as an indication of 
the affinity of the effector for the initial (Tm increases) or the final state (Tm 
decreases) of the nucleic acid complex. If no change in Tm is observed as a 
function of effector concentration, then there is either no binding to any of the 
molecular species present or equal binding to all of them [35]. 

The knowledge of the free energy change which goes with the triplex formation 
is useful, but it only applies to the conditions under which the measurement is 
made. The temperature dependence of the free energy change of a process is 
reflected in the enthalpy term (AH). Enthalpy changes are measured directly 
using sophisticated calorimetric techniques [58]. Isothermal mixing calorimeters 
have been employed to measure the binding of a single strand to hairpin helixes 
in order to form a triplex [59]. Differential scanning calorimetry (DSC) differs 
from other calorimetric techniques in its model free, direct measurement of the 
transition temperature, Tmax, and the change in enthalpy, AH, heat capacity, ACp, 
entropy AS, and less directly, free energy AG, accompanying the temperature 
induced transition from an ordered state like the triplex, to a less ordered state, a 
hairpin helix with a dangling end, and finally to a randomly coiled state [60]. It 
should be noted that the results from mixing experiments (mostly at room 
temperature) are not identical to the results at the transition temperature Tm of 
canonical triplexes (ca. 50 ~ measured by DSC because the conformational 
state of single strands at room temperature is different from the conformational 
state of the same single strand when released from a hairpin helix at elevated 
temperature [47]. If direct calorimetric methods are not applicable for lack of 
material, model-dependent van't Hoff enthalpies can be obtained by measuring 
the temperature dependence of some equilibrium property such as the extinction 
coefficient (260nm). It has to be kept in mind that this approach is only valid for 
a two-state process and/or if the whole molecule can be viewed as the co- 
operative unit. Van't Hoff enthalpic techniques include optical spectroscopies in 
the ultraviolet range (UV), circular dichroism (CD), and nuclear magnetic 
resonance (NMR). The most widely used techniques among the three is 
temperature dependent UV absorbance spectroscopy [61]. The resulting 
absorbance vs. temperature curve can be analysed in several ways to derive the 
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necessary data (Tin, AH, AS, ACp, and AG). Since these are not direct 
measurements of the heat of the process certain assumptions about the nature of 
the reaction under study have to enter into the evaluation of data. How good is 
the quality of the data extracted? This depends profoundly on the appropriateness 
of the particular assumptions. In principle, the free energy AG can be extracted 
from the van't Hoff analysis as well as K, in addition to the enthalpy. However, 
the statistical coupling of the parameters and the propagation of error made this 
method less reliable than the determination of AG measured by equilibrium 
constant determination. The computation of AG based on data obtained by 
differential scanning calorimetry is hampered for the same reasons [62]. 

On planning experiments where an oligonucleotide is targeted to bind to one 
particular sequence within a large megabase DNA it has to be borne in mind that 
there are sequences along this DNA which bind with one, two, three or more 
mismatches. Under these circumstances, given the correct sequence is 
synthesised, the target complex and the thermodynamic stability depends on the 
chain length. For the E.coli genome every possible 12mer sequence can 
statistically be present only once. So, to choose a 15mer or even an 18mer will 
suffice to outscore all competing sequences [63]. Using a number of techniques, 
several groups have studied the influence of defects such as base triple 
mismatches or looped-out third strand bases on the triplex stability. They found 
that not only the number of mismatches but also their position is important [52]. 
Central mismatches have a more disabling effect as compared to mismatches 
positioned towards the ends. The free energy penalty for a single bulge or 
misspairing base amounts to 12.5 kJ/mol [35]. Interestingly, the enthalpic penalty 
is apparently small. To this aim several attempts have been made to improve 
stringency. One of the attempts is to use a different, non-ionic backbone (see 
section 2.6 on PNA). More advanced approaches try to use circular 
oligonucleotides which bind to the Watson-strand and probe the Hoogsteen 
strand, but eliminate the Crick strand, which results in an enthalpy penalty but an 
entropy gain [64]. The most recent approaches rely on a minor groove binder 
(not a nucleic acid) tethered to a major groove binder to create maximal 
specificity. 

It is important to find ways and means to enhance specificity by chemical 
modification and/or changing the conformational entropy (circular structure) 
and/or linking the binding to the major groove to the binding to the minor groove 
(drug, peptide). In vitro pH, salt concentrations or temperature can be changed 
deliberately to increase specificity, but there is no such choice in vivo [65]. 

As discussed above, the free energy change accompanying the unfolding of the 
triplex, depends strongly on the solution conditions. This dependence is primarily 
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entropic in origin, due to the release of ions and exchange of water between the 
oligomer strands and the solution [66]. There is no detectable sequence 
dependency of the entropy change per triplet. To detect differences in stability 
between different triple helices under a given set of solvent conditions, one has to 
focus on the differences in enthalpies of unfolding. From early DSC experiments 
it was clear that the binding of the third strand is less tight than binding between 
the Watson and the Crick strand [67]. Only quite recently have oligonucleotides 
been used to systematically study the energetics of triple helix formation. 
Unforttmately the comparison of the available enthalpy data is complicated by 
different approaches the various research groups opted for in their quest to 
acquire triplex data. There is a variation in sequence, in base composition, in 
molecularity, and in the applied techniques. Despite these problems, inspection 
of the published enthalpy data reveals some regularities that may prove to be 
meaningful. Mixing calorimetry and DSC, at and near pH 7, yield enthalpy 
values of 8.4 - 17.6 kJ for the Hoogsteen bond forming nucleotides. It is 
surprising to note that the model-independent results are systematically lower in 
comparison to the van't Hoff enthalpies under identical conditions, which range 
from 8.4 - 29.3 kJ/mol nucleotide, but most of the values cluster in the range of 
21 - 29 kJ/mol [35]. Only at lower pH is the apparent disparity between the two 
sets of data insignificant. Several explanations for the discrepancy are put 
forward. They centre on aggregation, slow rate of reaction or heats of 
protonation. No evidence of aggregation has been found, however, so this can be 
ruled out. Measuring protein unfolding of certain globular proteins by DSC and 
by spectroscopic methods one has observed a similar discrepancy in all cases 
where an unusual intermediate state (molten globular state) is present [68]. 
Variation in the scan rate is employed to test for the claim that equilibrium state 
has been reached and the scan rate of the instrument did not outrun the slow 
kinetic response of the system under investigation. So failure to reach equilibrium 
is not a good explanation either. It has to be stated that the true origin of the 
disparity in the calorimetric and van't Hoff enthalpy data remains unclear. 

p6p7 p8p9 

CTTCTTCTT C" TCCTCCTCC C-_ 
 'AGGAGGAGGA 

TTCTTCTTO- C, 

Figure 5. Purine oligomers p6 & p8 combine with pyrimidine oligomers p7 & p9 
to form triple helices p6p7 & p8p9. Adapted from Reference [56]. 



T
able III 

T
herm

odynam
ic Param

eters for the U
nfolding of T

riple H
elices p6p7 and p8p9 and the N

um
ber of Protonated 

H
oogsteen Sites ". 

0(1/Tm
) 

Integer 
N

um
ber of 

T
riplex 

A
H

 
A

S 
Tm

 
1

0
 

-5 
Predicted 

value for 
H

oogsteen 
kJ/m

ol 
J/m

ol K
 

~ 
0pH

 
n value 

n 
cytosines 

p6p7 b 
-538.0+24.2 

-2913+54 
5

8
.2

 
9.71+0.5 

2.7+0.14 
3 

3 
p8p9 c 

-568.1+24.7 
-1596+100 

60.0 
16.3 +1.0 

4.8+0.30 
5 

6 

N
ote: B

uffer: 20 m
M

 N
a2H

PO
4, 1M

 N
aC

1. T
herm

odynam
ic param

eters for the unfolding of triple helices p6p7 
and p8p9 w

ere obtained by differential scanning calorim
etry and the num

ber of protonated H
oogsteen sites (n) 

w
as deduced from

 the slope O
(1/Tm

)/O
pH

. 
a A

dapted from
 R

eference [56]. 
bpH

 6.0 
pH

 5.3 



19 

Recently Singleton and Dervan proposed a direct application of the van't Hoff 
equation to determine the binding constant as a function of temperature [69]. In 
their approach they introduce an affinity cleavage titration method. The van't 
Hoff enthalpy of 8.4 kJ/mol triple base binding corresponds well to the DSC 
result of 8.4 kJ obtained for the identical triplet. This agreement between the 
van't Hoff data and the corresponding DSC data is gratifying and reflects a yet- 
to-be-understood advantage of the new cleavage-titration method. Taken 
together, the above observations suggest that a van't Hoff analysis is only 
meaningful for short oligonucleotide complexes, for which the all-or-none nature 
of the order-disorder transition can readily be assumed. 

Because the C+-containing triplexes have a reduced charge density relative to 
T-rich triple helices, the ionic strength dependence of the thermal stability (ATm 
/Aln[Na+]) of these triplexes can be positive, approximately zero, or even 
negative depending on the (C+-GC) content [32]. In any case the counterion 
release upon dissociation is greater for T-rich triplexes than for duplexes. C + 
containing Hoogsteen strands exhibit an intrastrand charge compensation 
between the protons binding to cytosines and phosphate groups in the backbone, 
lowering the overall surface charge density of cytosine rich triplexes. Solutions 
containing not only a single cationic species, but for instance Mg 2+ and either of 
the two alkali ions Na § or K + are difficult to assess in their impact on triplex 
stability. Clearly, an understanding of the details of such combined cation effects 
requires further studies. 

To predict pH dependence of third strand binding one has to look at next 
nearest neighbour frequencies of protonated cytosines (see Figure 5). For isolated 
C + residues, Tm vs pH is linearly dependent on the fraction of cytosines in the 
third strand (Table III). It becomes more complex when cytosines are clustered 
because experimentally it was found that the number of released protons is 
smaller than the number of cytosines in putative C+-GC triplets. The explanation 
put forward for this observation is that there is only partial protonation of the 
cytosines in the resultant single strands, a plausible explanation at low pH [33]. It 
is conceivable that there is an equilibrium between protonated and nonprotonated 
sites that will result in partial protonation. Since the interior of cells is strictly 
regulated it is obvious that for in vivo studies only triple helix formers can be 
applied which bind at pH 7. This requires modifications of the oligonucleotide 
sequence and the introduction of methylated cytosine residues, to allow for a pH- 
independent recognition of GC base pairs. Indeed, substitution of 5- 
methylcytosine for cytosine increases the stability of polymeric and oligomeric 
triplexes. The alternative approach requires a triplex formed by the association of 
a purine-rich oligonucleotide to a double helical target in a pH-independent 
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manor. Methylation of third strand cytosine results in an increase in triplex Tm. 
However, the methylation-induced enhancement of triplex stability is not 
accompanied by a change in enthalpy. Consequently, methylation seems to cause 
a favourable entropic contribution to the triplex Gibbs free energy. It is the 
increased hydrophobicity imparted by methylation which is reflected in the 
observed favourable entropy of triplex formation. This is in line with the 
postulated hydrophobic origin of the effect on triplex stability. There are 
particularly long-lived hydration sites in the major groove into which the 5 
methyl group projects. Other substituents, however, do not seem to have the 
same effect although they are hydrophobic [45]. 

Some effort has gone into the study of the relative stability of triplexes 
composed of various combinations of DNA and RNA strands [36]. The 
qualitative agreement between data obtained from very different systems is 
gratifying. Quantitative differences in relative Gibbs energy changes are reported. 
This does not come as a surprise if one considers the variation in solution 
conditions, sequences, molecularity of the triplex forming reaction, and 
experimental methodology. One of the many surprises in these studies was the 
observation that, when the duplex purine strand is RNA and the Hoogsteen 
pyrimidine strand is DNA, no triplex is formed independent from the character of 
the duplex pyrimidine strand. Coupling triplex formation of mixed-backbone 
oligonucleotides with minor groove binding of a drug for example can improve 
triplex stability to such an extent that the complex is stable at room temperature 
[70]. Chemical modified backbones have been introduced with minor or major 
effects on the triplex stability. The most drastic modification such as in PNA and 
its impact on secondary formation between short strands is described elsewhere 
[71]. Great effort has gone into the investigations on the effect of ligand binding 
on the stability of triple helical complexes. Two different approaches have been 
favoured, either probing the influence of intercalators, which insert between 
consecutive base pairs/triplets, or looking at the effect of minor-groove-binding 
ligands. A striking example of a ligand binding effect on hybridisation of a third 
strand to its duplex target is the demonstration, that binding of berenil, 4~-6 ~- 
diamidino-2-phenylindole (DAPI) ethidium bromide, or netropsin all induce the 
formation of the (dT)n, (rA)n (dT)n and/or (rA)n (rA)n (dT)n hybrid of these 
ligands. Again multivariant effects make it impossible to formulate a simple rule, 
from which it can be deduced whether the third strand will bind preferentially or 
whether its binding efficiency is reduced [72]. Efforts have been made to expand 
the lexicon of base pair recognition by a third strand to overcome the current 
rigid sequence requirements. 
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2.5 Variation in DNA-helix stability and health: triple repeat expansion 
diseases 

Expansion of a d(CGG), run within the 5'-untranslated region of the X- 
chromosome linked human gene, named FMR1, blocks eventually the 
transcription of this gene, delays its replication and by doing so constitutes the 
fragile X syndrome [73]. This is an inherited, X-linked dominant mental 
retardation disorder, affecting at the average one in two thousand adults, men 
more frequently than women [74]. The affected gene, FMR1, houses the Xq27.3 
breakpoint sequence [75]. Whereas normal individuals have 2-50 copies of the 
d(CGG) sequence, the trinucleotide is amplified in affected subjects to >200- 
2000 copies [76]. Nadel et al. [77] have shown previously that d(CGG), tracts 
have the potential to aggregate into inter-strung tetra helical complexes [78]. 
Expansion of the d(CGG)n repeat is accompanied by methylation of (CG) 
neighbour pairs within the FMR1 promoter as well as the amplified trinucleotide 
tract [79]. As a consequence of the methylation which again is a consequence of 
the triplet repeat expansion the FMR1 gene is transcriptionally silenced, and the 
replication of a chromosomal segment spanning >150 kb 5' and >34 kb 3' from 
the d(CGG)n stretch is delayed [80]. More recently it was shown that under 
physiological conditions, pH 7 and 200 mM NaCl, the stretches can form 
intramolecular hairpin helices in vitro [77]. The compact d(CGG)n structures 
form intramolecularly (unimolecular reactions) as suggested by their zero-order 
kinetics of formation. This finding is supported by a series of investigations by 
Gacy et al. [81] and Chen et al. [30] which showed not only the hairpin 
formation of d(CGG)n but also of other trinucleotide repeats, which are linked to 
other mental retardations. It is suggested that the folding of exposed (within a 
chromosomal loop of actively transcribed genes) expanded single strand runs of 
d(CGG)n during the replication of FMR1 could entail slippage and give rise to 
further trinucleotide expansion, which in turn worsens the defect. 

The in vitro studies reported so far are based on kinetic measurements, NMR, 
UV-melting and mobility shifts as a function of temperature in a non-denaturing 
observation gel, and on chemical footprinting as well as on methylation 
protection analysis. The shortest oligonucleotide, an 8-met, contains two 
d(CGG)n repeats while the largest oligonucleotide, a 33-met, contains ten triplet 
repeats. Their electrophoretic migration slows down when they become thermally 
denatured. The heat-denatured d(CGG)n oligomers migrate in a non-denaturing 
gel at rates inversely proportional to their length. Their relative mobility becomes 
anomalously accelerated under annealing conditions. 

Taken as evidence for the folding of triplet repeats into more compact forms, 
this observation is strengthened by the demonstration of UV hyperchomicity of 
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thermally denaturing d(CGG)n stretches. Similar hyperchromicity is displayed by 
unfolding of telomeric DNA sequences [82] (Figure 6). 
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Figure 6. UV hyperchomicity of thermally denaturing d(CGG)n oligomers in TE 
buffer (100mM KCL, pH 8.0). Adapted from Reference [77]. 

The weight of the evidence provided here points to a similar structure of 
telomeric DNA sequences and the d(CGG)n tracts [83]. Both are capable of 
forming back-folded hairpin structures at a physiological range of salt 
concentrations, temperatures and pH values [84]. Calculations indicate that the 
stability of the d(CGG)n hairpin increases linearly with length and that it 
surpasses a threshold related to expanded d(CGG)n sequences observed in 
individuals suffering from Fragile X Syndrome. The proposed structure for the 
33-met has the following features: the sequence folds back with a nearly perfect 
symmetry to form a hairpin that is stabilised by four guanine-guanine Hoogsteen 
base pairs and/or ten guanine-cytosine Watson-Crick pairs (Figure 7). Molecular 
mechanics calculations based on NMR analysis implicates that in the Watson- 
Crick pairs both nucleotides assume the anti-conformation while in the 
Hoogsteen pair one guanine is anti, the other one is in the syn conformation. To 
determine the transition temperature of the hairpins either temperature gradient 
electrophoresis or electrophoretic mobility melting profiles can be used. Both 
allow an estimation of the midpoint temperature of its electrophoretic phase 
transition. Tm for a sequence of d(CGG)I5 was determined to be approximately 
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75 ~ higher than the Tm of d(CTG)~5. The difference indicates that GG 
Hoogsteen base pairs contribute a significant amount to the stability to the 
hairpin structure of d(CGG)15 [77]. 
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2.6. DNA analogues with nonphospodiester backbones: the peptide nucleic 
acids (PNAs) 

Two successful attempts have been reported to replace the entire deoxyribose 
phosphate backbone on one side and still preserve the features of the DNA 
structure especially in view of antisense and antigene potential on the other side 
[85,86,87,88,89,90]. One is the morpholino derivative and the other one the 
peptide nucleic acids (PNA) which contains an N-(2-ammoethyl) glycine-based 
pseudopeptide backbone (Figure 8) [71]. It is obvious from the way PNA can 
mimic DNA that the deoxyribose backbone is not essential for the function of a 
helical duplex structure. 

NH2 OH riOt4 
PNA DNA 

Figure 8. The chemical structure of PNA and DNA. 

The key parameters to judge the modified sequences to be considered are: 
geometry, flexibility, and hydrophobicity to increase base-pairing and stacking 
and to increase cellular uptake. The right geometry is the predominant criterion 
to achieve the helical parameters of the base pairs in the duplex that are 
determined by the type of double helix envisioned, A-DNA, B-DNA or any other 
type similar to the two families. The second criterion is flexibility. Only a 
backbone which is flexible enough will eventually adopt the right conformation. 
However, a linkage which is too flexible will raise the entropy cost of freezing 
out the particular conformation required for hybridisation. One of the tricks 
introduced is the use of a 2', 3'-cyclic riboacetal linkage to impose restricted 
conformational flexibility on the backbone. But part of the improved binding to 
the major groove of double helix by these components is due to the concomitant 
reduction of negative charges. Finally a more hydrophobic backbone, although it 
may facilitate passage through cell membranes, may prove disadvantageous, 
because in the helical complex the backbone is the part of the structure that is 
exposed to the aqueous environment. The most radical design published so far 
shows no trace of the canonical deoxyribosephosphate backbone but retains just 
the nucleobases, it is the PNA sequence (Table IV) [91]. The peptide nucleic 
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acid (PNA) has an achiral, noncharged backbone, composed of N-(2-aminoethyl) 
glycine units as attachment for the nucleobases. Hybrids between PNA's and 
complementary oligonucleotides, either of RNA or DNA units show an improved 
thermal stability, as compared to DNA-DNA duplexes at physiological ionic 
strength, predominantly due to the decrease in interstrand electrostatic repulsion 
(Figure 9). 

Table IV 
Thermodynamic parameters for the formation of PNA-DNA, PNA-RNA, 
DNA-RNA and DNA-DNA duplexes with the sequence 
TGTACGTCACAACTA present in the PNA strand.. 

DNA:RNA PNA:RNA DNA:DNA PNA:DNA 
AH ~ kJ/mol * -538.8 -537.1 -440.2 -445.6 
AS ~ J/mol * -1558.3 -1445.9 -1238.1 -1194.6 
AG ~ 37 kJ/mol* -55.6 -88.6 -56.0 -75.2 
Tm ~ 8 ~tM * 50.1 72.2 53.5 68.8 

Measured in 100 mM NaCI, 10 mM Na phosphate, 0.1 mM EDTA, pH 7.0. 
* Obtained from linear plots of 1/Tm versus log (concentration). Adapted from 
Reference [91]. 
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PNA's can respond to base pair mismatches as well as or even better than 
natural DNA sequences [91 ] (Figure 10). 

I ) DNA/DNA 
60 . . . .  

o 

50- 

4oi 
T C G A  T C G A  T C G A  T C G A  

(3'-end) . . . .  X Y Z W, 
PNAorDNA ' G T C A . . . . . .  
(amino-terminal) (Y-end) 

Figure 10. The response of a PNA-DNA hydrid to base pair mismatches. 
Adapted from Reference [91 ]. 

Surprisingly, the binding of PNA to double helical DNA does not take place via 
Hoogsteen base pairing in the major groove but by strand replacement invasion, 
leading to a P-loop complex with unique biological properties [92]. 
Subsequently, experiments revealed that strand invasion is favoured because of 
the formation of extremely stable PNA2-DNA triplexes involving both Watson- 
Crick and Hoogsteen hydrogen bonding [93]. Triplex formation involving PNA is 
subject to the same constraints imposed by the sequence requirements of the 
Hoogsteen strand, they have to orient the sequence in parallel to the purine 
Watson-Crick strand and need to be at least pyrimidine rich to stabilise the 
complex sufficiently. Details of the strand invasion mechanism have not yet been 
solved. But available evidence supports a model revolving an unstable duplex- 
invasion complex, initiated by the "breathing" of the DNA double helix. This 
metastable complex is further stabilised by the binding of the second PNA strand. 
With increasing ionic strength the stability of the DNA-DNA duplex is increased 
making the invasion reaction more and more difficult. Double helical complexes 
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revolving two complementary PNA strands are inaccessible due to the lack of 
chirality. A recent study has demonstrated that "seeding" of left or right- 
handedness into a (PNA)2 duplex can only be accomplished via one covalently 
attached chiral amino acid [94]. 

2.7. Multistem DNA structures 
Multistem nucleic acid structures [95], overlooked for a long time, are part of a 

great number of conserved biological nucleic acid sequences such as rRNAs. 
Three way junctions [33] are the simplest of all possible multistem nucleic acid 
structures. Model structures can be obtained when one mixes three mutually 
complementary nucleic acid single strands that form three double helical arms 
which meet at a common branch point (Figure 11, Table V). 

Strand 3AA 
(S3AA) 

3' 5' 

C--G 

G--C 

G--C 

A--T 

C--G 
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C--G 

A--T 

G--C 
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C--G 
5' 3' 

St rand  1 

(Sl) 

C A C C G C y 

G T G G C G 5 , 

Strand 2 
($2) 

SI + $2 ........... $2:S1 + S3AA 
AG =-29.64 kJ/mol AG = -38.79 

,1 

S 1 + S3AA . . . . .  S3AA:S 1 + $2 ........... TWJ 
AG = -33.89 AG = -37.91 

_ AG = -38.75 
S3AA+S2 - " S2:S3AA+S1 

AG = -33.73 

Figure 11. A double-helical, DNA three-way junction (TWJ) with the Gibbs free 
energy of formation of the individual arms and the complete complex. Adapted 
from Reference [95]. 
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Table V 
ACp data for the formation of two-strand and three-way junction (TWJ) 
DNA complexes a . . . . . . . . . .  

Reaction ACp 
kJ/mol 

$2 + S1 - $2:S1 
S3AA + $2:S 1 = $2:S1 :S3AA 
sum ACp for TWJ 
ACp obtained fromAHl+2 
S3AA + $2 + S2:S3AA 
S1 + S2:S3AA = S2:S3AA:S 1 
sum ACp for TWJ 
ACp obtained from AHl+2 
S 1 + S3AA = S3AA:Sl 
$2 + S3AA:S 1 = S3AA:S 1 :$2 
sum ACp for TWJ 
ACp obtained from AHl+2 

Average ACp for TWJ Assembly: 
from sum of ACp 
from AHI+2 

-2.30+0.50 
-4.47+0.84 
-6.77 
-6.65+0.63 
-2.55+0.04 
-3.765:1.42 
-6.31 
-6.52+0.71 
-2.26+0.54 
-6.10+0.63 
-6.65 
-6.98+0.63 

-6.56 
-6.73 

aA(;p was calculated for the formation of the two-strand complexes $2:S1, 
S2:S3AA, and S3AA:S1 by linear least-squares fitting of the AH vs. temperature. 
ACp was calculated for the reactions of the two-strand complexes with the 
respective third strand to form the TWJ, S I:SI:S3AA, by linear least squares 
fitting of the AH vs. temperature. The overall value of ACp for the formation of 
S l :S2:S3AA was calculated for each permutation of strand addition in two ways, 
by simply summing ACp for each reaction and by linear least-squares fitting of 
the z ~ l +  2 VS temperature data. Adapted from Reference [95]. 

Besides an intrinsic interest in three-way junctions as part of much larger 
structures [96], TWJs can give insight into other multistrand structures such as 
the four-way junctions reviewed by Lilley and Clegg [97]. Although DNA and 
RNA sequences have been published recently in ever growing numbers, progress 
in accurately predicting functional structures around multibranched loops have 
been hampered by the paucity of thermodynamic data on higher order structures, 
even on the most simple ones like three-way junctions. It is obvious that the 
progress in predicting the stability of elements of secondary structure can only 
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come from an extended data set derived from thermodynamic measurements of 
junction formation and/or denaturation. Three way junctions not only occur 
frequently in the ribosomal RNAs or in hammerhead ribozymes [98] but also as 
structural elements in single-stranded DNA molecules, such as in the genome of 
certain viruses. Three way junctions can be designed with triple-helical arms 
linked by either Watson-Crick or Hoogsteen hydrogen bonding (Figure 12). 

w 

w w 

Figure 12. Three-way junctions with triple helical arms linked by either Watson- 
Crick (WC) or Hoogsteen (HG) hydrogen bonding. Adapted from Reference [33] 

Ladbury et al. [95] investigated the thermodynamics of formation of a three- 
strand, DNA three-way junction.They studied a three-way junction which varied 
only by two unpaired nucleotides at the branch site from a three-way junction 
investigated by NMR by Letontis et al. [99]. The NMR spectra recorded as a 
function of temperature showed that each arm was stable and fully base-paired, 
forming canonical B-type right-handed helices. Ladbury's sequences were likely 
to combine into an even more stable complex since they could form one extra G- 
C base pair in each ann. For their investigation they were the first to use a highly 
sensitive isothermal titration calorimeter, OMEGA (MicroCal Inc., Northampton, 
MA). Figure 13 is an example of deconvoluted calorimetric profiles for the 
melting of a TWJ with triple helical arms. 
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Figure 13. Excess heat capacity (ACp) vs temperature curves for the denaturation 
of a DNA three-way junction and the deconvoluted enthalpy contributions of the 
three arms at (A) pH 5 and (B) pH 4.5 (l M NaCI, 20 mM Na3PO4). Adapted 
from Reference [33 ]. 

Data was analysed using the ORIGIN software provided by the manufacturer. 
Initially, pairs of strands were titrated in the buffer solution used throughout the 
experiments, to form short (6 bp) helical duplexes, comprising one of the arms of 
the junction, with six to eight nucleotide extensions. It was made sure that the 
ratio of the two mixed strands was 1:1. The two-strand complexes were returned 
to the calorimeter cell after concentration determination and titrated by the 
addition of the appropriate third strand to form the three-way junction. Heats of 
dilution for each oligonucleotide solution injected into buffer and buffer into the 
oligonucleotide(s) in the cell were measured separately. These heats of dilution 
were used to correct the data. The titration curves, after correction for the 
dilution effects, were fitted to obtain the binding constant K~, the stoichiometry 
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and the molar enthalpy of formation of the particular helical complex AH. From 
these quantities, the molar free energy of formation AG ~ and the entropy AS ~ 
may be calculated using van't Hoff equation and Gibbs-Helmholz equation. Each 
set of data was obtained at a pre-set temperature. Performing a series of titrations 
at different temperatures allows the determination of the change in heat capacity, 
ACp [100]. The effect on ACp of changing the order of strand addition was also 
tested. But it soon became obvious that this had no detectable effect on the 
measured heat. The base sequences were designed to form a three-way junction 
in which each ann contains five G-C base pairs and one A-T base pair. 
Unexpectedly, the formation constant, the enthalpy, entropy, and change in heat 
capacity are distinctly different for each of the pairs. There is no apparent reason 
for the observed discrepancies, so it is likely that it results from several 
contributing factors. The order and position of the A-T base pair between the G- 
C base pairs is obviously important. Another source for differences may be some 
initial secondary structure formed within strands of one kind, which have to be 
broken before complexes can be formed with a second strand. Native gel 
electrophoresis and UV melting experiments indicate that strand $2 may exist as 
a dimer. But at this time no single source for additional or missing formation 
enthalpy can be named. The formation of the three way junction fi'om every 
possible combination of pre-annealed two strand and addition of the 
complementary third strand results in the same set of thermodynamic parameters. 
This result is actually very much in line with what one would expect for a 
complex which is formed from three suitable sequences which can only form one 
final complex, the double helical three-way junction [101 ]. Independent of the 
order of addition of the contributing strands the final data are all identical. The 
large negative ACp obtained for the formation of three way junction is 
characteristic for biomolecular binding interactions [102]. Large negative ACp 
values have been reported for protein-DNA interactions and appear to correlate 
with the removal of hydrophobic binding surface area from solvent exposure. 
NMR studies have demonstrated that the insertion of two impaired bases at the 
branch point facilitates stacking of two of the three helices and extra helical 
conformations for the unpaired bases [ 103]. 

2.8 Competitive equilibria between DNA triplex and quadruplex: the role 
of the G-quartets 

Triplex formation, which involves site-specific recognition of duplex DNA by 
hydrogen bonding between oligonucleotide bases in the 3' end extension and 
purine bases in the major groove, can occur in two distinct patterns termed the 
pyrimidine motif and the pufine motif [22,40]. In the former motif, pyrimidine 
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rich sequence binds parallel to the purine strand of the double helix by 
Hoogsteen hydrogen bonding, while in the latter motif, the other purine rich 
sequence binds antiparallel to the purine strand of the duplex by reversed 
Hoogsteen bonding [22]. The purine motif has an advantage over the pyrimidme 
motif under physiological conditions in the way that it does not need protonation 
of one of the side chains (cytosine) [21]. There is, however an unexpected 
drawback in the purine-motif, because certain monovalent cations at 
physiological concentration inhibit this triplex formation [26]. The cation most 
effective in inhibition is potassium, the mechanism of the inhibition remains 
unclear [104]. It has been shown before that K + can stabilise intermolecular 
structures in G rich sequences [24]. It has been suggested, from the model, that 
K § co-ordinates guanines in stacked quartets because they are found in guanosine 
monomer gels as well as in poly G-structures [ 105]. Physiological concentrations 
of Na + and K § inhibit the formation of purine motif triplexes. Inhibition is related 
to the concentration and/or ionic radius, which in tum is correlated to its 
tendency to stabilise guanine quartet structures [ 106]. The quartets, once formed, 
cannot be destabilised by addition of physiological concentrations of polyamines 
spermidine 3 + or spermine 4 +. The results presented in the literature favour 
quartet-mediated aggregation as the most plausible explanation for inhibition of 
purine motif triplet formation by M + (particularly K +) [107]. These results have 
some implication for proposed in vivo therapeutic application of guanine-rich 
oligonucleotide sequences in anti-gene therapy [108]. Current designs for 
oligonucleotide drugs intended to recognise duplex DNA using a purine-rich 
sequence appear unlikely to permit triple helix formation with suitable 
chromosomal DNA under the ionic conditions of a living cell, where, as 
frequently overlooked, potassium is the most important cation [ 109]. 

Besides the competitive quartet/triplet equilibria four-stranded DNA structures 
have attracted interest in their own rights [110]. As early as 1960 and 1970's 
unusual conformations originating from guanosme-containing polymers and 
monomers have been proposed [31]. More recently the interest has been 
stimulated by the finding that oxytrichia telomers sequences [111] can form 
higher order structures, and the corresponding telometric sequences of 
tetrahymena form an unusual conformation in vitro. Telomers may play an 
important role to "orderly end" the DNA at the ends of chromosomes. 
Oligoguanine repeats have been found at a number of functionally important 
locations including elements that mediate immunoglobulin class switches and 
other recombination events. Structural studies in vitro have demonstrated that 
repetitive guanine-rich sequences have the capacity to form several non- 
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canonical structures, involving parallel-stranded tetraplex-structures with an 
unusual hydrogen-bonding pattern [110]. 

Sequences with a propensity for the formation of G-quartets have been found to 
occur in a number of genes, including the retinoblastoma tumour suppresser 
gene, the insulin gene, and others. At least two major classes of unusual 
conformations are formed by guanine-rich DNA sequences. At least two major 
classes of unusual conformations are formed by guanine-rich DNA sequences. 
Both are based on G-quartet formation. One class of structures comes about by 
the folding back of a repetitive sequence, or the formation of a hairpin dimer, 
resulting in anti-parallel strands and the alternation of anti and syn glucosidic 
angles for the guanine nucleotides within a strand [ 110]. The alternative class of 
structure is based on the association of four independent parallel strands [31] 
(Figure 14). 

^ B C 

! ! _ 

Figure 14. Classes of structures formed by G-quartets in G-rich DNA sequences. 
Adapted from Reference [5 2]. 
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As stated above the preference for one of these structures depends on the 
presence of alkali metal ions, most notably on the presence of sodium or 
potassium ions. Sen & Gilbert [24] have proposed a sodium-potassium 
conformational switch to explain their results of differential stabilisation of 
guanine-rich quartet structures by the two ions. More detailed studies revealed 
that certain ions and specific base sequences, among other factors, can influence 
the equilibrium between these structures. Thermodynamic properties have been 
probed through the use of optical and calorimetric methods. 

3.0. THE RNA WORLD 

3.1. Origin of the different stability of DNA and RNA helices 
It has long been known that there are large differences between the stability of 

DNA and RNA helical complexes even if the nucleotides present correspond to 
each other [112]. The variations have been attributed to differences in the sugar- 
phosphate backbone. A more careful consideration may lead to the conclusion 
that there are in fact two structural features which distinguish DNA from RNA 
(the 2'-hydroxyl and C-5 methyl groups) and that the differences arise from either 
or both of these factors [113]. From the standpoint of reactivity, RNA, with its 
additional 2'-OH group, is hydrolytically much less stable than DNA. On the 
other hand, the C-5 methyl group, which is only present in DNA by marking the 
thymine, is a useful chemical marker in distinguishing it from deaminated 
cytosine, thus allowing accurate enzymatic repair of a mutation. In terms of 
thermodynamic stability of the helical complexes, it was observed earlier that 
RNA-RNA duplexes are more stable than DNA-DNA duplexes with identical 
sequence, with DNA-RNA hybrid duplexes being the weakest of the three [2]. 
One still has to differentiate between the case where in a homopolymer duplex, 
the pyrimidine strand has an RNA backbone (least stable) and the purine strand 
has a DNA backbone. From the hybrid helix studies it is clear that the difference 
in stability is not explained from the backbone features alone. To fine-tune the 
research into the origin of difference in stability between DNA and RNA 
sequences a study is obviously needed of sequence-defined oligonucleotides 
[114], which can be systematically modified in all the important features 
controling stability of the helical duplex structures [36]. It has to be kept in mind 
that the replacement of one natural strand type for another involves inevitably 
two structural changes at a time. The more appropriate approach will 
independently measure the effects of these two groups in separate experiments. It 
does not come as a surprise that both the methyl and hydroxyl groups have 
substantial, and sometimes opposing effects on helix stability [37]. 



35 

The thermal denaturation experiments were carried out at pH 7.0 with 
combinations of two complementary strands forming a pyrimidine-purine 12 bp 
duplex. The combinations were as follows: the purine target strand was either of 
the RNA-type (with hydroxyl) or of the DNA-type (without hydroxyl), the 
pyrimidme strands which all had the same sequence, were either void of methyl 
[113], void of methyl but containing hydroxyl [114] or the strand contained 
hydroxyl and methyl. The melting temperatures (Tm) and Gibbs free energy 
changes (-AG ~ for duplexes of all possible combinations of 2'- hydroxyl and C-5 
methyl groups are given in the following table (Table VI). 

Table VI 
Melting temperatures (Tm/~ and free energies (-AG~ for duplexes with 
all possible combinations of 2'-hydroxyl and C-5 methyl groups. 

purine strand 

d(AAGAAAGAAAAG) r(AAGAAAGAAAAG) 

pyrimidine strand 7m a.b -AG37 b ]/m a.b -AG37 b 
~ kJ ~ kJ 

3'-d(UUCUUUCUUUUC) 
3'-d(TTCTTTCTTTTC) 
3'-r(UUCUUUCUUUUC) 
3'-r(TTCTTTCTTTTC) 

32.4 31.8+3.3 3 7 . 1  36.4+3.8 
38.8 38.5+3.8 42.2 42.6i4.2 
19 .9  20.5+2.1 46.5 47.7+4.6 
31.4 30.5+2.9 55.4 58.1+5.9 

a Conditions: 3.0 ~M total strand concentration, 100 mM NaC1, 10 mM MgC12, 
10mM Na PIPES, pH 7.0. 

b Error limits for individual measurements are estimated at + 0.5 ~ in Tm 
and +10 % in Gibbs free energy. Adapted from Reference [37]. 

The melting temperature varies from 55~ to 19 ~ and the standard free 
energy change, calculated for 37 ~ drops from 58.1 kJ/mol to 20.5 kJ/mol 
respectively. The most stable duplex results from the interaction of the 
(unnatural) two methylated RNA strands. The weakest complex is the RNA- 
DNA hybrid, where the pyrimidine RNA strand contains the naturally present 
uridine residues. This finding sheds some light on the mRNA-DNA hybrid 
complex during transcription. The reannealing of the DNA double strand may be 
one of the driving forces to push the RNA-polymerase forward and to push the 
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single-stranded RNA out after completion of transcription. There is a good linear 
relationship between free energy changes and Tm values for all combinations, so 
stability's could either be compared on the basis of the free energy changes or on 
the Tm (Figure 15). 
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Figure 15. Comparing the methyl and the hydroxyl effects within DNA and 
RNA. Adapted from Reference [27]. 

Without going into any details it is obvious that methyl groups always stabilise 
the helix. A similar comparison made for the effects of hydroxyl is much more 
difficult to interpret. Hydroxyls can be stabilising, neutral, or destabilismg, 
depending on the actual context. In general there is a preference of an RNA-type 
strand to bind to another RNA-type strand, as observed before [115]. The 
determining factor for this preferential pairing is the sugar pucker, which in turn 
is dominated by the absence or presence of the 2'-hydroxyl groups. The mutual 
preference of the hydroxylated backbones is independent of the methyl effect 
[34]. In hybrid sequences such as the deoxyribo-oligopyrimidine/ribo-oligopurine 
combination this combination is more stable than the inverse pair. The 
explanation for the difference is as follows: the methyl effect favours pyrimidine 
DNA strands, the hydroxyl effect favours purine RNA strands. Duplexes of two 
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ribostrands are more stable than duplexes of two deoxyribo-strands because the 
preference of a hydroxylated strand for another hydroxylated strand out- 
competes the lack of methyl-groups m the 5' position of the pyrimidine residues. 
One can also draw some conclusions on the origin of the methyl effect. The 
present data can be interpreted in favour of an increased stacking due to the 
methyl groups present, and the increased van der Waals interactions based on 
reduced dipole-induced dipole attraction. More studies with mixed sequences are 
required to settle the question once and for all [116]. These trends can be 
observed in triple-helices (Figure 16, Table 7). 
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Figure 16. The hydroxyl- and methyl effects in an oligopyrimidine triple-helix. 
Adapted from Reference [27]. 
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Table VII 
Melting temperatures (Tin/~ and free energies ( - A G ~  J) for 
third-strand binding to an unmodified DNA duplex at pH 5.5 ~. 

Pyr third strand 

pyr-pur duplex 5'-d(AAGAAAGAAAAG) 
3'-d(TTCTTTCTTTTC) 

Tm -AG~ methyl 2'-OH 
o C b.c kJ ~ effect effect 

5'-d(UUCUUUCUUUUC) 

5'-d(TTCTTTCTTTTC) 

5'-r(UUCUUUCUUUUC) 

5'-r(TTCTTTCTTTTC) 

18.5 11.3 - - 

8 .9~ 

27.4 18.8 -7.5+2.5 - 
kJ 

38.3 d .a - 19.8~ 

45.7 a d 7.4oc 18.3oC 

a The melting temperature and free energy differences are also separated into 
methyl and 2'-OH effects, b Conditions: 4.5 p.lVl NaC1, l0 mM MgCl2, 10 mM 
Na PIPES, pH 5.5. ~ Error limits for individual measurements are estimated at 
_+0.5 ~ in 7m and _+ 10 % in free energy, d Third-strand transition coincides with 
duplex transition. Adapted from Reference [27]. 

3.2. The  d i scovery  of  the R N A  wor ld  

The term "RNA world" originally corned by Gilbert [117] referred initially to a 
hypothetical time in the evolution of earthly life when protein synthesis, as we 
know it today, was not developed [118]. Later it was discovered that besides m- 
RNA, besides t-RNA, and ribosomal RNA, there is a richness in versatile small 
RNAs including SnRNPs and ribozymes. New techniques are now being used to 
explore the vast "space" of small RNAs, which, because they can form relatively 
rigid structures more easily than can polypeptides of equal length, may have 
interesting properties such as the strong binding of a specific substrate or a 
particular type of catalytic activity [119]. 

The RNA world means different things to different authors. All hypotheses on 
this topic include three basic assumptions: (i) Genetic continuity was initially 
assured by the replication of RNA before a co-operation of RNA, DNA and 
proteins took over [ 120], (ii) Watson-Crick base pairing was at all times the key 
to replication [121], (iii) there was no nucleic acid based protein synthesis, and 
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proteins were not involved in RNA synthesis as catalysts [122], The study of the 
structure and stability of RNA has become a main focus in physical biochemistry 
with the aim of parameterization and incrimentation of the physical forces which 
contribute to a particular RNA structure [123]. With the development of reliable 
databases, it will be possible to predict from the primary sequence the 
thermodynamic behaviour of RNA duplexes, duplexes with modified or damaged 
sites, or higher-order nucleic acid structures [124]. 

A good case can be made that small-length RNAs can form relatively rigid 
structures more easily than can small proteins of equal or similar lengths [125]. 
Beyond what nature has provided there is a vast conformational space for small 
RNA molecules which gives rise to interesting properties. To explore the 
conformational space successfully, molecular biologists can rely on sophisticated 
tools, sharpened through billions of years of natural evolution among them 
replicases and restriction enzymes, proteins which act on nucleic acids. In an 
ingenious combination of biochemical processes, related to nucleic acid 
replication, the RNA "space" can be explored much more rapidly, comparable to 
massive parallel processing. It is reasonable to assume that "true" evolution as 
much as test tube evolution started with rather short molecules, and that 
oligonucleotides represent reasonable model systems for the study of 
intermolecular and intramolecular interactions. These interactions are the basis 
for organising RNAs into functional structures, essential for information transfer 
and catalysis. The thermodynamic measure of the strength of a particular 
interaction or the extent of organisation is given by the change in Gibbs free 
energy. As a rule of thumb the decrease of 5.9 kJ/mol in Gibbs free energy at 37 
~ resulting in a tenfold increase in the equilibrium constant for an association 
or" folding reaction. Individual stacking and hydrogen bonding interactions can 
produce changes of this magnitude [126]. A particularly interesting example is 
the addition of an impaired nucleotide added to the 3' end of an RNA duplex, 
especially if it is a purine residue. These residues can make a substantial 
contribution to stability without any requirements for complementarity across the 
duplex. It may not be by chance that a 3' dangling purine typically follows the 
anticodon in tRNA. 5' dangling ends in RNAs add little to the overall stability of 
the secondary structure, possibly due to the geometry of A-form RNA helix, 
which places a 5' dangling end away form the opposite strand [127]. The end 
effects are very sequence-dependent. The contribution of H-bonding interactions 
have been discussed in the literature, but the conclusions were quite 
controversial. It has to be kept in mind that the formation of a H-bond within the 
structure during binding or folding must be accompanied by breakage of 
hydrogen bonds to water. What has to be considered is the net contribution of a 
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H-bond. A refined estimate for the enthalpy change attributed to a hydrogen- 
bond which includes the correction for conformational entropy effects gives a 
value of 6.7 kJ/mol hydrogen bond [128]. Other studies involving substitutions of 
single functional groups give values per hydrogen bond which range from 0 to 
6.7 kJ/mol. This is obviously due to different contexts for the hydrogen bonds 
[129]. One has to take into account also other hydrogen-bonds but those between 
bases. Binding of substrates to group 1 ribozymes is partially dependent on 
particular 2'-OH groups. At 15~ the contribution of 2'-OH groups can be as 
large as 4.2 kJ/mol to the binding free energy [130]. From studies of the 
reactivity of ribozymes it is clear that a 2'-OH group can enhance binding in both 
ground state and transition state. Finally, studies on the structural domains of 
tRNAs have shown that hydrogen bonds to phosphate groups are also important 
for RNA binding and folding [131]. Different from amino acids a single 
nucleotide has more than one contact point that can either accept or donate a 
hydrogen bond and thus can provide specific contributions to structure formation. 

The high density of negative charges along the single strands/double helices 
requires locally a high concentration of neutralising counterions. This high local 
concentration is independent of the cation concentration in the bulk solution [66], 
but is entropically unfavourable. Once the cation concentration in the bulk 
solution increases the entropic penalty decreases. A consequence of this is that 
the melting temperature 7m linearly dependent on log [Na+]. Multivalent cations 
are much more effective in condensing onto the double helix than monovalent 
cations. Thus the vicinity of the double helix is enriched in multivalent cations. 
The most striking example is the "condensation" of the DNA double helix onto 
the histone octamer forming the nucleosome. 

As for single stranded RNA structures, which contribute the overwhelming 
fraction of all naturally occurring functional nucleic acids, it is important to 
consider the stem-loop structure elements and the factors which influence their 
thermodynamic stability. It was shown that individual stacking and hydrogen 
bonding interactions can each contribute substantially to the binding free energy 
at body temperature, which will be even more favourable at 0~ Mismatches 
with reduced stacking and/or hydrogen bonding capacity will consequently 
decrease helix stability. The only known exception is the insertion of a single or 
double GU mismatch into a helix [132]. Obviously some mismatches are less 
destabilising than others. Thermodynamic considerations also favour placing 
mismatches between helices instead of at the ends, as they exhibit less 
conformational freedom (entropy) than mismatches at the end of helices. Cation 
condensation should also be more pronounced in the middle than at the end of a 
helix. Hairpin helices have a smaller free-energy penalty than helices initiated 
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from two separate strands since loops, especially loops of four are less 
destabilising than any other helix initiation with penalties of less than 4.2 kJ/mol 
[133]. 

Finally, the intramolecular hairpin helix formation is concentration independent, 
a great advantage in a pre-biotic situation. There was an obvious 4.2 kJ/mol 
advantage in selecting hairpins at an early stage in evolution. The combination of 
several hairpin helices in a single molecule leads to more complicated structures. 
The same stacking and hydrogen bonding interactions drive the assembly of 
motifs as seen as part of 16S RNAs. For example crystal structures of tRNA have 
shown that these interactions are crucial for the fixation of the helix-loops relative 
to each other. One tertiary interaction unique to RNA is hydrogen bonding to the 
2'-OH group as mentioned above. Whether new kinds of interactions for 
assembly of helices might occur, which for example could lower the dielectric 
constant locally and reduce water activity, has to be shown. Indication of such a 
structural arrangement comes form the proposed three-dimensional model of 
groups I introns [134]. Mapping experiments with hydroxyl radicals provide some 
evidence that, after folding is induced by Mg 2+, substantial regions of the 
ribozyme becomes inaccessible to solvent [135]. 

3.3. Principles governing RNA folding 
Much like proteins, RNA is recognised to fold into specific shapes capable of 

ligand recognition and catalysis [136]. The thermodynamic analysis of the 
unfolding of several different RNAs has been employed to unravel the underlying 
principles of folding strategies [137]. At least three strategies have been 
identified that RNA might use to achieve a very stable and compact folded 
structure: hydrogen bonding between sequence segments through space (as in t- 
RNA tertiary structure); monovalent and even more divalent ions bound to 
specific sites, as found in t-RNA and fragments of a ribosomal RNA, and 
pseudoknot folds, exemplified by a messenger RNA fragment (Figures 17 & 
19)[123]. 

A surprise of the past decade is the discovery that RNA readily adopts specific 
structures that are adapted, in their irregular complementary surface for 
molecular recognition and catalysis [138]. Random RNA sequence generation 
techniques shaped after in vitro genetics have been employed to create random 
sequence pools from which fairly short RNA can be selected with high affinity to 
small molecules such as organic dyes, other nucleotides or amino acids [139]. 
These selective binding properties imply that RNA's fold into 3D structures with 
unique and irregular shapes. It is obvious it does not require a vast number of 
different side chains to fulfil this task, but that side chains need to be available 
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for through-space hydrogen bonding, and that the regular and stable secondary 
structures from canonical base pairing is not sufficient for these particular binding 
properties. They rather form part of the three-dimensional scaffold to bring the 
reactive groups close together in space. Transfer RNA with its familiar tertiary 
structure which is based on the three modes of interaction listed above, is 
currently the only tertiary fold of any RNA which is tmderstood in detail both 
with respect of spatial resolution and energetics of interactions [ 140]. Going from 
there it is obvious to ask, whether other RNA structures are a mere expansion of 
the tRNA structure. To answer this question, secondary structures can be 
determined by phylogenetic comparisons and by site-directed mutations. Any 
difference between actually determined folding energies and the expected 
stability must arise from additional interactions or missing ones [141]. Three 
model systems have been developed to study the different means by which stable 
tertiary folds could be achieved, namely t-RNA's and their tertiary structure, 
ribosomal RNA's and the ions which help them to fold properly, and the folding 
of m-RNA pseudoknots [142]. 

Acceptor 
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. ~ C  

Figure 17. A 2D representation of the tRNA clover-leaf structure, and residues 
1051-1108 from the large subunit of E. coli wild type ribosomal RNA. Reprinted 
with permission [ 123]. 

It was established in the 1970's that certain t-RNA can unfold in a highly co- 
operative manner, allowing only for a few stable intermediate steps as the 
temperature is raised and that the tertiary interactions are the first to be disrupted 
(see Figure 18) [ 140]. 
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Figure 18. Thermal unfolding of A, tRNA (0.15 M NaCI) and B, an rRNA 
fragment (0.1 M NH4CI, 3 mM Mg2+). Reprinted with permission [123]. 



44 

A well known cloverleaf secondary structure consecutively unfolds in a series of 
additional steps. A total of four discreet tmfolding transitions were distinguished 
in tRNA MET [143]. The major stabilising force is base stacking, which is 
associated with a large positive enthalpy. Accordingly, following the heat 
capacity change over the temperature interval of tmfolding allows measurement of 
the contributions of the tertiary and the secondary structure to the overall 
stabilising contribution of the t-RNA. As in the case of t-RNA MET, the unfolding 
of one of the stem-loop structures (D stem) coincides with the decrease of tertiary 
structure. The combined enthalpy of unfolding is 217 kJ/mol of which about 125 
k J/tool is attributed to tertiary structure itself. The total amount due to the 
complete unfolding is over 836 kJ/mol. As stated above, besides hydrogen 
bonding and stacking interactions, preferential stabilisation of the highly folded 
structure is helped by divalent cations. At 150 mM Na + tRNA's are completely 
folded. So extra counterions will not improve on the stability of the stem-loop 
structure. However, the tertiary structure stability is grossly enhanced by adding 
Mg2+ [1441 . 

The consequence of adding Mg 2+ is in fact that the tertiary structure 7m shifts 
upwards to such an extent that it eventually will surpass the ~n of the individual 
stem-loop structures which constitute the cloverleaf [145]. Because the 
secondary structure elements cannot unfold without disrupting the tertiary 
structure first or concurrent with the secondary structure, the hairpin Tm is 
effectively merges with the unfolding of the tertiary structure at higher 
temperatures [123]. At 3 mM Mg 2+ the entire molecule unfolds in a single highly 
co-operative transition. Folding a highly charged molecule like single stranded 
RNA into a compact structure such as the well known 3D-structure of t-RNA, is 
loaded with a high energy penalty, which is eased when polycations are present. 
The loop regions form a kind of binding pocket, where Mg 2+ can specifically 
bind. This is not the place to define the term tertiary stn~cture for RNA in great 
detail but reserve it for structures which originate from "crosslinking" individual 
secondary elements through space. Draper et al have investigated tertiary 
structures in a ribosomal RNA fragment and the influence of Mg 2+ concentration 
on the stability of the folded state [ 123]. From initial studies it was suggested that 
all helical segments in this RNA fragment (residue 1051-1108 from the large 
subunit ribosomal RNA of E. coli wild type) melt at an elevated temperature 
(Figure 17). The lowest detectable transition cannot be detected by traditional 
means since it does not exhibit any hyperchromicity at 280 nm. Therefore it is 
concluded that it is not associated with any secondary structure unfolding the 
transition. This is in line with the other observation that it is more affected by the 
presence of Mg 2+ than by other divalent cations, reminiscent of t-RNA, although 
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the specificity of tRNA folding is not affected by NH4 + ions. Furthermore, it was 
found that a particular mutation U1061 ~ A  increases the first transition's Tm by 
24 ~ [146]. 

The consequence of the Tm shitt of the tertiary structure is an upward shift in all 
Tm and an increase in cooperativity due to the fact that the stem-loop structures in 
this RNA fragment have to "wait" with their unfolding until the tertiary structure 
(with the lowest Tin) is abolished. Support for this model comes from binding 
studies. The particularly stable folded structure in the presence of 3 mM Mg 2+, 
100 mM NH4 C1 recognises the ribosomal protein L11, its native ligand, and the 
antibiotic thiostrepton [147]. The drastic effect of the mutation transversion 
(U~A) at position 1061 can be understood on the assumption of a competition 
between two alternative foldings. This is not an uncommon behaviour of RNA 
structm'es. Unfolding of t-RNA oLY (as observed by NMR) is accompanied by the 
formation of a new set of hydrogen bonds, so is the unfolding of viroids [138]. 
An intriguing observation is that A1061 is found naturally in several archeal 
thermophiles, suggesting that the mutation is selected for by the higher growth 
temperature which is dependent on a more stable tertiary structure. As can be 
shown by microcalorimetry, a large fraction of the 1051-1108 RNA unfolding 
enthalpy comes from tertiary structure unfolding. Prerequisite for the proper 
folding is the presence of either Mg 2+ or NI-h + in their specific binding pocket. 
The ion selectivity implies that RNA extensively co-ordinates the two ions and is 
so rigid in its structure that it can distinguish between different size ions. 

Finally, tertiary structure stability is shown to play a role in the function of 
mRNA. The tertiary structure element revolved is a nested pseudoknot. A 
pseudoknot is a structure in which nucleotides located in a loop bind via Watson- 
Crick pairs to a single stranded segment within the same molecule. The mRNA 
fragment serves as the target or a translational repressor of the ribosomal protein 
$4. The four helical secondary-structure elements which contribute to the 
unusual structure frame work have been deduced from experiments with 
compensatory base replacements and their effect on $4 binding [140]. The 
unfolding pathway for this RNA was deduced from the same experimental 
approach, compensating mutation in the isolated secondary structure segments. 
The unfolding thermodynamics shows that there must be several sets of 
interactions that stabilise the RNA much more than expected from the known 
secondary structure. The unfolding starts at the tertiary structure level, is 
dependent on Mg 2+ and does not show hyperchromicity, i.e. all helical segments 
shown stay intact. It is assumed that it reflects a tRNA like tertiary structure. In 
the next step a small helix, Helix IV, unfolds but the unfolding enthalpy is bigger 
than the tmfolding of four base pairs. The two helical segments II and III melt as 
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a single co-operative unit. The enthalpy of unfolding obtained for this step is 
close to the predicted value for the melting of eight base pairs. What makes them 
melt co-operatively is not known. Nested pseudoknots have been identified in a 
group of RNA's with ligase activity. The catalytic site of group I introns is part of 
a double pseudoknot, and pseudoknots have been selected by in vitro genetics as 
high affinity binders of several different proteins and vitamin B 12 [148]. 
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Figure 19. A nested tx mRNA pseudoknot. Reprinted with permission [ 123]. 

Looking at these three examples, a tRNA, a defined sequence of the rRNA, and 
a nested mRNA pseudoknot, it can readily be seen that a set of rules are being 
developed for the formation of the secondary and tertiary structure of RNA 
species. By definition, secondary structure elements are double helices and single 
strands with pronounced stacking. Tertiary structure elements include through- 
space interactions of single stranded segments such as loops, with either loops or 
double helices or other non-canonical interactions. The biological ftmction 
performed by these RNA's depends on the proper three-dimensional folding 
which allows specific motifs to be properly oriented in space. To fine-tune the 
through-space interactions, modified nucleotides and divalent cations, preferably 
Mg 2~, have to be envisaged as important modifiers. There are ten discernible 
physical contributions of modified nucleosides to tertiary structure stability, most 
of them related to the structure/ftmction of t-RNA. The ten physicochemical 
contributions are: 1) introduction of transient charges dependent on protonation; 
2) introduction of positive or/and negative charges; 3) alterations and restrictions 
of nucleotide conformation; 4) inhibition of noncanonical base-pairing; 5) 
disruption of canonical base-pairing; 6) enhancement of base stacking 
interactions, 7) reordering of water, 8) facilitation of, or direct co-ordination 
with, metal ions; 9) restriction of phosphodiester bond conformation (sugar 
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pucker); and 10) interaction between modifications of modified nucleosides. 
Determination of the contribution of these features to the tertiary structure 
stability has remained a challenge to conventional approaches. Eventually with 
new techniques we will gain insight into the "RNA World" and hopefully apply 
the knowledge to the design of nucleic acids with new and/or modified functions. 

The secondary structure and its prediction is in reach, and attempts to predict it 
from sequence data started as early as 1960 [149]. The question addressed was 
how to determine a folding that provides the largest number of complementary 
base pairs. The most successful approach centres on the search of the lowest 
energy secondary structures with the use of thermodynamic parameters, and it is 
equally important to know both, the parameters of the helices and the parameters 
of loops of any kind. The respective contributions of helices and loops to 
secondary structure stability are opposed, as the stacking and hydrogen bonding 
lowers the free energy, while the closing of loops, owing to entropy losses, 
usually increases the free energy. The overall stability depends on the balance 
between these two opposing factors. Helix stability has to be evaluated based on 
a nearest-neighbour model, as a sum of the energy contributions of all next 
nearest neighbour base pairs within a helix [10]. 

Traditionally the thermodynamic data were derived from melting experiments of 
self-complementary short synthetic oligonucleotides of varying composition. 
Calorimetric and spectroscopic methods have been used [4]. The thermodynamic 
data are derived from the UV-melting curves by using a two state model, i.e. only 
the initial state and final state are highly populated, and intermediate states can 
be ignored. Under this assumption, data derived from optical melting must be 
equal to the data obtained by calorimetry or the two state model cannot be 
applied. Reference [ 14] contains the commonly used compilation of the sequence 
dependent melting enthalpy and entropy. Loop parameters are considerably less 
studied than those of helices. Little is known of the effect of the nucleotide 
sequence within the loop on the unfolding energy. Estimates are based on 
averaged data not dependent on nucleotide context. The only exemptions are data 
on so called tetraloops, Table VIII in section 3.4. The GNRA tetraloop motif 
plays an important role in group I intron tertiary interactions; there are two 
instances in which GNRA bases hydrogen-bond to helical bases elsewhere in the 
molecule [ 150]. 

It is worthwhile to contemplate the similarities of RNA and protein folding at 
this point. In both cases it is tempting to assume that a linear sequence of 
residues holds the key for three-dimensional structures, creating specific 
molecular shapes, capable of ligand recognition and catalysis. But there are 
fundamental differences in RNA and protein folding. Turner & Bevilaqua have 
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pointed out that a single nucleotide has the potential for a far stronger interaction 
than a single amino acid [151 ]. The addition of an extra base pair to the end of an 
existing helix adds 4-13 kJ/mol in Gibbs free energy to the structure and a simple 
hairpin of 7 base pairs can add as much as 42 kJ/mol in AG. Protein a-helices 
and [3 sheets are usually unstable in the absence of a bulk protein, and the 
complete molecule will only require a change in free energy of 42 kJ/mol for its 
complete unfolding. The second most important difference is the requirement of 
complementarity of interactions in the case of RNA's-hydrogen-bond acceptors, 
and donors have to be placed and spaced accordingly to make a stable folding. 
Protein secondary structure relies on the proper alignment of peptide-bonds of 
the backbone, giving rise to a-helices and [3-sheets, but complementarity hardly 
extends to tertiary structure interactions [152]; disulphide bonds and salt bridges 
require complementarity but the interactions within the hydrophobic core does 
not relay on it. Coordination of distant motifs through a divalent or multivalent 
cation is used in tRNA's as well as Zn finger motifs in a protein, which is too 
small to be stabilised through an extended hydrophobic core. The contrast 
between strong and complementary interactions in RNA vs weak and non- 
complementary interactions in proteins has consequences for the general stability 
of an RNA motif vs a correspondent protein motif. Most globular proteins show 
two-state melting behaviour. RNA's with more stable secondary structure 
elements tend to unfold in a series of discrete steps. As a consequence of that 
even isolated motifs, which are normally part of a larger structure, can be isolated 
in their native conformation, as shown by NMR and studied separately from the 
complete RNA. Another consequence of this is the parametrization of RNA 
secondary structure components and the predictive power for new structures, 
based solely on sequence reformation. From the strong side chain interactions in 
RNA it follows that there is a notable sensitivity of the structural stability to base 
mutation. Proteins can vary to a large extent in their primary structure as long as 
the very few invariant residues are in place [153]. Hence, phylogenetic 
conservation of RNA is far more impressive [154]. The intricate balance between 
many weak interactions made prediction on protein folding and function very 
difficult although there is a rich body of structure information gathered from x- 
ray analysis of protein crystals. The strong and complementary interactions in 
RNA favour rapid progress in the prediction of RNA folding based on structural 
reformation and thermodynamic measurements. 

3.4. Superstable hairpin structures in large RNAs 
Any secondary structure which originates from folding of a single-stranded 

RNA is by definition dominated by hairpins [155]. The folding into hairpins 
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provides nucleation sites for tertiary interactions in RNA enzymes, provide for 
binding sites by RNA-binding proteins [156] and protect RNA's from 
degradation. So it is not unexpected that certain sequences are found with 
exceptional frequency [157] and are characterised by high thermodynamic 
stability. This originates from a network of stabilising interactions within the 
hairpin loop: non-Watson-Crick base pairs and base-phosphate and base-sugar 
contacts. The biological importance of DNA hairpins is less obvious [ 158]. It has 
long been suspected that palindromic DNA sequences form hairpin structures at 
replication origins or operator sequences, which are involved in the regulation of 
gene expression [ 159]. The presence of hairpin structures can be demonstrated in 
vitro and in vivo by the enhanced chemical and enzymatic reactivity within the 
single stranded section. The number and sequence of impaired nucleotides in 
hairpin loops vary, but certain sizes and sequences are found with a 
disproportionally high frequency. Among the tetraloops, which as a class are 
quite common, the two sequences UUCG and GCAA are especially favoured 
(Figure 20)[155,160]. 

- -  . . . .  

m m 

( ~  C3'-endo sugar I ' ! Anti-base �9 Phosphate 
Hydrogen bonding 

O C2'-endo sugar ~' ]Syn-base 
Stacking 

Figure 20. Schematic representation of the UUCG and GCAA tetraloops. 
Adapted from Reference [ 155]. 

The preference has both thermodynamic and structural reasons. Initially the 
sequence dependence of the hairpin-loop thermodynamic stability was attributed 
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only to the stem [161]. The single-stranded intervening sequence (loop) is 
assumed to contribute only to the destabilising entropy change upon folding 
(decrease in confonnational entropy) by an amount depending only on the length 
of the intervening sequence [ 162]. DNA-hairpin loops of four to five nucleotides 
were shown to have higher stability than smaller or larger loops. There is a 
simple structure principle to be considered. The hairpin loop has to cover the gap 
between the opposite sides of the stem. The cross-strand phosphate-phosphate 
distance is ca. 18 A for any double stranded nucleic acid and only determined by 
the width of a Watson-Crick base pair [163]. 

If, however, the unpaired nucleotides are stacked on top of the stem's base pair, 
shorter phosphate-phosphate distances are permitted across either the major or 
the minor groove. As a consequence of this, loops of four to five nucleotides in 
DNA could maximise stacking interactions while satisfying steric constraints 
[ 164]. The optimal loop size in RNA is six to seven nucleotides as one frequently 
observes in t-RNA's [165]. But in ribosomal RNA, loops are smaller usually 
consisting of four to five nucleotides. Increasing loop size has two adverse 
consequences. While the enthalpy of hairpin formation goes down with loop size 
increase and approaches a minimum for loops of five to seven nucleotides the 
entropy increase on loop size increase leads to a decrease in the melting 
temperature with increasing loop size [166]. Stacking of single stranded residues 
results in an enthalpy change which turns out to be 21 - 42 kJ/mol greater than 
expected from the contribution of the stem only. 

For homonucleotide loops, sequence effects on loop stability are much smaller 
than length effects. The observed differences in stability between loops of 
different sequence are entirely enthalpic in origin. The order of stability observed 
in free energy follows the same trend as the calorimetrically determined 
enthalpies of hairpin formation [167]. More interesting than homonucleotide 
loops are obvious loop sequences which are often found in 16S RNA e.g., 
namely UNGC, GNRA, and CUUG, where N is any of the four nucleotides and 
R is any purine. The unusual thermodynamic properties of these sequences were 
first observed by Tuerk et al. [168]. In 16S RNA sequences the UUCG loop is 
predominantly closed by a CG base pair. It is reasonable to include the closing 
base pair in the discussion on the contribution of individual nucleotides to the 
thermodynamic stability of UNC~ and GNRA loops. It has been observed that 
C(UUCG)G (with a stem of three additional base pairs) exhibits a denaturation 
temperature which is 20 ~ higher than the corresponding homonucleotide loop 
C(UUUU)G. The DNA sequence analogue d C(TTCG)G has the expected 
thermal stability, while sequences such as r(GAAA) and d(GAAA) are both 
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unusually stable. Structural studies on the RNA loop UUCG reveal its very 
compact and hence very stable (Table VIII) [ 169]. 

Table VIII 
Melting temperatures and free energies of hairpin formation for members of 
the UUCG family of stable RNA hairpins ". 

RNA loop sequence Tm AG~ 
~ kJ/mol 

C(UUCG)G 71.7 -23.8 
C(UACG)G 69.3 -21.7 
C(UUUG)G 64.0 -15.9 
C(UUUU)G 60.4 -12.5 
G(CUUG)C 62.4 -15.0 
C(C~UU)G 62.2 -15.0 
G(GCUU)C 52.3 -7.1 
C(GAAA)G 65.9 -17.6 

a Adapted from Reference [155]. Underlined letters denote mutations from the 
wild-type sequence. 

The corresponding DNA structure exhibits considerable flexibility and lacks the 
well-defined interactions within the loop. Both RNA and DNA GNRA sequences 
result in exceptionally stable loops. There are various attempts to quantify the 
added stability. One approach is to compare the 7m of hairpin helices with 
identical stems and variable loop sequences. The more quantitative estimate is 
based on subtraction of the contribution of the stem region using nearest- 
neighbour parameters from the thermodynamic database for RNA secondary 
structure prediction [129]. It has to be kept in mind that even though these extra- 
stable sequences have a destabilising effect on RNA secondary structure, it is 
less pronounced (by 8.4 kJ/mol). The destabilising free energy change associated 
with the hairpin loops is entirely entropic and is only partially compensated by 
the favourable enthalpic contribution. Only for Ca loops are AH ~ and z%~; ~ both 
positive. As the contribution from tetraloops to RNA folding enthalpy is more 
favourable than from other hairpins one has to look out for the extra contribution. 
NMR analysis reveals that tetraloops have more hydrogen bonding and/or 
stacking interactions than the other loops. As stated above, the loop closing base 
pairs is part of the stabilising set of interactions. Other base pairs further along 
the stem have no noticeable influence on the stability of the loop. This result is 



52 

consistent with the finding that there is no preference in ribosomal RNA 
sequences for any base pair besides the conserved loop-closing base pairs. 
Within the UNCG-loops the second nueleotide can be replaced by any of the 
four nucleotides without reducing the hairpin stability. Mutations of the third 
loop nucleotide away from the canonical C or replacement of the fourth 
nucleotide G comes with a hefty penalty of AAG of 6.3 kJ/mol in free energy 
[170]. The loss of 2' hydroxyl on replacing the ribo-sequence by a 
deoxyribosequence has a large effect (ATm = 8 ~ on the hairpin stability but 
almost no effect when it occurs in the stem. Variations in the sequence of an all- 
deoxy-ribonucleotide loop have no effect on the thermodynamic stability. A brief 
survey on the thermal stability of the GNRA loop shows that basically the same 
consideration hold for this sequence. The additional stability AG ~ - 4.2 kJ/mol is 
only marginally above the stability of the corresponding homopyrimidine loops 
[ 161 ]. Functional reasons such as the involvement in tertiary interactions rather 
than thermodynamics considerations have dominated the selective advantage, 
which may explain why these loops are so common in RNA. All possible 
nucleotide combinations were tested with sometimes dramatic consequences, 
such as drops in Tm by 30-40 ~ for TTTT, GCCC, or GTTT loops. The stem 
sequence again does not influence the loop stability. The most dramatic effects 
are observed for the first G nucleotide. Substitution by A led to a ATm of over 50 
~ Each functional group seems to contribute only modestly to the hairpin 
stability, the largest effect is observed on replacing G by I (removal of the 
exocyclic amino from the first G). The NMR determined structure shows that 
each of the functional groups is involved either in a direct or a water-mediated 
hydrogen bond. Single hydrogen bonds contribute very little to the overall 
stability. Substitution of functional groups may not only alter the hydrogen- 
bonding pattern, but may also change stacking efficiency. In a few cases it was 
shown that stacking effects can partially offset loss of hydrogen-bonding ability 
[171]. 

The structural features of the GAAA DNA loop are qualitatively consistent with 
the structure determined for its RNA analogue. This loop is found in phage 
QX174 at the origin of replication and herpes simplex virus, in the promoter 
region of an E.coli heat shock gene, and at virion RNA polymersase promoters. 
[172] The first and the last nucleotide can form an anti-anti GA base pair. 
Involvement of the N7 position of the adenine from the GA pair can be 
demonstrated. A loss of stability of the structure (A Tm- 12 ~ can be observed 
on replacing A by a 7-deaza substituent. NMR and molecular mechanics 
simulation suggest that base pair formation is possible in other hairpin loops as 
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well [173]. The additional base pair adds thermodynamic stability to the structure 
Sequences which allow the formation of an intrastrand hairpin were 
approximately 7-10 ~ more stable than sequences which lack this potential, 
largely because of a more favourable enthalpy. There have been considerable 
evolutionary pressure for the selection of tetra loop hairpins especially in 16S 
rRNA. As the observed length and sequence vary it can be concluded that protein 
interactions are either absent or sequence independent, and any preference for a 
particular sequence should not reflect protein-binding requirements [174]. The 
stem loops can be viewed as nucleation sites for folding of RNA as it is 
transcribed. In rRNA's and even more in self splicing RNA's the tetraloops are 
involved in tertiary interactions. The conserved stem loop P5b in group I self- 
splicing mtrons interacts with a helical region within the P6 subdomam. This 
tertiary interaction requires a conserved sequence match rather than grossly 
elevated thermodynamic stability (Table IX) [175]. 

Table IX 
Melting temperatures for members of the GNRA family of stable DNA hairpins a 

DNA stem-loop sequence 

GC(GAAA)GC 
I 

A T 
T 
C 
A 

T 
C 
G 

T 
C 
G 

T 
C 
G 

TT 
TTTT 

CCC 

Wm 
~ C 

76.5 
59-62 

<30 
55-58 
60-63 
<30 

71.5 
72.0 
710 
710 
72 0 
715 
700 
670 
70.5 
69 5 
330 

41-44 

a Adapted from Reference [ 155]. Only mutations from the wild-type sequence are 
explicitly indicated. 
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Of biological significance is the stabilisation of plant tnRNA’s against 
degradation by exonucleases through tetra-loop hairpin fortnation. Plant plastid 
mRNA’s contain several inverted repeats in their 3’ end that can fonn stable 
hairpins to protect it against 3’-5‘ exoniicleases. Different mRNA’s c.an despite an 
identical constitutive level of transcription accunirilate in different amounts 
offering a iiiec.liariisrn by wliich transcriptional efficiency can be regiilatcd. 
Artificial insertion of a tetraloop near the 3’ end r ) f  spinach chloroplast tnRNA 
leads to an enliariced rnRNA retention. Besides the therinodynainic stability of tlie 
Iiaityin special structural features are responsible for the resistance againsi 
nucleases. The resistance against nucleases of stable short KNA or DNA is 
required if they sliall be utilised as antisense sequences [ 1761. This degradation 
occiirs predominantly by 3‘-5‘ exoniiclease activity. DNA hairpins with GAAA 
loops are resistant to tiuc.lease digestion because of thek rigid stnicttire. The 
sugars in hairpin loops are almost always in the extended 2’-endo confonnation 
rather than the 3‘-elido geometry of A-forin RNA helices, to lengthen the distance 
that can be spanned by cach individual nuclcotidc. There is an intricatc interplay 
between backbone struc.tural rearrangeincnis and slabilisitig intcractions to allow 
riiicleic acids to adjiist steer local conforination to energetic needs by optiinising 
stacking and base-pairing interactions [ 1771. I n  helical regions the hydropliilic 
cliaracter of the backbone doiiiinates, but the balance of lydrophobic bases and 
Iiydropliilic sugar-phosphate surfaces may guide protein binding to loops. More 
will be undoubtedly found out about the role of hairpin structures and will guide 
11s in designing stable sequences for a variety of applications. 
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1. INTRODUCTION 

Prot,eilis are f;iscinat,ing 1)iological and physical objects. The invest&- 
tion of proteiri energetics is not orlly iinportant for the understallclillg of 
their biological functioll, sllcli st,llclies 11a.vc also all ilit,rii~sic limristic value 
for tlle r ;~ t i o~ i ;~ l i s r~ t , i o~~  of sollle I ~ ~ I ~ c ~ I I ( :  pliysicnl propert,ies of proteins t.l~at, 
1.clsult fr-0111 t,llc sninll sizc of these nincromolecu1t.s coliipared to tllc r n i ~ g ~ ~ i -  
tutle of sta~ltltirtl classicti1 t,l~crnlodyllt~nlic syst,cilis [l]. The ~~~iderst ,ai ldil ig 
of  tllc ~)llysic:~l properties of proteilis will also ellllnlice tjlle u l i d t ~ r s t a ~ ~ d i ~ l ~  
of tJicir biological rc!,zct,iolls. 

Expel-ilnclit,ai ac:cess t,o t , l~e  ei~el.get,ic ~)r-ol,c?rt,ics of ~>~.ote ins  c : ; t r ~  v1)- 
tailled by  s cv~ rn l  ~iiet~liocls. However, norie of t,llcse ~l~ct.llucls proviclc s11c:ll 

i t  1 1 1  o v f 1 1  0 1  s l i r t i l  i l o r i r t r .  FISC 
~10t1it~01.s tlie ~ ~ S I ) O ~ ~ S C  f u l i ~ t ~ i o ~ i  "heat capncit.yn wllicll is directly relat,etl t o  
t , l ~ u  partitioli fulic,t,iol~ of tllc systerli. I<~~owledgc of t,lle pa~t,it~iuli I~u~ct.ioii 
is su6cic1it to dcrivc~ all t,lic tlicr~lioclyllarliic inforiilatioil on tllc systunl. 

2. THE USC-EXPERIMENT 

A11 iliipvrt;niit stnrt,ilig l ) o i~~ t ,  for n successf111 DSC! F ~ S ~ I C ~ ~ I I I C : I I ~ ,  is t l ic  rnl-r- 
fill prc>par;lt,iol~ of all solut,iol~s. C~c:rlc:r;~.lly tali(! l)iiff(:r slioultl I)e filterecl nritl 

tlcg:~ssc<l. 'I'lic salliplc solut,ion should b(t ctssc:nt,ially frcx; of osygerl: r+sl)t:- 

cially i f  t.1ier.e at.? free cyst;eiries i r i  the prot,eiii [2]. If ligantls arc invnlvcd, 



t,lleir collcentrations have to be adjusted with great care. This is also true 
of H+ ions as ligands. For example, in some cases pH-shifts of a few tenth 
of a pH unit can result in relliarkable shifts in the unfolding temperature 
of a protein [3]. 

The  protein must be dialysed exhaustively against buffer before the  mea- 
surement. Typical protein concentrations that  can be measured accurately 
by present day DSC instrumentation are in the range of 0.1 mg/ml t o  10 
mg/nll. Hlgh co~~centra t ions  yield a favourable signal to  noise ratio, but 
t,hey niay favour unspecific irreversible aggregation of the sanlples 

2.2 Measurenlent and data treatment 

DSC monitors the energy needed to raise the temperature of the sample. 
Heat,i~lg rates hetween 0.1 and 2 I</niiri are routinely ernployed wit11 protein 
soIutions. The t e l~pe ra t~u re  scans in t~st  be done with b0t.h the sarnple and 
t,he equilibrium dialysis buffer solution. The  differerice in heat capacity 
betweell these solut,iotis - t,lic so-called apparent heat capacit,y AC,,,,,,,,, - is 
t,hc I>asis fbr all C,, cnlc~llnt,ions. 

TIiis (Iiff'(>~~c~lcc o r ig i~~a t~cs  fro111 t,lw rcpl~i(;(:ni(:llt, of I ) I I ~ C \ ~ ,  so111t,iori hy 
l)rot,cil~s. Thc. corrc'sl)ol~tli~ig c'cl~lnt,iol~ is: 

low 11~1f'i~r ( , c~ l~<. ( l~~t , r i l t , io~~  tjhcl ll~ilt,  (':~l)i~('it,y of' th(: 1)11ff'(:l. is llot, \rc:ry (!if'- 
filrcl~t frorli tllc 1lc.at. c::~~):~c,it,y o f  ur:~t8c:r. Thcrcfr,rr oftc.11 t,lic Ilcnt c;q)a.c.it.y of' 
\v;itJc1r at, roorr~ t c l l l ~ l ) c r : t r  ( I  cs:l.l/gK = 4. 184 J /gK)  is rlsetl i1.s ;-111 appros- 
i~liutc: v;iluc for tllc s1,ccific lieat. c,al)nrity of t,lic! l)rliI'(:r c.,,,,,,,,r,.,. Howc~e i . ,  

111t1st pc!rforn~t:cl, wliic11 yiclcls t,he difference i l l  Ilent capacity between 

(.all ht: c.xprc!sscil by t,hc following l)olyiio1i1i;rl ~ q i ~ a t , i o l ~  I )as~( l  011 t , l~c d a t ; ~  
of' Stilnsoll [/I] 

(:l,.,yiltl~r[J/gli] = 4.2174 - 3.176894 . 10-:' T ( 3 )  

+ 8.57434% . 10 -' T 2  - 9.3402 . 10 -' T~ 
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(fitted to a fourth order polynomial in temperature  [~ Cp,buffer can be 
determined properly, if necessary. As long as no absolute values of heat 
capacity are required, but only transition parameters such as enthalpies or 
entropies are of interest, approximate values for the specific volumes may 
be employed. Frequently mean values of V p r o t e i n  - -  0.74 ml/g  and Vbuf fe  r ~-~ 
1 ml/g  have been used. However, in general it is preferable to determine 
experimentally the variation with temperature  of both specific volumes 
directly [5,6] or take the individual values from data  collections [7]. The 
specific volume of water is given by the following expression [8] 

Vwater[ml/g] -- (1 4- 16.87985" 10 .3 T ) /  (4) 

(0.9998395 + 16 .945176.10-3T 

-7 .9870401.10  -6 T 2 - 46.170461.10 -9 T 3 

+105.56302.10 -12 T 4 - 280.54253.10 -15 Ts). 

3. T H E R M O D Y N A M I C  A N A L Y S I S  O F  H E A T  C A P A C I T Y  
C U R V E S  

In this section heat capacity is interpreted in a classical thermodynamical  
way. A more general statistical thermodynamical  analysis in a later section 
will show some differences in interpretation, which renders the DSC method 
an even more powerful tool in the investigation of protein folding. 

3.1 T h e  s h a p e  of  heat  capac i ty  curves  

In the simplest case a heat capacity curve of a protein consists of three 
parts. There are two regions showing roughly a linear temperature depen- 
dence of Cp separated by a peak (Figure 1). This peak reflects a first order 
transition between the two common states of proteins, the so-called native 
and the denatured state. The native state is the biologically functional 
state which is populated at physiological conditions. It is also charac- 
terised by a well defined three-dimensional structure. In contrast the de- 
natured state has no defined single structure and lacks biological function. 
The transition region is marked by a heat absorption peak. Its stepwise 
integrated area has been assumed traditionally to be proportional to the 
fraction of denatured molecules or equivalently to the population shift. 
The midpoint temperature of the transition is called T1/2 and has been 
traditionally defined as the temperature at which 50% of the molecules 
have been denatured. 



ITiglir(! 1: Sll~illIilt~('(I I iOi i t ,  ( : i l l)i~(~lt, ,y ( , l l l 'V( '  of ii [)l'olJclill. I l l  f , l l ( '  ~ ~ l ' i ~ l ~ ~ i t , l O l ~  l'(?giOll 
> L I . o I ~ ~ I ( ~  iL ( ~ t i i ~ ~ . i ~ ( : t , ( : ~ i ~ t , i ( :  l)(jii,k O(Y:IIIX. T110 ( ~ ~ t ~ ~ i ~ ~ ) o l ~ i ~ t ~ ( ~ ( l  l i ( : i~ t ,  (:>~l)i~(:it,i(~i 
of pllI.(' l l :Lt , l~( '  iLtl(1 l)l l l .(l  (l(llii~tjlll'(:(~ ~t,tl . t ,(:  c),,,x iL11cI c,),~ ill.(? i l l ( l i ( : t ~ t , ( ? ( l  1 ) ~  t l i ( !  

(Iot,t,(:(l li~i(:s. Tl~c: p ; i r i~~ i i ( l t , (~~  IIS (KI  i ~ i  t,ll(> (:il,l(:~ili~t,io~l of t,11(1 t,ri\,l~sit,iO~i (:uv(> 
i~c,(,c)rtli~lg tJo c!cll~at,ioi~ 44 arct: AH0 = GOO k.l/lliol. = 340 K. C l , , ~  = 15 
k.J/~~lolK, &-C,,>J = 90 J / I N o I K ~ .  C T , , ~  = 30 k,J /~~iolI i .  37Cl , ,~)  = ,lO - J / ~ I N ~ I K '  
; L I I ~ I  U;.C~,,~ = -0.5 , 1 / 1 1 1 0 1 ~ 3  

3.2 Protein stability 

In  t,he present survvy protein stability will be defined thermodynamically 
[y]. Altcrnat,ively for othor purposes it 1rll-t-y 1)e liseful to  characterise p r o t e i ~ ~  
still>ility by t,hc time during whic:l1 a prot,ctin poljlilntion sliows biological 
ac:tivity. Sucli a criteriol~ is 11ot bascrl on tliernic~dyiin.nlic: gro~inds bllt. is 
rathclr a cl~lc:st,ioll of irrcvt:r.sit)le kinetic-:s. Tlierefore we shall refer in this 
rlisc~lssion to prot,cin stabilit,y ill t l ~ e  strict. t,lir~rrnoclyi~al~~ir: i l ~ ; t l ~ l ~ e r  l ~ y  tisi~ig 
the starldnrd Gibbs energy change of unfolding AEG"(T) as a quant.it;ztive 
nicr-lsure of protcin stabilit,y. 
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The use of ADG~ as a quantitative measure of stability implies re- 
versible experimental conditions. Therefore measurements have to be op- 
timised to exclude the occurrence of irreversibility. Two mayor causes of 
irreversibility can be distinguished. First, for the establishment of equi- 
librium conditions the scan rate must be slow compared to the folding ki- 
netics [10,11]. Otherwise the Cp(T)-curve will become distorted. Second, 
reversible unfolding may be perturbed by an irreversible step following 
unfolding, if the heating rate is too slow compared with the rate of the 
irreversible reaction. Interference by such a process can be avoided, if the 
measurement is completed before a significant amount of the irreversibly 
misfolded state has accumulated [12-14]. The proper choice of the scan rate 
is therefore dictated by the intrinsic folding properties of the protein but 
also by the response time of the DSC instrument [15]. These constraints 
may lead to both an upper and lower limit of the heating rate. 

The quantitative description of the transition curve shown in Figure 1 
can be accomplished in the following manner. The overall excess heat 
contribution ADH~ of the unfolding transition is represented by the 
area of the peak, since thermodynamically the heat capacity at constant 
pressure is defined by the equation 

Furthermore this means that  the heat capacity difference between two 
states N and D, given by equation 6 

- O T  p - O T  p O T  p 

determines the temperature dependence of the enthalpy difference between 
the two states, ADH~ In Figure 1 ADCp is indicated at the midpoint 
temperature T1/'2. Integration of eq. 6 yields 

lX~H~ - A~H~ + A ~ C p ( T -  T1/2) (7) 

provided ADcp is assumed to be temperature independent. The more 
complicated case of a temperature dependent D ANC p will be considered 
later. For the standard entropy difference between the native and the 
denatured states of the protein, the following relations hold 

ANC ~ (T) (S) 
T OT p 



68 

T (9) ANDS~ - ADS~ + ADCp ln T1/----22" 

These parameters permit calculation of the standard Gibbs energy dif- 
ference between the states of the protein. For a simple two-state transition 
of the type 

N ~ D  K= [D] (10) 
[ N ]  

where K is the equilibrium constant, the value of K at the transition 
temperature T1/2 is K(T1/2) - 1. Therefore one obtains for the standard 
Gibbs energy change the relation 

ADH~ -- T1/2"/kDS~ (11) - zx a0(T1/ ) 
= -RT~/2 ln[K(T1/2)] - 0 

[N](T) 1 
~ - -  [N](T)+ [D](T) = 1 + K (15) 

and 
[D](T) K 

CtD(Y) -- [N](T)+ [D](T) = 1 + K" (16) 

and thus 

ADS~ /kDH~ (12) 
T~/2 

Using these relations the variation with temperature of the standard Gibbs 
energy change can be expressed in the following form 

DGO H o S o AN (T) - Ar~ ( T ) -  T - A ~  (T) (13) 
D = ADH~ Z l / 2 )  

- T  . [ADH~ + ADCpln T~/2] " 
T~/2 

This property is defined as the "stability of the protein". The function 
described by eq. 13 is the so-called "stability curve". By recalling the 
relation between the equilibrium constant K(T) and the standard Gibbs 
energy change 

K(T) - exp ( A D G ~  
- R T  ( 1 4 )  

it is easy to see that  for each temperature the fractions of both populations, 
N and D, are given by the expressions 



A typical stability curve and the fractional population sizes are shown in 
Figure 2. It is worth noting that according to  equation 16 the fractions of 
both the native and denatured proteins converge to  zero, but never reach 
it. Therefore the statement "at physiological temperatures the protein is 
in the native state" nlust be interpreted more precisely as meaning that 
"at physiological temperatures the native state is predominant". 

I I I I 

1.0 - 
native population 

0.5 - 

denatured population 
0.0 - 

T / K  

: 2. Prol.clir~ stal)ilit,y catirvt? for  i L  tfwo st,iit,(? N + D t~ri-r.lis~i,io~i. At, 
positivt! A ~ G " ( T )  valtlos t,ho ~li~t~ivt: st,i~t,o oc:c:~~rs ~)rc:clo~iii~~i~~itly. i ~ t  ~ic~gt~t,i\ic~ 
~ G ' ' ( T )  ~ii,Ili(:s ttll~: dc:rli~t,Ilr(~cl stSir.ts(:. AEc~) V~I ,~ , IC  > 0 ('ilIIS(?S t l l ~  t,ypic;al 
t)ouclir~g of t h :  crirvr that 1ra.d~ t,o L)otti colil clc.riaturatSiori at, Tli, a11~1 I1re.t clr- 
~~s t~u ra t i on  at TIi2. In most cases c:olti dc?llat,ura.t,iol~ is riot ot)sc?rvc:cl, I)cc:a.ust> 
i t  wolilti occur t)t:low tlie Reczirig pnirlt of water. The lowcr pa.rt of' t,lic> fig111.t: 
sllows t8Ilc viiriat,io~~ wit,h t,c~~~~jc:r.i~.t,~~r.c: of t,lic: frac:tional po1)111i~t,io1is of ~ l i i t , i \ i ( :  

i t t ~ t l  ricl~ii~t,tirc!ti ~)rot,ilirl ~lioli~c:~ilos. '1'11i: ])a.rarriet,t~rs r~st!cl i;)r t,h(? c:i~Ic:~ila.t,ions 
acc:orcli~lg to t!q~iat>ion 23 iire t,l1(? sar~ic! its i r i  Figurt: 1. 



70 

Equation 13 is valid for the simple two-state 1"1 transition mechanism 
involving a constant ADCp value. For different transition stoichiometries 
or a temperature dependent ADCp value the stability equation will assume 
a more complex form (see below). 

3.3 T h e  hea t  c apac i t y  peak  

Figure 3 illustrates the determination of the calorimetric enthalpy, z~Hcal, 
from the area between the transition peak and the sigmoidal or linear 
(dotted line) baseline. In a later section the sigmoidal baseline under the 
transition peak will be shown to contain only A Cp-terms and no enthalpy 
terms, while for the heat capacity peak the opposite applies. The value 
for AH~l is obtained by numerical integration of the peak. This quantity 
is equated to the standard enthalpy change at T1/2, ADH~ Strictly 
speaking this is only true for a simple N ~-- D reaction, because the bell 
shaped curve becomes asymmetric for higher stoichiometries. However, 
within experimental error this assumption is in most cases valid. 

Another approximation provides usually also satisfactory results. This is 
the use of a linear baseline (dotted line in Figure 3) instead of the sigmoidal 
curve. This simplification might introduce significant errors only for very 
broad or asymmetric peaks [16]. 

AH(:al and /kHv.H. should be identical if the transition proceeds as a 
two-state reaction. The latter quantity is the so-called van't Hoff enthalpy 
and represents the standard enthalpy change of a one-step reaction. For a 
reaction of the type N,~ ~ nD the van't Hoff enthalpy can be approximately 
calculated by 

(1 + x/~)2RZ~/2 (< Cp ~>1/2 A~Cp~,)  
1+ v/77 (17) 

AHv.H. = A H,:~l ' 

where < Cp >1/2 is the difference between the heat capacity at T1/,2 and 
the extrapolated Cp,N value of the native state at  T1/2 [17]. The ratio 
AHc~I/AHv.H. is a measure of the size of the cooperative unit of the tran- 
sition. It should be equal to unity, if 1) the stoichiometry assumed for the 
transition is correct, 2) the reaction shows true two-state character and 3) 
the reaction is reversible. 

Since the van't Hoff enthalpy is a measure of the sharpness of the peak, 
any flattening of the heat capacity curve, associated e.g. with sequential 
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Figure 3. Illustration of the determination of tt~e caloriinetric enthalpy AH~l 
by integration of tile heat capacity peak. The error of taking a linear base- 
line tbr integration ((lotted) instead of the sigmoidal curve is in most cases 
negligible. Positive and negative errors in the area compensate each other. 
Tile parameters used in the calculations (equation 44) are given in Figure 1. 

reactions, decreases AHv.H. and therefore increases the size of the cooper- 
ative unit above 1. If the ratio AHc~l/AHv.H. is found to be smaller than 
one, this may indicate a stoichiometry that is higher than assumed. Alter- 
natively the reaction may also contain irreversible steps. Then the second 
law of thermodynamics states that 

(~Q dQrev 
Z ~-- (~Stransfer - dS - ~Sirreversible ~ Z (18) 

[18], i.e. the entropy 6St~fe~ observed experimentally becomes smaller by 
the internally produced entropy (~irreversible than the total entropy change 
in the system dS [19]. Therefore also the enthalpy change observed, AH~l, 
will be smaller than under reversible conditions. 
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3.4 Cold d e n a t u r a t i o n  

From the stability curve for an N ~ D transition shown in Figure 2 it is 
evident that  there may be two points at which the s tandard Gibbs energy 
change ADG~ vanishes. This implies the existence of two transition 
temperatures T1/2, for heat denaturation, and T~/2 for low temperature 
unfolding. This latter reaction is generally referred to as "cold denatura- 
tion". Cold denaturat ion has been discussed by Brandts [20] on the basis 
of spectroscopic measurements, but was observed calorimetrically first by 
Privalov et al. [3]. 

Figure 4 shows DSC measurements on myoglobin which we performed 
under conditions similar to those applied by Privalov et al. [3]. The exper- 
imental curve is indicated by the open circles and the calculated heat ca- 
pacity functions for the native and unfolded state are given by the dashed- 
dotted and dotted lines respectively. The experimental curve can be sim- 
ulated accurately using equation 44 - see section 5.4.1. The Cv,N(T ) and 
Cp,D (T) function have been obtained from equations 65 and 66 - see section 
5.5. 

The cold denaturat ion phenomenon can be analysed thermodynamically 
by comparing the two contributions to the stability ADG~ �9 the transi- 
tion enthalpy ADH~ and the entropic contribution to the Gibbs energy 

DS~ These contributions are shown in Fig- challge whictl is given by TA N 
ure 5. The graph illustrates impressively the marginal stability of proteins. 
A N DG~ is given at each temperature by the difference A D H  ~ - T A D S  ~ be- 
tween the solid and the dotted line. Both ADH~ and ADS~ are 
temperature dependent because of the heat capacity difference ADcj, be- 
tween the native and the denatured protein. As mentioned before ADcI, 
is responsible for the curvature of the ADG ~ N (T) curve and therefore also 
for the occurrence of cold denaturation. There are only few calorimetri- 
cally investigated proteins, which show cold denaturat ion without addition 
of destabilising agents in an experimentally accessible temperature  range. 
The two classical examples are myoglobin [3] and staphylococcal nuclease 
[21]. 

If ADcp is zero there is no cold denaturation, because only one tempera- 
ture exists at which ADG ~ vanishes. For a reliable extrapolation of protein 
stability over a long temperature interval it is therefore of utmost  impor- 
tance to know accurately the heat capacities of the native and denatured 
state of the protein in the same temperature region. 

Often AC v has been determined by performing measurements at differ- 
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eiit, pH values and plotting AH,.,, vs. the transit,ioii bernperatures Tip. 
The slope of this curve is then assumed to  correspond t o  AC, according 
to  equation 6. But this procedure is problematic, since the slope of the 
plot, is not only cletermined by the int.rinsic change in heat capacity of the 
polypeptide chain, hut also by ligat,ioii effwts wliicli indude protmiation 
changes [9,22]. Furthermore ACp generally cannot, be expected to  be teni- 
perature inclepericlerit: due to  the curvature in  the Cp,, function and t,he 
linearity of C p , ~  [23]. 
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Figure 5. Simulated enthalpy and entropy curves. Around T1/2 both 
ADH~ and ADS~ are t)()sitive, i.e. tile d('~Ilat, ure(t stat, e has a higher 
eilt, halpy and eiltropy thail tile native one. At T~/2 tile situation is reversed. 

Tlw, tnarginal difference ADH~ T. a S~ provides the value for the 
protein stability ADG~ The paratneters used with equations 7 and 9 are 
those given in Figure 1. 

3.5 T h e  t e m p e r a t u r e  d e p e n d e n c e  of  ADCp(T) 
So far we have considered the simplest case that  ADCp is temperature 

independent to a first approximation. This assumption is still useful and 
is based on the first significant DSC studies on proteins [24-27]. There it 
had been demonstrated that  within the accuracy obtainable at that  time 
the heat capacity of unfolded proteins was a linear function of temperature 
similar to that  of native proteins, but parallel shifted by a constant, positive 
ADcp value. However, inspection of Figure 4 reveMs clearly that  ADcp is 
temperature dependent. Furthermore model compound studies that  allow 
calculation of the variation with temperature of the heat capacity Cp,D(T) 
of the unfolded state of proteins, indicate unambiguously that  Cp,D(T) is 
not linear [28-30]. Therefore it is necessary to incorporate these features 
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into the calculation of the stability curve. We shall go a step further by 
providing a formula for a generalised stability curve that  makes allowance 
for the incorporation of effects of stoichiometry. 

To derive such a stability relation for a two-state transition N~ ~ nD of 
an oligomeric protein, N~, consisting of n non-covalently linked monomers 
(subunits), we proceed in the following manner. ADG~ is writ ten as a 
Taylor series 

n 

  a0(T) - k! ( T -  T1/2) k (19) 
k=0 

T 
1 / ( T -  t)~A~G ~ (n+l +~ (t) )dt 

T1/2 

[31]. The index (k) indicates the number of derivatives with respect to T. 
F o r n = l e q .  19 yields 

ADG~ - ADG~ - ( T -  T1/2)ADS~ (20) 
T 

_ / '  T t- tA~Ci,(t)dt 
7'1/._, 

Because of the thermodynamic relations 

AD(~0(T1/2) -- -~T1/2  in (/s 

and 

zx a0(T1/ ) - T1/ ZX S~ 

one obtains 

ADG~ - ADS~ �9 ( T -  T1/2) (21) 

= /~Tln (K(T1/2)) - ADH~ T -  T1/2. 
T1/2 

For the Nn ~ nD model with monomer concentration c = n[N] + [D] 
remaining constant in the transition the equilibrium constant K(T1/2) can 
be expressed as 

K(T1/2)- [D(T1/2)]r~- (c/2)r~ (C) 't-1 
[Nn(T1/2)] -- c/(2n) = n ~ (22) 

[32]. If a curvature of Cp,D(T) has to be taken into account, it is advisable 
to employ the second derivative of A~Cp(T). With these relations the 
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following expression for the temperature  dependence of A~G~ has been 
obtained 

+ 

-t- 

+ 

ADGO(T) -- 
( c )  T-TI/2 RTln n (~)n-1 __ ADHO(T1/2) T1/2 

( A~Cp(T1/2) . T -  T1/2 - T l n  

AD.(1) (T~/2-T2 T )  
N~p (T1/2)" 2 + TT1/2 In T1/2 

Dr,(2) 

(23) 

2 
(Ta-T31/2 + (T-T1/2)2T _ ~ T )  

3 2 T~/2Tln_~/. 

[1]. The equation reduces to the commonly used formula (equation 13) 
for isomeric transitions of the type N ~ D having a 1"1 stoichiometry, 
since in that  case K(T1/2) - 1. For 1"2 stoichiometry, such as dimer to 
monomer transitions of the form N2 ~ 2D, one obtains K(T1/2) - c. 
Inspection of equation 23 shows that  only for the N ~ D transition the 
temperature of 50% conversion, T1/2, coincides with the temperature  Ta, 
which by definition occurs at A~G~ - 0 [9]. In all other cases, there 
is a difference between T~/2 and To. It is the steepness of the A~G~ 
curve that  determines how far these two temperatures are apart,  and the 
steepness, in turn, is dominated by the magnitude of A ~ H  ~ as can be seen 
from equation 23 [1]. 

4. P R E D I C T I N G  T H E  Cp V A L U E  OF T H E  D E N A T U R E D  
S T A T E  O N  T H E  B A S I S  OF M O D E L  C O M P O U N D S  

From the thermodynamic data obtained by DSC at T1/2 an extrapolation 
of the thermodynamic quantities to other temperatures can be performed. 
For a valid extrapolation, however, the accuracy of Cp,N(T) and Cp,D(T) 
is critical. Usually the thermodynamic parameters at temperatures below 
T1/2 are of interest. The heat capacity of the native state can be deter- 
mined directly by DSC from the experimental protein heat capacity in this 
temperature range. The heat capacity of the denatured state, however, has 
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to be estimated over a very large temperature interval using information 
from above T1/2. This is not problematic if, at low temperatures, the cold 
denatured state becomes observable and permits the measurement of the 
heat capacity of the denatured state as in the case of myoglobin at low 
pH (Figure 4). However, that  situation applies only to a few proteins as 
mentioned above. Therefore the Cp,D function has to be determined by 
alternative procedures. 

One such method is to estimate the heat capacity of the denatured state 
by using low molecular weight compounds that  model the protein back- 
bone chain and the amino acid side-chains. Such model compounds can 
be small organic molecules with structures that  are similar to those of the 
side chains. For example CH3OH has been used to model the side chain 
of serine [28]. Probably better estimates of side chains are given by using 
small peptides as model compounds [29,30,33]. The basic assumption in 
this procedure is that  the contributions of the monomeric units are ad- 
ditive - at least in random-coil like protein states [28,34]. Provided this 
assumption holds, which is most likely, a comparison of measured and pre- 
dicted heat capacities of the denatured state yields information on how 
closely the given protein resembles a random coil in the denatured state. 
Since the heat capacity change associated with protein denaturation is as- 
sumed to be proportional to the increase in the solvent accessible area [35] 
the experimental Cp,D(T) curve should be higher than the native state heat 
capacity function Cp,N(T) but lower than the calculated heat capacity curve 

calculated ,D (T). Only in the case that the unfolded protein assumes a random 
coil structure and therefore maximal hydration, should the experimental 
and calculated heat capacity curves for the denatured state coincide. 

An example of a protein for which the calculated and measured Cp,D(T) 
are very similar has been given by SchSppe et al. [2] (Figure 6). The 
heat capacity predicted from the model peptides [29,30] shows only minor 
deviations from the experimental curve. In contrast, calculations based on 
parameters derived from the small organic model compounds [28] provide 
much lower values. 
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Figure. 6. Heat capacity of barstar wt and heat capacities predicted from the 
two n~odel systems" small organic molecules [28] (dotted line) and peptides 
(dash-dotted line). The figure is taken from SchSppe et al. [2]. 

4 . 1 0 l i g o p e p t i d e - b a s e d  mode l  c o m p o u n d s  

4.1.1 T h e  g lycy l  group  

The partial molar heat capacity of the glycyl group, Cp(CH2CONH), of 
a polypeptide has been evaluated in a recent study using partial molar heat 
capacity data for a series of peptides of amino acid sequence ala(gly)~, n 
= 2-4 [29]. The coefficients a, b, c and d of the polynomial 

Cp - a + b(T  - 273.15) + c ( T  - 273.15) 2 + d ( T -  273.15) 3 (24) 

that represents the temperature dependence of the heat capacity of the 
backbone peptide group CHCONH and the end groups are given in Table 1. 

4.1.2 T h e  side chains 
The partial molar heat capacities of the amino acid side-chains can be 

estimated using the partial molar heat capacity data for tripeptides of 
the form glycyl-X-glycine. The partial molar heat capacity, Cp(R), of any 
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Table 1: Coefficients of the temperature polynomials for the calculation of 
the partial molar heat capacities of the glycyl group, the peptide backbone 
unit and the ionic end-groups 

Group a b c 104d 
(J/molK) (J/molK (J /molK (J/molK 4) 

CH2CO NH 68.1 0.80 -0.0012 -0.23 

CHCONH - 15.3 1.02 -0.0009 -0.24 

NH~- + CH2CO~ -65.0 4.56 -0.0647 3.69 

NH~- + CHCO~ -148.4 4.77 -0.0644 3.68 

side-chain of amino acid X is given by the equation 

Cp(R) - Cp(glyXgly) - Cp(glyglygly) + Cp(H), (25) 

where Cp(glyXgly) and Cp(glyglygly) are, respectively, the partial molar 
heat capacities at infinite dilution for the peptides gly-X-gly and triglycine, 
and Cp(H) is the heat capacity of the hydrogen atom of the methylene moi- 
ety of triglycine. It has been noted that there are several rather disparate 
values for Cp(H)in the literature [30]. However, it should be noted that, 
using the peptide as model compounds, any uncertainties in the absolute 
value of Cp(R) resulting from the choice of Cp(H) data used in the calcu- 
lations are not manifested in the value of the partial molar heat capacity 
of an unfolded protein. This is because the heat capacity of the backbone 
peptide group CHCONH is derived from the partial molar heat capacity 
of the glycyl group CH2CONH by subtracting the estimated heat capacity 
of the H atom 

Cp(CHCONH) = Cp(CH2CONH) - Cp(H) (26) 

[29]. A comparison of equations 25 and 26 shows that the sum of Cp(R) 
and Cp(CHCONH) is independent of the value chosen for Cp(H) when 
tripeptides are used as model compounds. 

Similar to equation 24 the temperature dependence of the partial molar 
heat capacity of each amino acid side chain can be represented by a third 
order polynomial. The polynomial coefficients are given in Table 2. 
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Table 2: Coefficients of the t.emperature polynomials that represent the heat 
capacity for each of thc arriirio acid side-chains. 

Side- ch ai n a b c 104d 
(J/rnol K)  ( J/rnolK2) ( J /nloi K 3, ( ~ / ~ ~ ~ ~ i ~ 4 )  

d Y  

ala 

V a l  

leu 

ile 

srr 

t h r  

)lSlI 

gl11 

p l K !  

t,y I 

t, r p 

liis 

cys 

met, 

pro 

asp 

glu 

lYS+ 

arg+ 

83.4 

204.3 

359.9 

441.8 

451.3 

151.6 

247.7 

160.8 

206.2 

327.3 

3.36.7 

440.4 

235.4 

256.9 

342.0 

206.2 

157.8 

219.3 

360.6 

24 1 .o 

-0.22 

-0.99 

-1.64 

-1.47 

-1.38 

-0.58 

-0.64 

1.28 

0.16 

-1.63 

0.26 

-0.21 

0.67 

-1.73 

- 1.23 

-1.40 

0.54 

-0.17 

-0.26 

0.63 

-0.0003 

0.0078 

0.0186 

0.0107 

0.0067 

0.0106 

o. (1 09 1 

-0. ()2 5 3 

0.0050 

0.0125 

-0.0044 

-0.01 28 

0.0428 

0.0207 

0.0177 

0.0256 

-0.0 11 2 

0.0058 

0.0148 

-0.0095 

0.01 1 

-0.24 

-1.16 

-0.60 

-0.47 

-0.87 

-0.70 

1.49 

-0.G7 

-0.83 

0.081 

0.92 

-3.52 

-1.22 

-1.47 

-1.25 

0.18 

-0.77 

-0.27 

0.27 
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5. A N A L Y S I S  O F  H E A T  C A P A C I T Y  C U R V E S  B Y  S T A T I S -  
T I C A L  P H Y S I C S  

5.1 G e n e r a l  c o n s i d e r a t i o n s  

The classical statistical thermodynamic approach to protein folding con- 
siders a protein solution as a canonical ensemble of small mesoscopic sys- 
tems. The single protein can be involved in conformational changes or 
ligand binding equilibria [36-47]. This description of a protein solution is 
most useful and is in agreement with the postulates of statistical physics. 
It is only necessary to define the relevant terms for the protein solution in 
a consistent manner. 

Usually DSC experiments are performed on ideally diluted aqueous solu- 
tions of proteins in which each macromolecule can be assumed to experience 
minimal interactions with the others. This means that  such a solution can 
be viewed to a good approximation as an ensemble of non-interacting small 
microscopic systems in the Gibbsian sense. 

We are able to control the number of systems in the ensemble by control- 
ling the number of proteins in our solution. Furthermore we can control 
the variables "pressure" and "temperature" of the protein solution. Actu- 
ally what is adjusted is a mean volume and a mean energy by controlling 
the intensive variables pressure and temperature.  In statistical thermo- 
dynamical terms this is called a "harmonic canonical ensemble" [48]. Its 
partition function is defined as Y(~, p) [49]. It depends on pressure p and 
/~ = 1 / k B T ,  where kB is the Boltzmann constant and T the absolute tem- 
perature. 

So far we have not precisely defined the term "protein". For the statis- 
tical thermodynamic t reatment  we differentiate between protein and bulk 
buffer. In a thermodynamic sense the term "protein" or "protein system" 
is meant to refer to the polypeptide chain plus the hydration shell. The hy- 
dration shell is considered to have physical properties different from those 
of the "bulk buffer". The term "bulk buffer" refers to those parts of the 
protein solution that  have the same physical properties as the pure buffer 
without protein chains. The dimensions of the hydration shell are generally 
assumed to be in the order of one monolayer [50]. Recently the hydration 
shell of RNase was estimated by dielectric relaxation studies. It was found 
that  the amount of water accounting for hydration effects was smaller than 
the number of water molecules calculated for full monolayer coverage of the 
surface [51]. 
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From the very beginning the heat capacity measured by DSC was recog- 
nised to be a partial molar quantity [52]. This means that every change in 
the properties of the solution caused by addition of a protein molecule is 
ascribed to this molecule. This is manifested in the procedure by which the 
raw data are treated to calculate the heat capacity. The value used for the 
mass of the protein, mprotein, in equation 2 is that  of the dry polypeptide 
chain and not that  of a hydrated polypeptide chain. Only if the dry mass 
is employed in the calculations, does one obtain agreement between the 
van't Hoff enthalpy values, AHv.H., and the calorimetric enthalpies AH~I. 
This is good evidence for the correctness of the choice. 

This procedure implies that, in the statistical thermodynamical treat- 
ment of the influence of hydration, the hydration water need not to be 
considered as a term that increases the mass of the polypeptide chain. 
Rather it must be taken into account by the introduction of interaction 
terms in the corresponding Hamiltonian [53]. 

The single protein with its hydration shell will be referred to as the 
"protein-microsystem", while the collective sum of protein microsystems 
will be addressed as the "protein-macrosystem". 

5.2 Definit ion of relative partit ion funct ions  

The relevant partition function consists of the contributions of both the 
protein systems and the buffer and is composed of the product of the 
individual partition functions 

Y(/3, p) -- YB (/3, p).  Y,,-, (/3, p), (27) 

Y(/3, p ) -  exp (-G/3) (28) 

where YB(8, P) refers to the partition function of the bulk buffer and 
Yp(/3,p) refers to the partition function of the protein-macrosystem. The 
enthalpy of the protein solution can be calculated from the temperature 
derivative of the partition function Y(8, P) [49] according to equation 29 

0 In Y 0 In YB 0 In Yp 
H = = - ~  - = HB + Hp. (29) 

03 
Thus, the enthalpy Hp of the protein-macrosystem can be obtained, if 
the enthalpy of the protein solution, H, and the enthalpy of the pure 
buffer, HB, can be determined. The enthalpy value Hp corresponds to 
an ensemble average of the protein-macrosystem. Due to ergodicity the 
value is also equivalent to the time average behaviour the single protein- 
microsystem [19]. Therefore we may drop the differentiation between the 
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protein-microsystems and the protein-macrosystem and simply refer to 
"the protein" instead. 

The parti t ion function }re (/3, p) for the simple two-state equilibrium N 
D, is given by the expression 

Yp (~, p) = YN (~, p) + YD (9, p) (30) 

where YN refers to the contribution of the native, biologically active state, 
and YD to that  of the denatured state. The reaction scheme can be easily 
extended to treat  the occurrence of intermediates according to the equation 

N ~ I1 ~ I2 ~,-~- �9 �9 �9 ~,-~- D. 

The parti t ion function Yp consists in such a case of the sum of the contri- 
butions I/i of all states 

/ t  

Y, - (31) 
i=1 

If the enthalpy of the protein-system Hp is formulated relative to the en- 
thalpy H i  of the fraction of proteins in the native state N one obtains the 
relation 

0 In Yp 0 In YN 0 In Y~' ~ 0 in Q 
H p  - H N  - -  - - ~  + - -  - ~  = - - ~  ( 3 2 )  

0~ 0~ 0~ 0~ 
Q := Yp/YN is defined as a relative parti t ion function. 

Since the population sizes of the species Nz are given by the relation 

Y/ 
N i -  N~p, (33) 

with N = ~-'~,i Ni referring to the total number of proteins considered, the 
relative parti t ion function Q can be expressed by the population sizes of 
the various species according to equation 34 

Q _  Yp _ }-~ N~. (34) 
YN NN 

It is important  to note here that  this is possible if and only if the sizes of all 
protein populations are divided by a single reference species, in this case 
by that  of the native state NN. Not every combination of concentrations 
is a partit ion function. 

The definition of the relative partition function Q renders it very easy 
to identify the first and second temperature derivative of Q with experi- 
mentally accessible parameters. The first derivative of in Q with regard to 
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temperature  provides the enthalpy relative to the native state 

0 In Q 0 In Q 
H p -  H i  -- -- kB T2 OT (35) 
and the second derivative with regard to temperature  yields the heat ca- 
pacity of the protein relative to the native state 

O(H - H i )  0 0 in Q (36) 
Cp,p -- Cp,N = OT = OT 0/3 " 

The Boltzmann constant kB in eq. 35 is valid for the single protein- 
microsystem. It must be replaced by R for the determination of molar 
quantities. In the following we will suppress the index p for the protein. 
C~ as well as H will refer to the protein only. 

5.3 C a l c u l a t i o n  of  t h e  p a r t i t i o n  f u n c t i o n  by i n t e g r a t i n g  h e a t  ca- 
p a c i t y  cu rve s  

From equation 36 it is evident that  a direct integration of a Cp(T)-curve 
yields the relative partition function Q [37,41,42]. Before numeric integra- 
tion of the experimental Cp(T)-curve the heat capacity of the reference 
species has to be subtracted. For practical reasons this usually works best, 
if either the heat capacity of the native or that  of the denatured state is 
used as reference heat capacity. For a reliable deconvolution of the exper- 
imental heat capacity curve it is essential that  either C~,N or Cp,D can be 
extrapolated accurately into the transition region. Depending on whether 
the native or the denatured state is taken as reference state equation 34 
shows that  the following relations hold 

1 NN 1 ND 
-- }-~i Ni = C~N or Q = }-~.i Ni = C~D. (37) 

The reciprocal value of the relative partit ion function is related to either 
the fraction of the native or denatured state. Figure 7 shows the numerical 
integration procedure for the heat capacity curve of the two-state unfold- 
ing transition of ROP wt protein [53,54]. This is a homo-dimeric small 
protein that  unfolds according to the mechanism N2 ~ 2D. The straight 
line indicates the extrapolation of the native state heat capacity Cp,N(T). 
According to eq. 36 the enthalpy has been calculated relative to the native 
state by integration of the heat capacity difference C p ( T ) -  Cp,N(T) 

T 

H ( T )  - HN(T) - / [ C p ( T ) -  Cp,N(T)] dT. (38) 
q , I  

295K 
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Figllre 7. Numerical integration of a Cp-curve to determine tile t)opulation 
sizes usiIlg equations 38 and 39. Note that for obtaining tt~(; population 
one t~as to integrate twice, while the enthalpy is obtained after the first 
i~tegratio~. Therefore it cannot be expected that the two quantities vary 
iIl th(; same manner with tetnperature. This discrepancy between aD(T) 
and H(T) - HN(T) is actually seen in the denaturation transition of the 
din~eric ROP protein. It should occur generally in transitions of oligomeric 
proteins. The @-curve of ROP protein was taken from Steif et al. [54]. 
Tt~(; insert shows a comparisoil of the variation with temperature of the 
population aD(T) of unfolded proteins and of the relative eilthalpy change 
( H -  HN)/AH ~ calculated using equations 38 and 39. 

The integral can be substituted by a sum over the measured heat ca- 
pacities times AT, since usually the temperature difference between two 
neighbouring points AT (e.g. 0.1K) is sufficiently small. The temperature 
dependence of the fraction of native proteins C~N(T) is readily calculated 
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using eq. 35 and eq. 37 

I j 1 1 H -  HN dT (39) 

295K 

Inspection of the insert in Figure 7 shows that  the shift in population is 
not directly proportional to the change in enthalpy [1,53]. This intriguing 
result differs from those reported previously by Freire [43] and Brandts & 
Lin [44]. That  it is correct can be easily seen from equations 38 and 39 
which show that  the enthalpy change corresponds to the first integration, 
but the population shift to the second integration. Therefore, in general 
they cannot be assumed to be equal. This conclusion is also supported by 
the analytical solutions for some folding models given below. 

Freire and Biltonen [37] have shown for RNase A, by integrating first 
with regard to the native state and then with regard to the denatured 
state as reference, that  there is a difference in the two integration results. 
This difference has been interpreted as being suggestive of a few percent 
of intermediates being present at T1/2. The occurrence of such small inter- 
mediate populations is assumed to be the reason for the finding that  the 
cooperative unit of reversibly folding proteins (defined by AH(:~I/AHv.H.) 
is frequently observed to be slightly larger than unity [52]. 

5.4 F i t t i n g  of  hea t  c a p a c i t y  cu rves  

The integration method relies heavily on the accuracy of the heat ca- 
pacity data  of the native or the unfolded state and on the possibility to 
extrapolate these data into the transition range. Application of the method 
shows that  results are significantly altered if the reference integration base- 
line (either Cp,N(T) or Cp,D(T)) is only slightly varied. Therefore it is a 
better approach to fit the data to analytical equations derived for the var- 
ious folding models. This approach has two advantages. On the one hand 
the compatibility of the model with the data can be tested, and on the 
other hand - if the model is compa t ib l e -  a maximum of thermodynamic 
information can be extracted. 

In the following we shall give enthalpy and heat capacity equations for 
some typical folding models. For each model the relative parti t ion function 
is given as well as the enthalpy and the heat capacity functions resulting 
from the temperature derivatives according to equations 35 and 36. In this 
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process the van't Hoff equation 

OK K A ~ H  ~ 
OT RT 2 

(40) 

has been used and the corresponding population sizes have 
according to equation 41 

been calculated 

Qi Qi Ni 
= = (41) 

Oti = E Qi Q E N i  

Only those models are presented for which a complete analytical solution 
can be given. Stoichiometries of n �9 1 require the solution of polynomials of 
n-th order, which is analytically problematic for n=3 or 4 and impossible 
fo rn  >4. 

5.4.1 Two-state model, 1"1 Stoichiometry 
The relative partition function for this model is 

Q_ [N]+[D] = I + K  (42) 
[N] 

with N being the reference state. The equilibrium constant K(T) is readily 
calculated from ADG~ using the standard thermodynamic relationship 
K ( T )  - e x p ( - A D G ~  The enthalpy relative to the native state is 
obtained from eq. 35 

H - H N - R T  2 0 1 n Q -  K ADHO(T ) _ a D A D H o ( T  ) (43) 
OT I + K  

[39]. Ol D is the population of the denatured state (equation 41). Therefore, 
the difference in the mean energy between the native and denatured state 
A~H~ - HD -- HN is directly weighted by the population aD of the 
denatured molecules. Intuitively this result seems to be reasonable, but it 
leads to errors if used uncritically for transitions involving stoichiometries 
other than 1"1 [1]. The heat capacity Cp is the variation of the enthalpy 
with temperature and is given by the following expression 

O ( H -  HN) (44) 
Cp - Cp,N + tOT 

K [ADH~ 2 
= Cp,N + A Cpl + K + RT 2 

[ADH~ 2 
= cp,N +  xc aD + 

RT 2 

K 1 

I + K  I + K  

O/D O~ N . 
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Cp,N(T) is the heat capacity function of the native state, ACp(T) - Cp,D (T)- 
Cp,N(T) is the difference between the extrapolated heat capacity functions 
of the denatured and native states at temperature  T, and the term A@aD 
describes the sigmoidal baseline under the transition peak. The term 
[ADH~ characterises the heat absorption peak. The product 
aNaD = aN(1 -- aN) is responsible for the appearance of the characteristic 
shape of the heat capacity peak. Typical curves are given in Figures 1 and 
4. 

5.4.2 Three-state model, 1:1:1 Stoichiometry 
This simple sequential two-step unfolding reaction is described by the 

following equations 

[I] K2 = [D] (45) N ~ I ~  D K1 = [N] [I]" 

The relative partit ion function is defined by equation 46 

Q _ [N] + [I] + [D] _ 1 + K1 -]- K1K2. (46) 
ix] 

Differentiating In Q with regard to temperature according to equation 35 
results in the enthalpy 

H - HN - A I H ~ (T)(Oq -~- O~ D) -~- A D H2 0 (T)aD (47) 

= /X IH10(T)oqD + ADH2 ~ 

and the second derivative yields again the heat capacity 

Cp -- Cp,N -Jr- A I C p ,  lOqD -+- ADCp,2CtD (48) 
(AIHO)  

q- O~N CtID -}- CtNI O~D R T  2 R T  2 
+ 2  IH~176 

R T  2 O~N OZD" 

It is worth noting that  we obtain for the two-step reaction three enthalpy 
terms, one for each of the two transitions N ~ I and I ~ D and the third 
term is due to the overall reaction. 

5.4.3 Two-state model, 1:2 Stoichiometry 
The reaction scheme for this model is 

N 2 ~ 2 D  K = -  - [D]2 (49) 
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Mass conservation dictates that  the total concentration of monomers, c = 
2[N2] + [D], remains constant. Therefore the concentration of denatured 
molecules [D] can be calculated from the equilibrium expression and ex- 
pressed in terms of c and the equilibrium constant K 

) [ D ] - - 4  1 + ~ - 1  . (50) 

Using this expression for [D] the relative parti t ion function for this model 
is 

2 Q _ IN] + [D] _ _ 2[N2] + [D] - - 1 + . (51) 

V/ 8c_ IN] 2[N2] 1 + ~ 1 

Q has been calculated an the basis of subunit monomer concentrations. 
From the relative parti t ion function Q we immediately get the relations 

i 8c 2 8c 4Q 
1 + ~ - 1 -  Q _ I  and K = ( Q - l )  2, (52 )  

which are needed for the following calculations. The temperature  derivative 
of Q is 

(v / ,/ 1 + - K - 1  2 14 SCK K R T  2 

8cA D H o A D H o Q (Q _ 1 ) 

( ) 2 2 R T  2 Q + 1 
K R T 2  ~ V2f + 1  

With the use of these equations the enthalpy relative to the native state 
can be calculated" 

H -  HN -- R T  2 0 In Q _ A D H0 Q -  1 Ct D OT ~ + ~ - ADH 01 ~- ~N (54) 

It is important  to emphasise that  AND H ~ is not " directly weighted by aD 
but by the ratio aD/(1 + C~N) as mentioned before (Figure 7). As a result 
of the different stoichiometry of the transition the direct proportionality 
between aD and the enthalpy change is lost. The heat capacity function 
for this model is given by equation 55 

Cp - Cp,N + A Cp Q - 1  Q + 1 (55) 

+(ADH~ + 1 ) -  ( O T Q ) ( Q -  1) 
(Q + 1) 2 

OQ - 2  1 - 8 c A D H  ~ 
- ( 53 )  

OT 
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= C p , N + A C p  ~ - 1  
O + l  

O~D 
-- Cp,N -4- A Cpl -+-O~N 

(ADH~ 2 2 Q ( Q  - 1) 

RT~ (Q + 1)3 

(ASH~ 2 2aNteD 
+ 

R T  2 (1 _4_ OlN)3" 

Again it must be noted that  the transition term involving (A~H~ 2 is 
weighted by a factor different from that  reported before. 

5.4.4 T h r e e - s t a t e  m o d e l ,  1:2:2 S t o i c h i o m e t w  

This model is similar to the preceeding one, 
the native monomers I as intermediates, 

but it contains in addition 

2 
N2 ~ 2I ~ 2D K1 = [~2] X ~ 2  = [D] [I]" (56) 

The relative partition function is now 

Q = 2[N2] + [I] + [D] = 1 + QI(1 + v/K2) (57) 
2[N2] 

QI -- 
V/(1 + v/K2) 2 + 8 c / K  1 - -  (1 + v/K2) 

QI v/K2. QD 

We will give only the results, since the principles of the calculations are 
the same as for the other models. The enthalpy and the heat capacity 
expressions are, respectively: 

H HN + A I H 0ctI + OlD CtD _ + ~p/_/o , (58) 
1 + O~N 1 + O~N 

Cp Cp N q- A Cp l 1 -O~N C~ D -- + A C p  2 (59) 
' ' l + o z N  ' l + o z N  

I 0 + (A~H~ 2 2C~N(1- ~N)_4_ 2ANH1ADH~ 2O~NO~D 
R T  2 (1 + aN)3 R T  2 (1 + C~N)3 

(A~'H~ ~ ~ ( 2 ~  + ~i) l(A~'H~ ~ ~ ( 1  - ~D) + 
R T  2 (1 + a N)3 2 R T  2 (1 + O~ N)3 " 

Interestingly, the heat capacity expression seems to imply a negative peak. 
But this is not the case. Inspection of the last line of the heat capac- 
ity formula shows that  actually the negative term compensates for over- 
counting the transition enthalpy (AIDH~ 2 in the first term. (a t  a temper- 
ature at which D is populated the following approximation should hold: 
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2OlN + O~I ~ O~N -~-O~I -- 1 -  O~D). Overcounting originates from the defini- 
tion of ADH2 ~ as the enthalpy of the reaction 2I ~ 2D. Microscopically 
this reaction is of course equivalent to two times the reaction I ~ D with 
2ADH~ - ADH ~ Therefore the proper enthalpy term that  should be 
used in equation 59 is 

(ADHO) 2 1 1 - 2 (ADH~ -- -(ADH~ (60) 

l(2ADHmic ) 0  2 - 2 r ~ s  0 
- , ~  Hmic) 2 

since there are two denaturing monomers per dimer. Altogether there are 
three types of peaks reflected in the Cp expression. The (/kNH 1 I  0)2_peak is 
associated with the dissociation of the dimers into native-like monomers, 
the (AiDH~ relates to the denaturat ion of the monomers and the 
ADH~176 is due to the direct denaturat ion of the native dimers 
to the denatured monomers. 

5.4.5 Three-state model, 1:1:2 Stoichiometry 
A very similar reaction scheme is presented in equation 61. The differ- 

ence to the previous model is that  here the intermediate occurs as dimer 
I2 and not as monomer I. 

[I2] 
N2 ~ I2 ~ 2D K 1 -  [N-22] K2 

The relative partition function is 

2[N2] + 2[I2] + [D] 
Q -  = I + K I +  

2[N~] 

[D] 2 
[I~] (61) 

2(1 + K1) 

V/1 + 8c(1 + K a ) / K I K 2 -  1 
(62) 

The equations for the enthalpy and the heat capacity functions are then: 

H - HN AI N H 0 2cti + CtD CtD - + ADH ~ (63) 
1 + CtNI 1 + CtNI 

2cti + C~D C~D Cp CpN -~- AICp l  - + ADcp,2 (64) 
' ' 1 + OlNI 1 + O~NI 

ANH1 1 -4- ( I 0)2 [2CtN(2Cti + CtD) 2CtNCtI 
RT: [ ~i T ; 2 / ~  + (1 + ~ i ) :  

(ADH~ 2 2aNiaD A I H ~  ~ 4aNaD 
+ + 

R T  2 (1 -~- OtNi) 3 R T  2 (1 + aNi) a 
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5.5 Fit s tra tegy  

Obviously the results become increasingly complex with the number of 
intermediates being increased. A fit of an experimental curve seems to be 
hardly useful for more complicated models unless most of the fit param- 
eters can be directly estimated from the experimental curve. This is, for 
example, possible, if all peaks are well separated. 

An effective fit strategy starts with the extrapolat ion of the heat capac- 
ities of the pure native and denatured states 

( OCp,N ) (65) 
Cp,N(T) -- Cp,N(T1/2) + ( T -  T1/2) aT T,/2 

and 

-t-(T- TI/2)z (02Cp'D) 
~ TI /2 

As noted above, frequently the second temperature  derivative need not be 
taken into account. Fit parameters are then T1/2, Cp,N(T1/2), Cp,D(T1/2) 
and their slopes, given by (OCp,N/C)T)T,/.~ and (OCp,D/OT)T~/.~. a rough 
estimate of T1/2 can be easily obtained by searching for the maximum of 
the @-curve. Also the heat capacities of the pure states are determined 
easily. The area under the peak gives an approximate value of ADH~ 

By performing several measurements at different protein concentrations 
it can be shown, whether an oligomerization step is involved in the tran- 
sition of the protein. If the protein is oligomeric, we get for T = T1/2 
according to equation 23 

A ( ~ ~  -- - t~Zl /2  In (~) (67) 
Additionally, using the relation AG~ - AH~ - T1/2AS~ 
it is seen that  the transition temperature T1/2 increases with increasing 
protein concentration according to 

1 R l n ( n ( [ )  n- l )  c ASO(T1/2 ) 
T1/2 AH~ /kH~ (68) 

Therefore the stoichiometry n of the transition can be estimated from a 
plot of l/T1~2 vs. ln(c). 
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The  s i tua t ion  is more  complex if more  t h a n  one peak  is involved. How 
far two unfolding steps can be observed separa te ly  depends  on the  differ- 
ence between the t rans i t ion  t e m p e r a t u r e s  T1/2. Figure  8 i l lus t ra tes  this 
by showing different t rans i t ion  curves wi th  all p a r a m e t e r s  ident ical  except  

for the  two T:/2 values. Only if ~r(:) of the  first t r ans i t ion  is lower t h a n  -1/2 

T1 2) of the  second t rans i t ion  two peaks will be resolved in the  ca lor imet r ic  /2 
measu remen t .  

~d 

100 - 

8 0 -  

6 0 -  

4 0 -  

2 0  

T(•) (2) r~ 
1/2 > T1/2 [ "~ 

/ \ 
/ I...(,) ...(2) 

/ i { l ! /2 -11 /2  
/ }, 

/ /i "- (2) 
i "! "'. rl/2 
! / / ': 

1 I I 1 I I I I 

300 310 320 330 340 350 360 370 380 390 

T / K  

Figure 8. Influence of the difference between the two transi t ion t empera tu res  
T:/2 and their order of occurrence ot~ the shape of heat  capacity curve of a 
protein with two-step unfolding (N2 ~ 2I ~ 2D). Except for the transi t ion 
tempera tures  all parameters  A H  ~ - 200 k J/ tool ,  A H  ~ - 400 kJ/ inol ,  Cp,N 
= 20 kJ /mo lK ,  Cp,D -- 23 k J / m o l K  and c -  0.4 mM were kept constant  
in the calculations of the three trm:sition curves according to eq. 59. line: 
TI(1) , T,(2) T,(1) _ ~ ( 2 )  /2 - 325K - : /9  - 355K; dash-dot ted  l ine ~1/2 ~1/2 - 340K; dot ted 

~v(:) , ~v (2) 
line" ~ 1/2 - -  355K ~ 1/2 - -  335K. It is remarkable  ttlat the s i tuat ion ill wtlictl 

the transi t ion t empera tu re  for the second transi t ion is below tha t  of the first 
t ransit ion the sharpest  transit ion peak is observed, since the the sum of the 
enthalpies is involved. 
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When the T1/2 values for the two transitions are exchanged a simple 
one-step reaction is observed (dash-dotted curve). The low stability of the 
monomers would favour early denaturation, however, the stability of the 
oligomerized native state (dimer) dominates the overall transition. If such 
a peak were decomposed into two transitions using a fitting routine, the 

'-F(1) and 9"(2) transition temperatures ~ 1/2 ~ 1/2 as well as the transition enthalpies 

A H  ~ and A H  ~ would be obtained with large uncertainties. 

6. T R E A T M E N T  OF I R R E V E R S I B L E  T R A N S I T I O N S  

6.1 F i r s t  o r d e r  k ine t i c s  

Denatured proteins often show irreversible behaviour at high tempera- 
ture. A mathematical  procedure for the analysis of heat capacity curves 
affected by irreversible first order unfolding was suggested by Sanchez-Ruiz 
et al. [12]. However, in that  study the unfolding reaction was treated only 
as a kinetic phenomenon. Therefore no equilibrium parameters could be 
obtained. In a later paper [13] other t reatments  of the Cj,-curves were sug- 
gested which allowed for the extraction of equilibrium parameters from the 
non-equilibrium Ct,-curve. 

Their simple model assumes that  each denatured protein molecule trans- 
forms irreversibly in a first order reaction into a species from which the na- 
tive form cannot be recovered. This model is called Lumry-Eyring model 
[55] since Lumry and Eyring were among the first to propose that  pro- 
teins unfold in two steps, a reversible unfolding equilibrium of the tertiary 
structure followed by a first order, irreversible step involving secondary 
structure unfolding. 

~.-.  k [D] 
F K -  (69) [x] 

If the magnitude of the rate constant k is small compared to the rate 
constants dominating the reversible folding equilibrium characterised by 
the equilibrium constant K, the equilibrium should be well approximated 
by the ratio of the fractions of unfolded aD and native molecules aN 

K -  (70) 
~N 

Because the sum of the fractional populations is a N  -}- OZD -]- O~F - -  1 the 
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fraction Ct D of the denatured protein can be expressed by 

1 - a F .  K -  aD q. ( 1 -  aF). (71) 
a D - -  I + K  

Therefore the rate of formation of the final state is 

Ot 
= kc~D -- kCeD q (1 -- O~F). (72) 

The time t can be transformed to tempera ture  T by introducing the heating 
rate r = dT/dt .  Integration of equation 72 yields then 

d T )  (73) - 1 - exp - OLF r 

=* 0T = ~ e X P r  - r d r  (74) 

Since the transit ion exhibits 1:1 stoichiometry, the enthalpy change is pro- 
portional to the corresponding population sizes 

H - HN -- ADH0(aD + C~F) + AFHc~F (75) 

= ADH0[aDq(1 -- aF) + aF] + A F g a F .  

The heat capacity is obtained from the tempera ture  derivative of equation 
75 

Cp - Cp,N + ANDCp(C~D + C~F)+ AFCpaF (76) 

+ (ZX H~ 
R T  2 ~NqaDq(1 -- C~F) 

00~F eq 
+--0T--[(1 - c~ D )ADH ~ + AFH] 

= + + 

+(ADH~ 2 eq eq ( fT]I~OL; q ) 
RT 2 a Nc~ Dexp - r dT 

+[(1 c~Dq)ADH~ k~ ( fT~ k~ ) -- exp -- dT . 
r r 

For the fit of experimental  data  to this model, simply the same parameters  
as for an equilibrium curve have to be employed plus a value of k and 
optionally also for AFH.  The rate constant is assumed to show Arrhenius 
behaviour 

k(T) - k(T1/2) exp ----R T T1/2 " 
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It turns out that  within the peak region k ( T )  can be considered constant as 
long as the activation energy E, is smaller than approximately 300 k J /mol .  

Figure 9 gives some examples for the influence of the irreversible first 
order step on the equilibrium C,-curve. If a protein shows this type of 
irreversibility the van't Hoff enthalpy yields the equilibrium value (Figure 
lo ) ,  provided it is calculated by cquation 78 

[ 171, which is equivalent to equation 17, where the identity A H T , , ~ ,  = AEl,,i 
has been applied. 

150 - 

120 -- 

90 - 

60 - 

30 - 

Wr = 63 * 1 0'4 / K 

330 335 340 345 350 355 360 

T I  K 

Figure 9. Influence of a first order irreversiljk step 011 the shape and t,lw 
position of tho h i t  capaci t.y peak accordirig to cquatioii 76. T h c  ratio> k / r :  
of t,lic first, ordcr Iiit(i c:oiistmt,, k ,  and thc  1ic;itiriji rat.c: T ,  liiis t.jctcri variocl 
f r ~ i  i i  va,lur: of 63. lO-'/K or1 t.tic: riglit, siclc: to 6Y/K oil 1!1w sitle. For. etd1 

curve the ratio diffws by a factot' of 3.16. Low k / r  rat.ios lcave thc cquilibriurri 
curve practicdly unchanged. T h e  par;tlnct8c?rs i i sd  in eqiiat.ion 76 are Tl/2 
= 350K, A ~ H 0 ( T ~ p )  = 800k.J/mol, EcL = 0 and AEC, = lSkJ/rnolK. 



Figurt: 10. Itlfluc!~i(:c: of a first, ordt:r irrc:vc:~.sit)lo st.(:p 011 t,he (:;~lori~~iotric: 
o~itliall)y AH,:;,,  (c:losc!d c:irc:lt!sj aritl tJlic: vil.li't I-Ioff (?11t.hi~11>~ ( o ~ ) ( ~ i  
circles). Tlic: pc!;tks givc!n i l l  Figure: 9 wc.rc! int,(\grat,(!(i 1111111(:1.i(:i~lly t,o ol)t,il.i~~ 

aritl t,llt:ir 1lc:ight < C, was IIS( : (~  for t,11(' d(?t (?r l l l i~~i~t , iw of' A H v , H ,  
wit11 oclu;~t,io~i 78 ( n = l ,  A;H=O). I t  is wort,li c~riipl~;~.sisjlig t,liat t,lic! vaii't. 
[{off' ( ! l l t , l l i ~ l ~ ) i ( : ~  ;in! i( i<?ll~, i( ; ;~l  t,o tllc (!(111ilil)riii1i1 vit111(? (solid l i ~ i ( : )  at, t,11(: r(:- 
spc?ct,ivc: t,o~li~)c:ra,t,ul.c.! w11c:rr:iis t,hc: c: i t l~l . i~i l(?t . l . i t :  (:~lt~hl-tlpy, ol>tt&iri~d fr(.)111 tllc: 
irlt,c?grat,iori 01' t,Ilr pc?aks io F'igurc: 9, is ~ l l i i ~ l l ( ! l .  i ~ t .  i d1  t (?1111:)er i j . t~~~~.  

6.2 Aggregation processes 

Since irreversibiliby can often be associated with aggregation processes 
a rnodifictl rrlodcl is alsu useful: 

The kinet,ics are assumed t,o br! of 71,-t,h ordrtr, whcrt: 7.1 sllould range be- 
tween 1 and 2: since higher order encountc:rs are probably rare. If tliere is 
only little aggregat.ion (e.g. because aggregation kinet,ics is slow compared 
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to the heating rate), n will be equal to two because a two particle collision 
is required. In contrast, if aggregation is the dominating reaction, n should 
become smaller than 2 because the single denatured protein molecule will 
more probably react with the already existing network of aggregated pro- 
teins than with another individual denatured protein. This means that the 
apparent order n of the aggregation will change with heating rate. 

In analogy to equations 71 to 74 we get 
1 [ ]in 

T _k (aDq)~dT (80) aF -- 1 - -  l + n ( n - - 1 )  r 

and 
n [ ]i:n 

OaF T k (aDq)~dT (81) 
- -  ~ D  ) 1 + n ( n -  1) r (;9 t - -  r t k ( - e q ~  n 

The enthalpy and heat capacity functions are therefore 

H - HN -- A D H ~  -- aF) + aF] (82) 

G - G ~ + a D G [ ~  + ~ ]  + aDH~ aDH~ 
, R T  2 aDa~ q (83) 

} T k ~q " 'dT ~.k ~n (~ 1) (%) . q_cr N. ,e_(O~D )n 1 q- ft - -  
r r 

7. R E S P O N S E  O F  T H E  C A L O R I M E T E R  

Since electronic devices such as DSC instruments have a limited response 
time the intrinsic @-signal may be distorted by the response behaviour of 
the calorimeter. In general the output signal g( t )  is the convolution of the 
ideal input signal f ( t )  and the response function k ( t )  of the calorimeter: 

/0 t g( t )  - f (t) | k ( t )  " -  k ( t  - T)f(T)d~- (84) 

[56]. Usually g ( t ) i s  known and f ( t )  has to be reconstructed. The response 
of typical microcalorimeters is of first order [15] with a relaxation time b. 
The response function and its derivative with regard to time can then be 
expressed by the equations 

a a 
k ( t ) - - ~ e x p ( - t / b )  =~ k ' ( t ) -  b 2 e x p ( - t / b ) .  (85) 
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The factor a equals 1 and is only required for a simulat.ion of a distortion 
according to equations 84 and 85, if the time difference between two sample 
points is large compared to the instrumental relaxation t.ime b. A conve- 
nient method to recover f ( t )  from g ( t )  is provided by the use of Laplace 
transforms. The Laplace transform K ( s )  of k ( t )  is 

According to the rules of Laplace transformation [56] the time derivative 
of equation 84 is given by 

with k(Of)  = limllo k ( t ) .  By Laplace transform this equation hecomcs 

k'( t - T )  with C1{r(s)} = ~ ( t )  := - and , ! - ' {M(s)> = p ( t )  := -ko. More- 
over there is 

(89) 

with ~ ( t )  = 1 for t > 0. 0 in all other cascs. The function f ( t )  is tlicrcfore 
given by the eyuatioii 

The iriput function is f ( t )  = C,,(t) - Cj(0) .  Therefore eq. 90 can be 
written 
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where g(T) is the observed distorted heat capacity signal, r the heating 
rate, and A T  and Ag(T) the tempera ture  and heat capacity differences, 
respectively, between two neighbouring da ta  points. A simulation tha t  
illustrates to which extent relaxation times can influence the heat capacity 
signal is given in Figure 11. 

140 
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~ j 2 5  s 
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0 I I I 1 1 1 I 1 

290 300 310 320 330 340 350 360 370 

T / K  

380 

Figllre 11. DistortioIl of a Cp-curve by ttl(; I(}st)OIlS( ~, tiIIl(', of tile caloriinc, te, r 
at a tleat, ing rate of 1K/IniIl. Tile diffcrent relaxatioil t, iln(;s al( ~, iIldicatcd |)y 
tile numbers. For the calclllations equations 84 ail(t 85 w(;rc llsed. 

8. D S C  C A L O R I M E T E R  T Y P E S ,  P R A C T I C A L  H I N T S  

8.1 T h e  i n f luence  of  d i f f e r ences  in t h e  s h a p e  of  c a l o r i m e t e r  cells 

Experience with different types of DSC-inst ruments  shows tha t  in certain 
instances, part icularly in cases where aggregating systems are observed, 
the Cp-signals are distorted in a way tha t  depends on the shape of the 
calorimetric cell. The differences are most pronounced between pill-shaped 
cells and tubular  cells. In pill shaped cells the signal has been observed 
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to oscillate or drop precipitously out of the control range in an undefined 
manner. These effects are not observed when using the same solutions in 
instruments with tubular cells. 

8.2 C a l i b r a t i o n  

In some calorimeters power [#W] is the output  signal. Therefore the 
difference A P a p  p between the buffer scan and the protein scan simply has to 
be divided by the heating rate r [degree/s] prior to application of equation 
2 in order to get the proper heat capacity units: 

Cp prote in  - -  Cp b u f f e r "  Vprote in  _ /NPapp . (92) 
' ' Vbuffer m p r o t e i n  " 7" 

Calorimeters that  yield voltage as output  signal have to be calibrated. This 
should be done during the baseline scan. The sample cell is heated by an 
additional and defined power Pc~l. The calorimeter reacts to the power 
input by a change in voltage A Ur that  is used for the calculation of the 
calibration constant Kr 

Peal (93) 
Kcal = /k U c a l  " r" 

If the difference in voltage between the protein scan and the baseline is 
called A U the protein heat capacity is calculated by the equation 

Vprotcin  /~  U .  K( . a l  ( 9 4 )  Cp,protein- (~p,buffer  " - -  �9 
Ubuffer ?Ttt)rotein 

9. F I T  M A C R O S  

Finally we shall give some macros for calculating and fitting heat capac- 
ity curves. A frequently used program that  should work on all platforms is 
"Gnuplot". The program is excellent for performing non-linear least square 
fits but its graphical capabilities are not as refined as those of other (com- 
mercial) programs. Furthermore it cannot be employed in spread-sheet 
analysis. It is available without charge on the Internet on many sites for ex- 
ample at the homepage: ht tp: / /www.cs .dar tmouth.edu/gnuplot_info.html .  
Additionally a few macros are given for another - commerc ia l -  program 
"Sigmaplot". In the following commands are writ ten in t y p e w r i t e r  s t y l e  
and they have to be typed as given. 
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9.1 M a c r o s  for t h e  d e n a t u r a t i o n  of a m o n o m e r i c  p r o t e i n  

The reaction scheme is N ~ D .  

9.1.1 Macro using Gnuplot 
In Gnuplot comments are characterised by double crosses #. Experi- 

mental data  are given in the file d a t a .  t ab  (e.g. as tab-delimited columns). 
The first step in using the program is to change the numerical values of the 
heat capacities and enthalpies given in the Gnuplot file to values that  are 
approximately appropriate to the respective protein. To obtain an idea 
of whether the choice of parameters was reasonable, a plot of the heat 
capacity curve on the basis of these parameters can be plotted by typing 
gnup lo t ,  to start  the program, followed by load  " f i t f i l e . g n u " ,  where 
f i t f i l e . g n u  is the macro given below. It must be saved on the hard disk 
after the changes of the parameters have been made. If the calculated heat 
capacity function seen in the plot appears to fit approximately the data, 
the optimisation of the parameters can be initiated by removing the #-sign 
in front of the fit-statement and by typing load  " f i t f i l e . g n u "  At the 
end of the fitting routine the fit parameters are given as well as the con- 
fidence interval and the covariance matrix. The results are automatically 
saved in a file called "f i t .  log".  

If the data require to consider the second derivative of the heat capacity 
of the denatured state DDcpd, this term has to be added to the fit statement. 

The following macro is called f i t f i l e ,  gnu 

# G NUP L 0 T 
# Linux version 3.5 (pre 3.6) 

# patchlevel beta 319 
# 

# Copyright(C) 1986 - 1993, 1996 
# Thomas Williams, Colin Kelley and many others 
# 

cpd (x) =Cpd+ (x-tin) ,DCpd+ ((x-tin) **2)/2,DDCpd 
cpn (x) =Cpn+ (x-tm) ,DCpn 
dcpn (x) =DCpn 
dcpd (x) =DCpd+ (x-tm) ,DDCpd 
dGl (x) =-dHm/tm* (x-tm) + (cpd (tm) -cpn (tm)), (x-tm-x*log (x/tm)) 
dG2 (x) = (dcpd (tm) -dcpn (tm)),((tm**2-x,x)/2+x,tm, log (x/tm)) 
dG3a (x) = (x**3-tm**3)/3+ (x-tm) �9 (tm,x-x,x)/2 
dG3b (x) =-tm**2,x,log (x/tin) 
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dG3 (x) =DDCpd/2* (dG3a (x) +dG3b (x)) 
dG (x)=dGl (x) +dG2 (x) +dG3 (x) # standard gibbs enery change 
K (x) =exp (-dG (x)/R/x) # equilibrium constant 
dill (x) =dHm+ (x-tm) �9 (cpd (tm) -cpn (tm)) 
dH2 (x) = ((x-tm) **2)/2* (dcpd (tm) -dcpn (tm)) 
dH3 (x) =DDCpd/6* (x-tm) **3 
dH(x)=dHl(x)+dH2(x)+dH3(x) # standard enthalpy change 
Q(x)=l+K(x) # relative partition function 
an (x) =I/Q (x) # fraction of native proteins 
ad (x) =K (x) /Q (x) # fraction of denatured proteins 
cpbase (x) = (cpd (x) -cpn (x)),ad(x) +cpn (x) 
cppeak (x) =dH (x) **2/R/x/x, ad (x) ,an (x) 
cpprot(x)=cpbase(x)+cppeak(x) # heat capacity of the protein 
# Parameters at the transition temperature 
Cpd = 24598.6 # heat capacity of the denatured state 
DCpd = 236.6 # first temperature derivative of Cpd 
DDCpd = -3.1 # second temperature derivative of Cpd 
Cpn = 23548.2 # heat capacity of the denatured state 
DCpn = 165.8 # first temperature derivative of Cpn 
dHm = 100173.4 # standard enthalpy change 
tm = 309.8 # transition temperature 
R = 8.31441 # gas cons t an t  
p l o t  c p p r o t ( x ) ,  cpbase(x) ,  " d a t a . t a b "  
# the next line is the fit statement 
# fit cpprot(x) "data.tab" via dHm, tm, Cpn, Cpd, DCpn, DCpd 
# EOF 

9.1.2 Macro using Sigmaplot 
As for the gnuplot macro reasonable start parameters should be intro- 

duced at the beginning. In the Sigmaplot spreadsheet the data temperature 
[K] and heat capacity [J/molK] should be placed in columns 1 and 2. The 
parameters htm[J/mol], tin[K], Cpd[J/molK], DCpd[J/molK2], Cpn[J/molK], 
DCpn[J/molK2], DDCpd[J/molK a] should be written in column 3 in exactly 
the same order as given below. For example the estimated transition tem- 
perature tm is in line two of column three etc. 

[Parameters] 
htm=col (3, I, I) 
tm=col (3,2,2) 

;should be given in column 3 
; enthalpy h(tm) 
;transition temperature 
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Cpd=col (3 ,3 ,3 )  
DCpd=col ( 3 ,4 ,4 )  
Cpn=col (3 ,5 ,5 )  
DCpn=col (3 ,6 ,6 )  
[Variables] 
t=col(1) 

;heat capacity of the denatured state 
;first temperature derivative of Cpd 
;heat capacity of the native state 
;first temperature derivative of Cpn 

;temperature in column I 
cp=col(2) ;experimental heat capacity data in column 2 
[Equations] 
DDCpd=col(3,7,7) ;second temperature derivative of Cpd 
;standard free gibbs energy change 
gl=-h/tm, (t-tm)+ (t-tm-t,ln (t/tm)) �9 (Cpd-Cpn) 
g2= ( (tmA2-t A 2) / 2+t *tm* in (t /tm) ) �9 (DCpd-DCpn) 
g3a= (tA3-tmA3)/3 
g3b= (t-tm) �9 (-tA2+t*tm)/2-tmA2*t*in (t/tm) 
g3=(g3a+g3b)*c/2 ;dddelta cp 
g= (gl+g2+g3) 
;equilibrium constant 
K=exp (-g/(8. 31441,t) ) 
;standard enthalpy change 
hl=htm+ (Cpd-Cpn) �9 (t-tm) + (DCpd-DCpn)/2, (t-tm) A2 
h2= 1/6*DDCpd* (t-tin) A3 
h-hl+h2 
;Delta Cp 
d cp=Cpd- Cpn + (DCpd- Cpn) * ( t - tin) +DDCpd/2 �9 ( t - tin) A2 
;Cp Kurve Protein 
base=K/(K+l)*dcp+Cpn+DCpn*(t-tm) ;heat capacity baseline 
peak=K/(8.31441,tA2),(h/(K+l))A2 ;heat capacity peak 
cpprot=base+peak ;calculated protein heat capacity 
fit cpprot to cp 

9.2 Macros  for t he  d e n a t u r a t i o n  of a d imer i c  prote in  

The reaction scheme is N2 ~2D.  These macros are used in analogy to 
the previous ones. 

9.2.1 Macro using Gnuplot 

cpd (x) =Cpd+ (x-tm2) ,DCpd+ ((x-tm2) **2)/2*DDCpd 
cpn (x) =Cpn+ (x-tm2) �9 DCpn 
dcpn (x)=DCpn 
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d cpd (x) =DCpd+ (x- tin2) �9 DDCpd 
dG1 (x)=-dHm/tm* (x-tm)+ (cpd ( tm)-cpn  (tm)) �9 ( x - t m - x ,  log (x / tm))  
dG2 (x) = (dcpd (tm) -dcpn (tm)) * ( ( t m * * 2 - x , x ) / 2 + x * t m ,  log (x / tm))  
dG3a (x) = (x**3- tm**3)/3+ (x-tm) �9 ( tm*x-x*x) /2  
dG3b (x) =tm**2*x*log (x/tm) 
dG3 (x) =DDCpd/2* (dG3a (x) -dG3b (x))  +R,x,  In (c) 
dG (x) =dG1 (x) +dG2 (x) +dG3 (x) 
dill (x) =dHm+ (x-tm) �9 (cpd (tm) -cpn (tm)) 
dH2 (x) = ((x-tm) ..2)/2. (dcpd (tm) -dcpn (tm)) +DDCpd/6. (x-tm) ..3 
dH (x) =dill (x) +dH2 (x) 
K (x) =exp (-dG (x)/R/x) 
Q (x) =1+2/( ( l+8*c/K (x))  **0.5-1 ) 
an(x) =I/Q (x) 
ad (x) =l-an (x) 
nenn (x) =l+an (x) 
cpbase (x) = ( cpd (x) -cpn (x))  * (2 ,ad  ( x ) ) / n e n n  (x) +cpn (x) 
cppeak (x) =dH (x) * * 2 / R / x / x , 2 , a n  (x) , ad  (x ) /nenn  (x) * .3 
cppro t  (x) =cpbase (x) +cppeak (x) 
# parameters at the transition temperature 
Cpd = 24598.6 
DCpd = 236.6 
DDCpd = -3 .1  
Cpn = 23548.2 
DCpn = 165.8 
dHm = 100173.4 
tm = 309.8 
R = 8.31441 
c = 7. le-05 
plot cpprot(x), 
# fit cpprot(x) 
# EOF 

# heat capacity of the denatured state 
# first temperature derivative of Cpd 
# second temperature derivative of Cpn 
# heat capacity of the native state 
# first temperature derivative of Cpn 
# standard enthalpy of the transition 
# transition temperature 
# gas constant 
# protein concentration 
cpbase (x), "datafile" 
"datafile" via dHm, tm, Cpn, Cpd, DCpn, DCpd 

9.2.2 Macro using Sigmaplot 

[Parameters] 
htm=col(3, I, I) 
tm=col (3,3,3) 
CpnO=col (3,5,5) 
Cpnl=col (3,6,6) 

;enthalpy of transition 
;transition temperature 
;heat capacity of the native state 
;first temperature derivative of Cpn 
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CpdO=col (3,7,7) 
Cpdl=col (3,8,8) 
[Variables] 
t=col(1) ; 
cp=col(2) ; 
[Equations] 
Cpd2-co I (3,9,9) 
c=col (3 ,10,10)  
R=8.31441 

;heat capacity of the denatured state 
;first temperature derivative of Cpd 

temperature in column 1 
experimental heat capac i ty  data in column 2 

;second temperature derivative of Cpd 
; prote in concentrat ion 

; gas constant 
cpn=Cpn0+ (t-tin2) *Cpnl 
cpd=Cpd0+ (t  -tm2) *Cpdl+ (t- tm2) A2*Cpd2 
g 1 = ( t - t m - t  * In (t / t in) ) * (Cpd0- Cpn0 ) -htm/tm* (t-tin) +R*t * in ( c ) 
g2=((tmA2-tA2)/2+t. t in*in (t / t in) ) * (Cpdl-Cpnl) 
g3a= (t  A3-tm2A3)/3+ (t-tin2) * ( - t  A2+t*tm2) / 2 
g3b=-tm2A2*t * In ( t / tm2 ) 
g3= (g3a+g3b) .Cpd2/2 
g=gl+g2+g3 
K=exp (-g/(P~*t) ) 
dhl=h+ (Cpd0-Cpn0) �9 (t -tin2) + (Cpdl -Cpnl ) / 2 .  (t-tin2) A2 
dh2= 1 / 6. Cpd2* (t-tm2) A3 
dh=dhl +dh2 
q= 1+2/( (I+8*c/K) A0.5-1 ) 
f 1= (cpd-cpn) *qd/( l+q) +cpn 
f 2=dhA2/(R*tA2)*2*q* (q-1) / (q+l)A3 
f=fl+f2 
fit f to cp 
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L I P I D  M O D E L  M E M B R A N E S  A N D  B I O M E M B R A N E S  

A. Blume and P. Garidel 

Martin-Luther-University Halle-Wittenberg, Institute of Physical Chemistry, 
Muehlpforte 1, D-06108 Halle, Germany 

1. INTRODUCTION 

1.1. Lipid bilayers as model membranes 
The major components of biological membranes are lipids and proteins. The 

lipids are arranged in a bimolecular leaflet. The proteins are either incorporated 
into the bilayer or are bound to the surface by electrostatic interactions, the two 
protein classes being called intrinsic (or integral) and extrinsic (or peripheral) 
membrane proteins. Tile current membrane model is still based on the proposal 
by Singer and Nicolson from 1972 [I]. Figure 1 shows a cartoon of a biological 
membrane with its intrinsic proteins. 

Figure 1. Fluid-mosaic membrane model (adapted from reference [5]). 
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Extrinsic proteins can be separated by treating membranes with aqueous salt 
solutions of high ionic strength whereas intrinsic proteins can only be isolated by 
solubilizing the membranes in micellar surfactant solutions. Recently, this model 
has been modified taking into account that the lipid matrix is more complicated 
and that the lipid transverse and also the lateral distribution might not be uniform, 
but essentially it is still widely accepted [2-5]. 

The lipids isolated from natural membranes by extraction with organic sol- 
vents are usually complex mixtures of different membrane forming amphiphilic 
molecules. One of the major lipid classes are phospholipids, glycerol compounds 
with two fatty acids esterified to the glycerol and a short polar headgroup con- 
taining a phosphodiester moiety (see below). Because of their hydrophobic fatty 
acyl chains, phospholipids in their pure from do not dissolve in water but sponta- 
neously form aggregates, the bimolecular lamellae being the most common aggre- 
gation form. These aggregates can be prepared in the form of closed spherical 
vesicles and liposomes that serve as usefid model systems for biological mem- 
branes. Liposomes can be prepared in a size range between 25 run to 20 ILtm, ei- 
ther in unilamellar or multilamellar form. Figure 2 shows a schematic drawing of 
a unilamellar bilayer vesicle and for comparison some idealized vesicle forms and 
their generally used abbreviations [6-8]. 
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Figure 2. Left: Schematic drawing of a unilamellar bilayer vesicle. Right: 
Sketches of vesicles and liposomes of different size. The following abbreviations 
are commonly used: MLV: lnultilamellar vesicles, LUV: large unilamellar vesi- 
cles, IUV: intermediate unilamellar vesicles, SUV: small unilamellar vesicles. 
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The composition of a vesicle membrane can be manipulated in a wide range 
using different lipid classes and different lipid chain lengths. A prerequisite is that 
the lipids form well hydrated lamellar phases and that the vesicles are stable 
against aggregation and filsion. When these prerequisites are fulfilled, even mem- 
brane proteins can be incorporated into the synthetic membranes using appropri- 
ate procedures, such as detergent dialysis. Therefore, most physico-chemical 
studies of membrane properties of bilayers of defined composition have been 
perfonned with liposomes of the multilamellar or unilamellar type. 

In this contribution, there will be described the principal type of calorimetric 
experiments which can be perfonned to elucidate the behavior of lipid model 
membranes. Most of the examples come from work performed in the author's 
laboratory. Numerous other groups are involved with calorimetric studies on 
these model membrane systems and there exists a vast amount of literature, be- 
cause calorimetry has become a standard analytical method in the last ten to 
twenty years. It is our goal to present the principles of the method and not an ex- 
tensive review over the current literature. Therefore, this chapter is necessarily 
biased towards work from the author's laboratory and apologies are extended to 
all those whose work is not adequately represented here. 

1.2. Chemical structure of iipids 
As mentioned above, phospholipids are abundant in eukaryotic and also bac- 

terial membranes. Phospholipids are diesters of sn-glycero-3-phosphoric acid as 
shown in Figure 3 for a variety of different lipid classes, all with the same palmi- 
toyl chain. 

The fatty acids esterified to the glycerol vary in length between 14 and 24 
carbon atoms and also in the degree of unsaturation (1-4 double bonds). In natural 
phospholipids, usually two different fatty acids occur, the fatty acid in sn-2 posi- 
tion having a higher degree of unsaturation. The phosphate group is in almost all 
cases esterified by a short alcohol. The headgroup of the phospholipid can there- 
fore be zwitterionic or negatively charged at neutral pH, depending on the type of 
alcohol [2,10]. The alkyl chains can also be connected to the glycerol backbone 
via ether linkages. These phospholipids are consequently chemically more stable 
than the ester derivatives. 

Plasmalogens are phospholipids in which the chain in the sn-I position is 
linked to the glycerol via an c~-[3-unsaturated ether linkage. The plasmalogens 
have similar headgroups as the diester phospholipids and their physico-chemical 
behavior is also closely related to their nonnal counterparts with diacyl chains. 
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Figure 3 Chemical structure of different phospholipids together with their abbre- 
viations. PC phosphatidylcholine, PE phosphatidylethanolamine, PS: phosphati- 
dylserine, PG phosphatidylglycerol, PA: phosphatidic acid. 

Sphingolipids are derived from the long chain aminoalcohol sphingosine. One 
of the hydroxyl groups is usually esterified with another long chain fatty acid, 
whereas the other is bound to a polar moiety. Sphingolipids can occur as phos- 
pho- or glycosphingolipids. Figure 4 shows as an example the structure of sphin- 
gomyelin, a phosphosphingolipid, and of the glycosphingolipid glucosylceramide 
belonging to the general class of glucocerebrosides. 

Gangliosides are more complicated sphingolipids, they carry linear and/or 
branched oligosaccharides as headgroup. Gangliosides are particularly important 
lipid molecules because they are involved in different recognition processes at the 
cell surface. Their various oligosacclaaride headgroups function as receptors for a 
variety of proteins. Figure 4 shows as a representative example for lipids of this 
important class the ganglioside GM 1 [2,10]. 
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Figure 4. Chemical structure of phospho- and glycosphingolipids. 

1.3. Thermotropic and iyotropic phase behavior of iipids 
Lipids are amphiphilic molecules with hydrophobic hydrocarbon chains and a 

hydrophilic headgroup. The water solubility of double-chained lipids is very low, 
usually below 10 -~~ M. When brought into contact with water, they form a variety 
of aggregate structures, depending on the balance between hydrophobic and hy- 
drophilic parts and on tile steric requirements of the hydrophilic group. The major 
driving force for the aggregation is the decrease in chemical potential of hydro- 
phobic groups when they are removed from contact with water and brought into 
an apolar medium. This decrease amounts to ~ 3.4 kJ.mol -] per CH2-group, as 



114 

determined from the water solubility of a variety of long chain alkyl compounds 
[ii-13]. 

The major lyotropic phases encountered with double-chain phospholipids are 
lamellar, inverted hexagonal, and cubic phases. Single chain lipids have surfactant 
properties and can also form spherical and cylindrical micelles. Figure 5 shows 
some of the possible aggregation structures. Phospholipids not only show lyo- 
tropic mesomorphism, i. e. different phases as a fimction of water content, but 
also thennotropic mesomorphism, i. e. transitions between different phases can be 
induced by varying the temperature. 
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Figure 5. Aggregation structures of amphiphilic molecules. A: spherical micelle, 
B: rod-like micelle, C: disk-like micelle, D: inverse micelle, E: hexagonal I phase 
of infinite rod-like micelles, F: lamellar phase of infinitely stacked bilayer sheets, 
G: hexagonal II phase of infinite inverse rod-like micelles (adapted from refer- 
ence [7]). 

By far the most intensively studied phase transitions induced by temperature 
are those between different lamellar phases. This is so, because the bimolecular 
leaflets of the lamellar phases serve as biomembrane models (see above). Lamel- 
lar phases with various degrees of order of the hydrocarbon chains can occur. The 
high temperature lamellar phase (L~-phase) is a so-called liquid-crystalline phase. 
This consists of bimolecular lipid leaflets separated by water layers of defined 
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thickness. If excess water is present, it will form a separate phase. The molecules 
in the bilayers are liquid in time sense that they can diffuse freely in the plane of 
the bilayers and can also rotate around their molecular long axis. The lipid head- 
groups can adopt a large number of different conformations and the hydrocarbon 
chains are very flexible. Trans-gauche isomerization of the chains leads to a vari- 
ety of different gauche conformers. The flip-flop of molecules from one side of 
the bilayer to the other, however, is slow with half-times in the range of hours to 
days. The liquid-crystalline L~-phase is the state which most biomembranes adopt 
and its properties are therefore of particular importance for understanding bio- 
logical membranes fimctions. Liquid-crystalline L,~-phases in excess water can be 
mechanically treated by shaking, shearing, or by ultrasonication, to produce lipid 
vesicles of various sizes and lamellarity, which can serve as model systems for 
biological melnbranes [6-8]. 

When the temperature is lowered, the liquid-crystalline lamellae show a phase 
transformation to an ordered lamellar phase, the so-called "gel phase". This ex- 
pression was coined for the gel-like appearance of lipid-water samples with 50 or 
more weight% of lipid. This gel-like behavior is caused by an ordering of the lipid 
chains and a considerable reduction in dynamics of all types of motional modes. 
The hydrocarbon chains are almost in an all-trans conformation, but the orienta- 
tion of the molecular long axis of the molecule with respect to the bilayer nonnal 
can vary. Gel phases with different tilt angles and hydrocarbon chain packing can 
be fonned, depending on the headgroup structure, the length and degree of tin- 
saturation of the chains, and the mismatch between the two chains in the sn-I and 
sn-2 position. Figures 6 and 7 show different types lamellar phases. Also, inter- 
digitated gel phases are found, for instance for the ether lipid dihexadecylphos- 
phatidylcholine or for PCs with a large mismatch in chain lengths [14-16]. 

Besides the lamellar phases, a variety of other lyotropic phases, such as hex- 
agonal and cubic phases exist [17]. These are fonned by lipid molecules prefer- 
ring curved interfaces. When a larger mismatch between the cross-sectional area 
of the chains and the headgroup exists, positively or negatively curved surfaces 
are energetically favorable. This effect can be described by a simple geometric 
model proposed by Israelachvili [18], where a packing parameter VJ'(1.A), (V = 
volume of the molecule, l = effective length, A - effective surface area at the in- 
terface) is introduced. When V~ (1.A) > 1, an inverted hexagonal (HI) phases can 
be fonned, which is composed of water filled cylinders in a hexagonal array, the 
lipid chains of the cylinders being in contact with each other. These phases are 
often fonned by unsaturated PEs at higher temperatures (see Figure 6). 
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Figure 6. Different types of lyotropic lamellar and hexagonal phases with their 
characteristic repeat distances as observed by x-ray scattering (adapted from ref- 
erence [ 19 ]). 

In mixed lipid/water systems the formation of cubic phases is also quite 
common. These phases often occur in the phase diagram between lamellar L,~- 
and hexagonal Hii-phases. Several different cubic phases of different symmetry 
have been found, where the lipid molecules are arranged on periodic minimal 
surfaces [3,1 7,19] (see Figure 8). The phases shown in the figure are bicontinu- 
ous phases and are formed by lipid/water mixtures at low water content. For the 
cubic phase la3d (Q230) the three-dimensional network of continuous water rods 
is shown. This phase is also called gyroid phase, whereas phase Pn3m (Q224) is 
called double-diamond, and phase hn3m (Q229) has the name "plumber's night- 
mare". 
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1,2-Dihexadecyl-phosphatidylcholine (DHPC) 

Figure 7. lnterdigitated phases fonned by phosphatidylcholines with two chains 
of unequal length or by phosphatidylcholines with ether linkages [14-16]. 

Figure 8. Cubic (Q) phases fonned by amphiphilic molecules and their different 
nomenclature (adapted from reference [19]). 

The conversion of lipid/water systems from one type of phase to another can 
be induced by physical and chemical parameters. The phase structure depends, 
for instance, on the water content of the sample, but also on temperature and 
pressure. For systems with more than one lipid component, the lipid composition 
is, of course, also important. The phase transformation can be easily studied by 
differential scanning calorimetry (DSC) for a temperature induced transition, and 
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by isothermal titration calorimetry (ITC) for a composition induced transition. In 
the next two sections, examples for these two types of calorimetric experiments 
will be presented and it will be shown how information on the thermodynamic 
state fimctions and on structure and conformation of the molecules in these lyo- 
tropic phases can be obtained from the analysis of the observed heat effects. 

2. DIFFERENTIAL SCANNING CALORIMETRY OF MEMBRANES 

2.1. Thermotropic phase transitions of pure lipids in excess water 
In this section we will describe some examples for the application of DSC to 

the study of phase transition in dilute aqueous lipid suspensions. As mentioned 
above, many lipids display not only thennotropic but also counterion induced 
lyotropic mesomorphism. In binary lipid/water mixtures with one specific pure 
lipid component a variety of lyotropic phases can be formed depending on tem- 
perature and the lipid/water ratio. We only describe phase transitions occurring in 
dispersions with high water content (excess water). These systems are really two- 
phase systems, where an almost pure water phase coexists with a lipid/water 
phase of a certain composition [20]. Increasing the temperature of an ordered la- 
mellar phase to the liquid-crystalline lamellar phase is usually accompanied by a 
change in water content of the lamellar phase. In lipid systems in excess water it 
is an eutectic melting reaction. The prime example, which has been studied in 
much detail is the system dipalmitoyl-phosphatidylcholine (DPPC)/water. The 
phase diagram obtained by differential scanning calorimetry is shown in Figure 9 
[2o1. 

For a dispersion at high water content and low temperature, a two-phase re- 
gion exists, where ahnost pure water coexists with an Ll~,-phase with a water 
content of ca. 20 weight%. Increasing the temperature leads to a eutectic melting 
reaction at 33~ to another two-phase region where a Pl~.-phase coexists with 
pure water. Further increasing the temperature finally leads to the so-called melt- 
ing at the main phase transition temperature 7m, a higher water content which is 
again a eutectic melting reaction. The liquid-crystalline L,~-phase has and is again 
in coexistence with pure water. However, to simplify the thermodynamic analy- 
sis, the excess water phase and the change in hydration of the lamellae upon 
heating it into the L{~-phase is often neglected and the dilute lipid/water dispersion 
is described as a one component lipid system. The observed eutectic melting tran- 
sitions for DPPC are then called pre-transition and main transition. In analogy 
with this simplification, mixtures of two lipids in excess water are described as 
pseudo-binary systems. 
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Figure 9. Phase diagram of the DPPC/water system (adapted from reference 
[20]). 

The DSC instrumentation needed for studies of very dilute lipid suspensions 
are so-called high-sensitivity DSC-instruments, mainly of the adiabatic type, with 
cell volumes of usually 0.5 - 1.5 mL. The lipid concentration needed for these 
instruments is in the range of 0.1 - 10 mg/mL, depending on the width of the en- 
dothenns. The reader is referred to Volume I of this handbook for instrumental 
details. 

One of the newly developed highly sensitive differential scanning calorime- 
ters is the VP-DSC by MicroCal, Inc., Amherst, MA, USA. Typical DSC curves 
of the phospholipid distearoylphosphatidylcholine (DSPC) measured with this 
instrument are shown in Figure 10 [21]. DSPC has a similar phase diagram as 
DPPC, only the difference in 1~,, between the pre- and the main phase transition is 
smaller. 
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Figure 10. DSC curves of DSPC obtained with the VP-DSC by MicroCal, Inc. 
Cell volume = 0.5 mL. Left: heating rate: 60~ passive mode. The peaks are 
broadened but the sensitivity is high enough to pick up the signal of ca. 3.7 lug of 
DSPC. Right: heating rate: 30~ highest feedback gain. The peaks are no longer 
broadened, but the noise is somewhat increased. The sub-main transition at 
53.8~ is clearly seen [22]. 

The cell volume of this instrument is 0.5 mL. The sample was prepared at a 
concentration of 1.82 mM and then diluted and repeatedly re-scanned. For a 
check of the instrumental sensitivity we performed two tests. Firstly, we set the 
heating rate to 60~ and ran the instrument in the "passive mode". This leads to 
a broadening of the transition but improved sensitivity. Secondly, we increased 
the feedback to the fastest response but decreased the heating rate to 30~ to 
reproduce more accurately the very sharp transition of these phospholipids. The 
sharpness of the transition is now well resolved, but the instrumental noise is 
somewhat increased. The recently found sub-main transition is clearly resolved as 
a small additional peak at ca. 53.8~ [22]. The instrumental sensitivity is such 
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that the transition of 3-8 lug of DSPC can easily be picked up, however at the cost 
of either broadening of the peak or increased base line noise [21 ]. 

2.1.1. Influence of headgroup structure and hydrocarbon chain length 
For a phospholipid with a particular headgroup, for instance, the common 

phosphocholine headgroup, the transition temperatures for the gel-gel and gel- 
liquid-crystalline transition depend on the nature of the hydrocarbon chains. For 
straight chain saturated fatty acids the chain length dependence is such that with 
increasing chain length the transition temperatures increase, but not in a linear 
fashion. This has been described for many phospholipids with saturated chains 
and the relevant data have been collected in a data base [12,13,23]. Figure 11 
shows the ~r for the gel-liquid-crystalline phase transition for a number of 
different phospholipids as a fimction of chain length. 

It can be seen that the increase in 7m is decreasing with increasing chain 
length. This is understandable, because the influence of the van der Waals- 
interactions between the hydrocarbon chains increases with chain length and then 
dominates the thennotropic transition behavior so that the transition temperatures 
should reach a limit. For shorter chain phospholipids, significant differences in the 
transition temperatures are observed, depending on the chemical structure and 
charge at the headgroup, because here the headgroup effects are more important. 
Small headgroups and the possibility for intennolecular interactions via hydrogen 
bonds tend to increase 7m, while increasing negative charge of the headgroup 
usually decreases 7m due to repulsive electrostatic interactions between head- 
groups and a concomitant increase in hydration of the headgroup. Figure 12 
shows as an example DSC-curves of phospholipids at pH 7 with different head- 
group structures and two different chain lengths obtained with the MicroCal MC- 
2 instrument at a heating rate of 60~ 

While the precision in the determination of phase transition temperatures is 
generally excellent, so that 7'm-values obtained with different instruments by dif- 
ferent groups agree fairly well, this is not so for the transition enthalpies AH, the 
other thermodynamic quantity obtainable by calorimetry. The agreement between 
data reported by different groups and with different instruments is usually not 
better than + 5% for the AH-values. There are several reasons for these discrep- 
ancies, namely different purity of samples, different preparation procedures of the 
liposomal suspensions, inaccuracies in sample concentrations (the concentration 
is usually calculated from dry weight or from phosphorous analysis), different 
scanning speeds and incubation times at low temperature, and finally, differences 
in base line subtraction procedures. 
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Figure 11. Transition temperature 7~,, 
for the main phase transition of 
different phospholipids. Compiled 
from various sources [ 12,13,23-25]. 

Figure 12. DSC curves of aqueous 
phospholipid dispersions obtained 
with the MicroCal MC-2 (c = 1-2 
raM). 

The effect of different base line subtraction procedures on the AH-value be- 
comes particularly important when the mid-point temperatures of several transi- 
tions are close together. This is the case for phosphatidylcholines, where the LI~, 
--~ PI~' and the PI~' ~ L,~ transition is observed as shown in Figure 13 for distea- 
roylphosphatidylcholine (DSPC). Here, the gel-gel phase transition is so closely 
located near the main phase transition that a clear separation is not possible and 
the procedure for dividing the total AH between pre- and main transition becomes 
somewhat arbitrary. One possible procedure is to calculate the integral over both 
transitions and then separate the AH for the pre-transition at a temperature half- 
way between the/m-values of the pre- and main transition from the AH for the P~. 
--> L, transition (see Figure 13). As indicated in the figure, a linear base line was 
used for the integration. This is not the only possibility. Particularly, when the 
apparent heat capacity below and above the transition are significantly different, a 
base line of sigmoidal shape should be used. 
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Figure 13. Enlarged view of a Figure 14. DSC curves of dimyristoyl phos- 
DSC curve of DSPC showing the phatidic acid as a fimction of pH. The insert 
method of integration and sepa- shows the pH-dependence of the transition 
ration between the transition en- temperature 7m and the apparent pK-value for 
thalpies of the pre- and main the dissociation of the second proton (adapted 
transition, from reference [30]). 

In general, for a series of phospholipids with identical headgroups an almost 
linear increase of AH with increasing chain length is observed with a value of ca. 
1.92-2.1 kJ.mol -I per CH2-group. For the transition entropies AS ~ AHTm, the 
linear increase is similar, because the changes in 7),, on an absolute temperature 
scale are small. The AS increase is 5.5 J.K -1.tool -~ per CH2-group [12,13,24]. 

2.1.2. Influence o/pH and ion binding 
For some phospholipids with ionizable headgroups, the gel phase structures 

and the transition temperatures depend on the charge of the headgroups. For in- 
stance, for phosphatidic acids (PA), phosphatidylglycerols (PG), and phosphati- 
dylserines (PS), a variation ofpH can change the number of charges on the head- 
group [12,13,26-32]. Figure 14 shows as an example the pH induced changes in 
7m for DMPA when the second proton dissociates from the phosphate headgroup. 

Changes in headgroup charge also lead to changes in transition enthalpies and 
entropies. Doubly negatively charged PAs have significantly lower AH- and AS- 
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values than the singly charged forms. [31 ]. In the low pH regime, the phosphate 
groups of phospholipids become protonated, the thermotropic and lyotropic be- 
havior changes drastically when the headgroups become uncharged as is the case 
for PAs and PGs. For PAs, the bilayers become dehydrated and quasi-crystalline 
lamellar phases are formed. This is immediately evident by a visual inspection of 
the diluted aqueous dispersion which becomes strongly turbid after a change of 
pH to 2. The dispersion is no longer stable and precipitates. This effect is also 
observed for PGs. In the case of PCs, PEs and PSs, the headgroups still carry a 
positive charge at low pH-values, so that this dehydration effect is not observed. 

Figure 15 shows some examples for DSC curves at different pH-values for 
phospholipids with different headgroups. 
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Figure 15. DSC curves of dilute aqueous dispersions (1 mM) of different phos- 
pholipids (PGs in 0.1 M KCI) obtained with the MicroCal MC-2 instrument. 
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The headgroups of PCs and PEs are zwitterionic at pH 7. The negatively 
charged phosphodiester group can bind positively charged ions. Binding will 
modulate the hydration of the phosphate moiety and therefore the transition be- 
havior will change. The binding constants of monovalent cations are small and the 
effects of increasing the ionic strength with NaCI or KCI is negligible. For diva- 
lent and trivalent cations, much larger binding constants are observed and in an 
excess of salt with divalent cations the transition temperatures shift to higher val- 
ues. This effect has been studied in some detail only for phosphatidylcholines 
[33-38]. 

Figure 16 shows DSC scans of DMPC in the presence of Fe 2+ and Fe 3§ illus- 
trating the difference in binding between di- and tri-valent Fe cations. For Fe 3+ 
even at 10 -4 M, i.e. a lipid to Fe 3+ ratio of 10'1, shifts of the main phase transition 
temperature are observed indicating much stronger binding of the trivalent cation 
compared to the divalent cation. Similar effects have been observed with other 
trivalent cations such as La 3+ [36-38]. 
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Figure 16. DSC curves of DMPC in the presence of different concentrations of 
Fe 2+ and Fe 3+, the DMPC concentration was 1 mM. 
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The binding of mono- and multivalent cations to negatively charged phos- 
pholipids at pH 7 is much stronger and drastic changes in phase behavior are ob- 
served particularly when di- or trivalent cations are bound to PAs or PGs. In a 
first approximation, the influence of monovalent cations can be viewed as purely 
of electrostatic origin as described by the simple Gouy-Chapman theory [27,31, 
39,40]. Increasing ionic strength leads to a screening of negative surface charges 
and a decrease of the electrostatic repulsive interactions between headgroups. As 
a consequence, the phase transition temperature increases. However, specific 
binding at higher concentrations also occurs, so that the effects of Li +, Na +, and 
K + are different. Figure 17 shows the effect of increasing concentrations of NaCI 
on the phase transition of DMPG- and DMPA-. 
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Figure 17. Left: DSC curves of DMPG suspensions at pH 7 as a function of NaCI 
concentration. Right: DSC curves of DMPA suspensions at pH 7 after pH cor- 
rection and uncorrected in unbuffered suspensions. Here, the pH changes slightly 
to lower values due to a partial dissociation of the second proton. 
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In the case of the phosphatidic acid DMPA, an additional effect, namely the 
shift in the apparent pK2-value for the dissociation of the second proton has to be 
taken into account [31 ]. In unbuffered dispersions the pH-value decreases slightly 
upon salt addition, the headgroup mainly stays in its singly charged form. When 
the dispersion is kept at pH 7 by low concentrations of buffer or by pH adjust- 
ment, the addition of salt leads to an increase in the formation of the doubly 
charged form of DMPA due to a shift of the apparent pK2 from 10.5 at low ionic 
strength to ca. 7 at high ionic strength. The thermograms at high NaC1 concentra- 
tion are therefore of a mixture of singly and doubly charged DMPA. The thermo- 
grams are consequently broader and the increase in Tm is less pronounced as 
when the DMPA molecules stay in their singly charged form. 

The formation of the Ca 2+ salts of these phospholipids leads to a strong dehy- 
dration of the lipid headgroup region and the formation of liquid-crystalline L,~- 
phases occurs only at very high temperatures. In addition, in the case of PA, the 
binding of divalent cations can again induce the dissociation of the second proton, 
so that the formation at 1:1 complexes of the doubly charged form with a divalent 
cation such as Ca 2+ occurs even at pH 7 or lower due to a shift of the apparent 
pK2 [41-47]. 

For PAs and PGs there is a clear dependence of the binding behavior on the 
nature (i.e. probably the size) of the divalent cation. Ca 2+ behaves differently 
compared to Mg 2+ or Sr 2+ , the phases formed in an excess of divalent cations are 
probably not the same and the thennotropic behavior is complicated by the for- 
marion of metastable phases [48]. As an example, DSC-curves of DMPA at vari- 
ous PA:M 2+ ratios is shown in Figure 18 for the case of Ca 2+ and Mg 2+ binding. 
The DSC scans at pH 3.5 always correspond to the singly charged form of 
DMPA, i.e. 2"1 DMPA:M 2+ complexes, whereas at pH 7 1"1 complexes are 
formed. 

Larger organic cations can also bind to lipid bilayers. These ions can 
"partition" into the interface region and not only act via their charges but also 
through their apolar parts which perturb the hydration of the interface and also the 
packing of the chains. Figure 19 shows the effects of the organic salt choline 
chloride on DMPC and DMPE bilayers. Binding of monovalent cations to zwitte- 
rionic lipids is nonnally weak, and choline chloride is no exception. However, in 
contrast to inorganic monovalent cations, the organic cations has a notable effect, 
depending on the lipid headgroup. Whereas for DMPE the effect is negligible, the 
perturbation of the interface region in the case of PC is clearly evident from the 
broadening and the shift of the pretransition and, to a lesser extent, also the main 
phase transition temperature. 
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Figure 18. DSC scans of DMPA with Mg 2+ and Ca )-+ at different molar 
lipid:cation ratios. The 11 complexes formed at pH 7 do not show any phase 
transition below 95~ whereas the 21 complexes formed at pH 3-5 clearly dis- 
play melting transitions at 60-65~ 
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2.2. Phase transitions of lipid mixtures 
Lipids of biological membranes are a complex mixture of various classes of 

lipids with different headgroups and chain length. The composition of membranes 
of eukaryotic cells can differ substantially, depending on the location and the 
fimction of the cells in the body. In addition, significant differences are found 
between the lipid composition of the plasma membrane of a cell and intracellular 
membranes building up the various compartments inside a eukaryotic cell. It is for 
this reason that the analysis of lipid miscibility has gained much attention in the 
last years. The question whether lipid immiscibility in the liquid-crystalline L~- 
phase is possible is of particular relevance to the fimction and organization of 
biological membranes. It has been a long debated question whether biological 
membranes show lateral inhomogeneities or domain fonnation, thus providing 
membrane proteins with different lipid surroundings necessary for their function 
as enzymes or ion channels [49-53]. 

It has been known for quite a while that certain types of membrane located 
enzymes show a specificity for the binding of certain lipids but it still is unclear 
whether lateral domain fonnation is mainly caused by proteins or whether pure 
lipid mixtures can show this phenomenon by themselves [54-60]. 

Biological membranes and the lipid mixtures extracted from them are far too 
complex to gain suitable information on their mixing behavior by calorimetric 
methods. Therefore, the systematic investigation of mixtures of two or more lip- 
ids, preferentially synthetic ones, in aqueous dispersion is the method which has 
led to important conclusions about lipid miscibility in these quasi-two- 
dimensional lamellar phases. The analysis of the phase diagrams obtained from 
the investigation of the thermotropic transitions of suspensions with different lipid 
compositions in excess water in terms of the curvature and the location of the 
phase boundaries provides the necessary infonnation about non-ideality parame- 
ters. 

2.2. 1. Lipid-cholesterol mixtures 
Cholesterol is abundant in many membranes of eukaryotic cells, the total per- 

centage reaching up to 50% of the total lipid content. The behavior of lipid- 
cholesterol mixtures has therefore attracted mucla attention. Despite the vast 
amount of publications on the thennotropic behavior of phospholipid-cholesterol 
mixtures, the macroscopic description of lipid-cholesterol systems using phase 
diagrams is still very much debated, because different analytical methods such as 
NMR-, ESR-, fluorescence- and FT-IR-spectroscopy monitor changes in physico- 
chemical behavior of lipid-cholesterol mixtures as a fimction of composition and 
temperature which cannot easily reconciled with observations using DSC [61-72]. 
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The general effect of cholesterol with its rigid ring system is to "condense" 
the molecules in the L,~-phase and to "fluidize" the lipids in the gel phase. The 
lipid molecules are transferred into some intermediate state where the acyl chains 
have much less gauche confonnations than usually found for the liquid-crystalline 
state. However, the rotation of the molecules around their long axis and the speed 
of lateral diffusion remains fast, so that this state has been termed "liquid- 
ordered" state, meaning that the ordering effect of cholesterol is restricted to the 
trans-gauche-isomerization of the chains, whereas all other properties are still 
characteristic for a "liquid" state. The temperature and the particular cholesterol 
content at which this transition to the liquid-ordered state occurs depends on the 
chemical stnlcture of the phospholipid, i.e. its chain length, degree of unsaturation 
or branching, and its headgroup type. 

For saturated phosphatidylcholines, DSC thermogralns of samples with in- 
creasing cholesterol content show a broadening of the peaks and a decrease of the 
total transition enthalpy. Only with high sensitivity DSC instnnnents can the 
thennograms at cholesterol contents above 40 mol% be analyzed with sufficient 
accuracy and reliability, because the transition becomes extremely broad, encom- 
passing a range of 40-70 degrees. At cholesterol contents of up to 20 tool%, the 
DSC endothenns can be decomposed into a narrow and a broad component. The 
narrow component decreases in area and disappears at 20-40 tool% cholesterol, 
while the broad component remains the only "peak" above this concentration. It 
gradually broadens and decreases in area when the cholesterol content is in- 
creased filrther. Above 40-60 tool% cholesterol, usually no endothennic transition 
is observed. This seems to be the limit of cholesterol uptake of the bilayer phase 
for many phospholipids. Further increase of cholesterol content leads to a phase 
separation of pure cholesterol, probably in the fonn of suspended hydrated crys- 
tallites in water, and a cholesterol saturated bilayer phase. 

As an example, Figure 20 shows DSC curves of DSPC-cholesterol mixtures 
as a fimction of cholesterol content. The DSC curves at high tool% cholesterol 
have been enlarged to show the broad transition which is still visible even at 50 
tool% cholesterol. Figure 21 shows the total enthalpy as a fimction of composi- 
tion, which decreases non-linearly, the break in the plot indicating the percentage 
at which the narrow transition has disappeared. This superposition of broad and 
narrow components in the endothenns is shown in Figure 22 together with simu- 
lations used for decomposing the observed endothenn into its components. It can 
be seen that even at 40 tool% cholesterol, the total DSC curve can be decom- 
posed into two components. The broad component covers a temperature range 
from 20 to 90~ This broad transition can only be observed, if the DSC instru- 
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ment used shows excellent base line reproducibility as the older DSC DASM 1 
and 4 instruments and the newer VP-DSC. 
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The effect of cholesterol on other phospholipid mixtures is qualitatively simi- 
lar. For PCs with saturated chains, it is observed that the mid point temperature of 
the broad transition is higher than that of the sharp transition when the PC carries 
shorter chains, such as in DMPC. For DAPC with its C20 chains, the broad tran- 
sition is shifted to a lower temperature compared to the sharp transition [67,68]. 

It is extremely difficult to construct a phase diagram on the basis of DSC 
measurements alone. Other techniques, such as spectroscopic methods mentioned 
above, have to be used. However, despite all efforts, a consistent description of 
the behavior of lipid-cholesterol mixtures, using the information obtained by these 
various methods was not very successfid. Using a microscopic interaction model, 
a theoretical phase diagram has been calculated, which shows many of the fea- 
tures observed in lipid-cholesterol mixtures, though the location of the phase 
boundaries suggested by this model is often not found [62,66,67]. This is shown 
in Figure 23. The different regions of liquid-disordered (ld), liquid-ordered (1o), 
and solid-ordered (so) state vary for the different phospholipids studied so far. In 
general, however, the appearance of the phase diagrams for different phospho- 
lipid/cholesterol mixtures is similar. 
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Figure 23. Schematic phase diagram of phospholipid/cholesterol mixtures show- 
ing the regions of the solid-ordered (so), liquid-ordered (1o), and liquid-disordered 
(Id) phases [62,66]. 

The difficulties in interpretation of experimental results in tenns of a phase 
diagram apparently arise, because the suggested phase separation between phases 
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of different composition often does not occur on a "macroscopic" scale, i.e. some 
~am, where it should be observable, but only on a scale of several molecular dis- 
tances. This means that these micro domains are not easily observable, particu- 
larly when methods are used which are sensitive to averaging by lateral diffilsion 
between different domains. This is the case for 2H-, 3~p_, and ~3C-NMR methods, 
though the time scales are somewhat different, and also for the different fluores- 
cence measurements, where lateral diffiision is probed with fluorescent labels 
[64,67,72]. 

In conclusion, DSC-experiments on lipid-cholesterol mixtures are easily per- 
formed and have revealed important information. However, the interpretation of 
these DSC data in terms of a simple phase diagram is not easy. 

2.2.2. Binary phosphohpid mixtures 
As already mentioned above, biological membranes can be a complex mixture 

of various lipid classes, i.e. phospholipids, sphingolipids, cholesterol, etc. The 
analysis of simple pseudo-binary phospholipid mixtures is a first attempt to de- 
scribe the miscibility in the lnuch more complex biological membranes. The phase 
behavior of mixtures of two different phospholipids in excess water is usually 
treated in a similar way as the mixing behavior of two compounds in volume 
phases [73-80]. The third component, water, is not explicitly taken into account, 
i.e. the pure water phase is neglected. Also the change in water content of the la- 
mellar phases occurring during the transition from the gel to the liquid-crystalline 
state is neglected. The mixing of two iipids is in this approach viewed as being 
restricted to the quasi-two-dimensional bilayers and treated similarly as the solid- 
liquid equilibrium in three-dimensional bulk phases. This approach works quite 
well, despite the fact that the phase transitions of pure lipids from ordered to dis- 
ordered phases are not true first order phase transitions but in a strict thennody- 
namic sense eutectic melting reactions. 

The large variety of mixing behavior found for three-dimensional bulk phases 
can also be found for the quasi-two-dimensional systems. The type of phase dia- 
grams found for mixtures of two lipid components are shown in Figure 24. The 
types of diagrams range from those indicating ideal mixing in both phases, over 
diagrams with lower or upper azeotropic points, to those types of systems which 
show limited miscibility in the low temperature ordered phase with mono-, 
peritectic, or eutectic behavior. Limited mutual miscibility in the ordered lamellar 
phases is quite common, when the structures of the phases formed by the pure 
lipids differ significantly, whereas homogeneous mixing, though possibly non- 
ideal, is conunon for the liquid-crystalline L,~-phase. 



134 

Ideal 
To 

, , 

gel 

A 

monotectic J 

I.c. 

' gel{l} + gellA) 

BA B 

�9 eutectic ] [ peritectic 

T, 1 . 0 . . ~  I.c. 

l(21 I T, _/ . ~/gel(2)) 

+ oe,(2, i 
A BA B 

Figure 24. Simplified schematic diagram of possible types of phase diagrams ob- 
served for pseudo-binary phospholipid mixtures. 

When phase diagrams are constructed from DSC curve, the procedure is usu- 
ally the following: DSC curves at different molar ratios of the two components 
are recorded. The temperatures for the onset 7'(-) and end 7'(t) of the phase tran- 
sition are determined from the deviations of base line at low and high tempera- 
tures. The problems arising by this procedure are immediately obvious. Because 
the transitions are very broad, the experimental determination of these tempera- 
tures can be very inaccurate unless an instrument with high sensitivity and a very 
reproducible base line is used. In addition, even the transitions of pure lipids are 
broadened due to limited cooperativity of the transition. To obtain singular values 
for the melting temperatures for both pure colnponents, their finite width of the 
transition is measured and then subtracted from all other 7'(-) and 7'(~-) values of 
the lnixtures, weighted with the respective mole fractions of the mixture [76,81- 



135 

83]. This leads to phase diagrams, which end in angular points on both sides and 
a somewhat reduced width of the coexistence range in between. However, re- 
ducing the width of the transition range of mixtures by this procedure assumes 
that the cooperativity of the transition simply scales with the composition in linear 
fashion. This is unlikely, as theoretical calculations show. In mixtures, the coop- 
erativity is likely to be much lower than in the pure compounds [84]. 

We have therefore devised a new method for the detennination of the tem- 
peratures for onset and end of melting, which is based on a simulation of the ex- 
perimental DSC-curves. This procedure uses a regular solution model for non- 
ideal mixing in both, the ordered and the liquid-crystalline phase, and incorpo- 
rates the additional broadening by assuming a simple two-state transition of lim- 
ited cooperativity, with the cooperative unit size c.u. as an adjustable parameter. 
This model is still a simplification of the real situation as it is based on the as- 
sumption that the cooperativity does not depend on temperature [84]. Neverthe- 
less, this procedure seems to be more reliable for the detennination of the phase 
boundaries as the arbitrariness in detennining the onset and end of melting tem- 
peratures is replaced by a more objective procedure. 

The method for calculation of the heat capacity curves will now be outlined in 
a condensed fonn. The reader is referred to the original publications for further 
details [80,85-87]. 

For a binary system with components A and B the molar enthalpy H in the 
phase transition region from the gel (g) to the liquid-crystalline (1) phase can be 
described by: 

H-~pH +(l-~o)H, (I) 

with Hg and HI being the enthalpies in the gel and liquid-crystalline phase, re- 
spectively, and 99 the degree of transition going from 1 to 0 in the liquid- 
crystalline phase, q~ can be calculated from the lever rule: 

X - - X  I 
- ( 2 )  

X g  - -  X I 

with xg and xl being the mole fractions of component B in the solid and liquid- 
crystalline phase in equilibrium at a given temperature. 

For non-ideal mixing in the two phases we can fonnulate two equations for 
the enthalpies Hg and H~ as a fimction of composition introducing an excess en- 
thalpy AH E 
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Hg = XA" Hg,A + XB" Hg,B + AHEg , H 1 -  XA" H1,A + XB" H1,B + AHE1 (3) 

Using the Gibbs-Helmholtz equation AG E= AH E - TAS E, two cases have been 
considered, the case with AS E - 0 gives AG z = A/-/E , the so-called regular solu- 
tion [88] and the case with AH E= 0 is the athennal solution [89]. 

For the simulation of the cp-curves we will only use regular solution theory. 
The non-ideality of the system is caused by a non-zero AH E. 

The free excess enthalpy AG E of mixing as a function of mole fraction x can 
be written as: 

AGE = A f f l ~ = x ' ( 1 - x ) ' { p l  + pz'(2x-1) + p3 '(2x-l) 2 + p 4 " ( 2 x - 1 )  3 + ...} (4) 

Pi are the non-ideality parameters describing the deviations from ideal mixing 
behavior. Positive non-ideality parameters indicate a tendency towards cluster 
formation of like mixing and with increasing p the system finally shows a misci- 
bility gap and phase separation into two phases of different composition. Nega- 
tive non-ideality parameters lead to complex fonnation of unlike molecules. 

For the simulation of the cp-curves we have used a symmetrical formulation 
for the excess enthalpy for both phases: 

A ( ;  l~ - A H  l~ - x ' (  l - x ) ' p  (5) 

The s o l i d u s  and l i q l t i dus  curves are now calculated from the following two tran- 
scendental equations: 

AH,~ +,o I . ( l - x l )  2 - p g - ( l - x  ) 2 

7'= AH~ n{x~ / x~ 7;, - R. 1 } (6) 

A l l ,  +p, . ( x , ) 2 - p . ( x ~ )  ~- 
I '=  An, (7) 

' - R . l n { ( l - x ) / ( l - x , ) }  
11, 

with XA = (1 - X), xi~ = X, AHA and AHI3 being the calorimetrically measured main 
transition enthalpies, and 7)x and 7i~ the main transition temperatures of the pure 
components A and B [73,76,80]. 
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With the definition of cpid = (G~I--/'O]/)p the heat capacity curves can be calcu- 
lated from Equations. 1, 3 and 5 once the segments of the liquidus and solidus 
curves of the phase diagram are known. 

The calculated Cpid-curves are calculated for true first order phase transitions 
with infinite cooperativity. In reality, the transition curves for pure lipids are 
broadened due to limited cooperativity which is even more decreased in lipid 
mixtures [ 84]. 

As the simplest model we assulne a two-state transition between the solid and 
the liquid state: 

G ~ L (8) 

where G and L denote the gel and the liquid-crystalline phase. The equilibrium 
constant for such a process is then defined as: 

K =  [L__]]- 1 -O  (9) 
[(;] o 

The brackets represent the amount of lipids in one of the states and O is the 
degree of transition going from 1 (all lipids in the gel state) to 0. With the van't 
Hoff equation 

PinK AH,.~ 
,~7" ; - ;~. 7"'- (1 O) 

p 

we can calculate an expression for (00/07), describing the width of the transition 
as a fimction of the van't Hoff transition enthalpy AH,.~ [24,80]. The cpia-curve 
for infinite cooperativity is now convoluted with the broadening fimction (00/'07) 
to obtain a corrected heat-capacity curve cpsim: 

C'Psim = C'Pid Q (rPQ1 
\ 017 

(11) 

As a first example we show the experimental and calculated heat capacity 
curves for a system with almost ideal mixing behavior, namely the system 
DMPC/DPPC (see Figure 25). The dotted curves obtained from the simulations 
give good fits to the experimental curves. 
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Figure 25. DSC curves of DMPC/DPPC mixtures as a fimction of composition 
(molar ratios). The dotted lines are the simulated curves calculated with the 
model described in the text [90]. 

Even for this almost ideal mixture the non-ideality parameters obtained from 
the simulation of the heat capacity curves show a concentration dependence, indi- 
cating that the mixing is non-ideal and non-symmetric. Figure 26 shows the phase 
diagram for this mixture. The up and down triangles are the temperatures T(-) and 
7'(t) obtained from the simulations while the open and filled circles are the tem- 
peratures for onset and end of melting obtained by the usual empirical procedure 
described above. It is evident that the temperature values obtained from simula- 
tions lead to a phase diagram with a narrower coexistence range. 
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Because the simulation of the cp-curves indicated a non-syimnetric, non-ideal 
mixing behavior, we recalculated the phase diagram using a regular solution 
model which accounts for this non-symmetric mixing behavior in both phases, 
yielding four non-ideality parameters: 

A G  E = A H  E = x ( 1 - x ) [  t91 + / 9 2  ( 2 x  - 1)] (12) 

The equations of coexistence are in this case more complicated and are not 
shown here. The two parameter p l and/92 for each phase describe the non- 
ideality as a fimction of x, where the parameter/92 is responsible for the asym- 
metry. 

The non-ideality parameters shown in Figure 26 were obtained by fitting the 
equations describing the coexistence curves to the 7'(-) and 7'(t) values (up and 
down triangles). Fitting to the empirical temperature values would lead to larger 
non-ideality parameters. 
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Figure 26. Left: Phase diagram obtained for DMPC/DPPC mixtures. The points 
for onset and end of melting obtained by the usual empirical procedure are indi- 
cated by open and filled dots, the triangles were obtained from the simulation of 
the DSC curves. The solid lines are fit curves through the triangles using the four 
parameter model described in the text. Right: Non-ideality parameters as a fimc- 
tion of composition as obtained from the simulation of phase diagrams of 
DMPC/DPPC and DMPE/DPPE (not shown) [90]. 
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In ahnost all cases of pseudo-binary phospholipid mixtures, we found that time 
non-ideal mixing is also non-symmetric, so that this four parameter model gave 
the best fits to the experimental data. An illustration of how the shape of the 
phase diagram can change, when the asynunetry of mixing is increased due to 
increased pg2 and pl2 values for the gel and liquid-crystalline phase, respectively, 
is shown in Figure 27. 
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Figure 27. Calculated phase diagrams with different values for the asymmetry 
parameter plz and pg2 in J.mol -~ 

We have systematically investigated various mixtures of phospholipids dif- 
fering in headgroup structure and chain length. The details of these investigations 
are found in the relevant publications [80,85-87,90]. 

Some important aspects of the mixing behavior of selected systems should be 
mentioned. Non-ideal mixing is not only found for lipids in the ordered gel phases 
but also for liquid-crystalline lipids. Gel phase immiscibility and phase diagrams 
which are of the peritectic or eutectic type are regularly observed when the two 
lipids in the mixture have differences in chain length of 4 or more CH2-groups or 
when the gel phase structures are different. For instance, lipids that form inter- 
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digitated gel phases or quasi-crystalline Lc- or L~,-phases usually do not mix with 
lipids forming L~- or L~,-phases. An example for gel phase inuniscibility with 
probably eutectic behavior is shown in Figure 28 for the system 1,2-di-11-cyclo- 
hexylundecanoyl-phosphatidylcholine (11 cyPC) and 1,2-di-13-cyclohexyltri- 
decanoyl-phosphatidylcholine (13cyPC), both lipids with e0-cyclohexyl fatty acids 
of different chain length. The gel phase structure of these lipids is still not known 
but probably of the Lc,-type with strongly tilted chains to accommodate the si- 
multaneous packing of the alkyl chains and the o~-cyclohexyl rings at the chain 
ends. Numerous other examples of gel phase immiscibilities of lipids are now 
known and the reader is referred to the original publications [91-98]. 
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Figure 28. DSC curves and phase diagram of 1,2-di-I l-cyclohexylundecanoyl- 
phosphatidylcholine (1 lcyPC) and 1,2-di-13-cyclohexyltridecanoyl-phosphati- 
dylcholine (13cyPC), showing eutectic behavior [87,91 ]. 

The mixing behavior in systems, where one of the compounds is charged can 
be strongly influenced by varying the pH of the suspension and thus the head- 
group charge. In mixtures of DMPA with DPPC, partial protonation of the PA 
component leads to phase diagrams with an upper azeotropic point or even a mis- 
cibility gap in the liquid-crystalline L~-phase [85]. The non-ideality parameter for 
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the liquid-crystalline phase is strongly positive. The DSC thennograms and the 
resulting phase diagram for this system is shown in Figure 29. 
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Figure 29. Left: DSC curves of DMPA/DPPC mixtures at pH 7 and at pH 4, in 
the partly protonated form of DMPA. Right: Phase diagrams and non-ideality pa- 
rameters obtained from calculations based on the 7'(-) and 7'( ~ )-values obtained 
from the simulation of the cp-curves (left: dotted lines). At pH 4, the shape of the 
phase diagram indicates lipid immiscibility in the liquid-crystalline phase (adapted 
from reference [85]). 

Tile finding that positive non-ideality parameters can be found for liquid- 
crystalline lipid mixtures and that even immiscibility in the liquid-crystalline 
phase is possible is particularly important in relation to the mixing behavior of 
lipids in biological membranes. This and other examples show that in pure lipid 
systems clustering of like lipids and even domain formation and demixing can be 
induced by modifications of the headgroup interactions [85,86]. The previously 
observed immiscibility in lipid bilayers was always restricted to gel state bilayers 
and occurred in those systems, where either large chain length differences were 
present, or the gel phases fonned by the two pure compounds were incompatible. 
Immiscibility in the fluid L,~-phase, however, is not so much caused by differ- 
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ences in chain length or chain structiire of tlie two lipids, but mainly by 
differences in lieadgroup interactions, and these can be modiilated by molecules 
or ions present in  the water phase. 

2.2.3. l,ipid-pro/ciI? intcr-uc/wns 
Biological mcmbranes arc composed of lipids and proteins, thc lipids 

building up tlie bimolecular leaflet, which is the major permeability barrier, and 
the proteins providing the essential biological fiinctions. Tlie proteins can be 
either iritririsic proteins embedded i n  the lipid Rilayers and having accessible 
polar surfaces on both sides of the bilayei-, or they are inairily bound to the 
bilayer surface by electrostatic. interactions. When proteins are incorporated into 
lipid bilayers or boimd to the surface of the latnellae, the lipid packing in tlie gel 
phase is perturbed and the transition profiles obtained by DSC are changed in a 
characteristic way. Nrrtnerous studies of lipid-protein interactions have been 
performed in the past and tlie effects 011 tlie DSC transition curves have been 
inodelcd [99- 1041. 

Tlie effects observed with various proteins depend on tlie nature of the 
interaction. Intrinsic proteiris can either prefcrcntialIv associate with gel state 
lipids or with liquid-c.rystalliiie lipids. When a prcfcrcntial association with gel 
state lipids occiirs, the DSC peaks become a inore and iiiore pronounced 
shoulder at the high temperatiire side of the peaks. For a preferential association 
with liquid-crystalline lipids, this effect is reversed. I-lowever, peripheral 
association of proteins or peptides to the surface of the bilayers, can also lead to 
high temperatiire shoulders, so that a distinction between different modes of 
binding becomes difficult. I n  reality, larger proteins can bind to the surface with 
their hydropliilic domaiiis tlii-ough electrostatic interactions, but at the same time 
also insert hydrophobic sequences into the bilayer. ‘I’he overall effect on the 
shape of the DSC peaks is then difficult to predict. Therefore, DSC 
~neasiireiiietits on lipid-proteiti interactions inainly serve as a qiialitative 
indicator for protein binding or insertion, as judged from the change of the shape 
of the DSC peaks. 

As an example for the change occurring when proteins are bound to tlie 
surface of lipid vesicles we show DSC curves of unilatnellar vesicles of DMPC 
with various other lipids beforc and after binding of the GM2 activator protein; 
which is esserilial for the enzyinatic processing of the ganglioside GM2 i n  
lysosoiiies by the protein p-licxose-aminidase [ 105,1061. This activator protein 
binds specifically to gangliosides, but also by electrostatic interactions to 
negatively charged surfaces. Figure 30 shows some examples for different 
tnixti~tes. In all cases, tlie DSC ciirves show shoulders on the high temperature 
side of the original peak. This can be interpreted that mainly binding to tlie 
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surface occurs and no insertion into the lipids bilayers [107]. Experiments with 
lipid monolayers support these findings. 
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Figure 30. DSC curves of unilamellar vesicles of DMPC with different 
proportions of other lipids as indicated. Solid curves: betbre, dotted curves: after 
addition of the GM2 activator protein. With pure DMPC vesicles, only a minor 
shift of the DSC peak to slightly lower temperature is observed [107]. 

2.2.4. LipM-suU/actant mixtures 
Lipid-surfactant mixtures have gained much interest in context with the 

solubilization of membranes and with the problem of reconstituting membrane 
proteins into artificial membrane systems such as unilamellar vesicles. For the 
"solubilization" of membranes, a sufficiently high concentration of an aqueous 
micellar solution has to be added to the membrane suspension, so that the 
bilayers are transformed into mixed micelles containing surfactant, membrane 
lipids, and membrane proteins. This "solubilization" process is quite 
complicated and the necessary amounts of surfactant for complete solubilization 
depends on the nature of the surfactant, the type of membrane, and the total 
concentration of lipid and surfactant. 

For a better understanding of this process, experiments with model membrane 
systems have been undertaken and an overall picture has emerged for the low 
concentration regime of lipid and surfactant, which can be described as follows. 
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Addition of surfactant molecules to lipid vesicles first leads to a partitioning of 
the surfactant into the lipid bilayers, an equilibrium is established, the partition 
coefficient depending on the nature of the lipids in the membrane and the chemi- 
cal structure of the surfactant. Further increase of the total surfactant concentra- 
tion leads finally to a saturation of the bilayers with surfactant molecules and first 
mixed micelles of a different surfactant to lipid ratio appear. Over a certain con- 
centration range mixed bilayers and mixed micelles coexist until finally all bilay- 
ers have been transformed into micelles. 

This process can be easily followed by titration calorimetry, as described be- 
low. In particular, the partition coefficients and the boundaries of the coexistence 
region can be determined. In addition, the thermodynamic quantities obtained 
from these calorimetric experiments provide new insight into the molecular inter- 
actions in these systems. 

DSC studies of lipid-surfactant mixtures in the regime of low surfactant con- 
centrations provide some insight into the partition coefficient of the surfactant 
molecule between water and the bilayer. We have systematically studied the be- 
havior of DMPC/octylglucoside (DMPC/OG) mixtures by ITC and DSC. The 
results of the ITC experiments will be described below. Figure 31 shows as an 
example some DSC curves of DPPC/OG mixtures as a fimction of total OG con- 
centration. First, a decrease of the transition temperature due to preferential OG 
partitioning into the L,~-phase bilayers is observed. 

In principle, the partition coefficient can be calculated from this decrease in 
7m [108]. However, ITC experiments and also experiments using fluorescent 
probes have shown that the partition coefficient is a fimction of OG concentration 
in the bilayer, decreasing with increasing surfactant saturation of the bilayer. The 
approach using DSC curves therefore leads to incorrect results. A fi~rther increase 
of the OG concentration to values where partial or complete micellization for liq- 
uid-crystalline bilayers is observed, still leads to DSC curves with a clear endo- 
thennic peak, which is now ahnost independent of total OG concentration. Obvi- 
ously, the mixed micelles formed at higher temperatures convert to bilayer phases 
upon cooling and the phase behavior at lower temperature is more complicated. 

Systematic studies of the phase behavior of lipid-surfactant systems have 
been performed particularly on mixtures of surfactants of the C~2EOn type and 
phosphatidylcholines with different chain lengths and saturation [109-113]. The 
phase diagrams of these pseudo-binary mixtures in excess water are complicated 
and become even more so when the water content is varied. 
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Figure 3 I .  DSC c.iirves of DPPCiOG mixtures at different concentrations and 
mixing ratios as indicated on the right hand side in the box  (1, - DPPC, I ) ,  = 

OG). The arrows indicate the ranges where vesicles and inicelles are the stable 
forin at a temperature above the value of pure DPPC, i.e. at 50°C (M.  Kellei- 
and A. Bluiiie, iuipublisticd). 

3. ISOTIIERMAL TITRATION CALOKIME'I'RY (I'lC) 

High sensitivity isothermal titration calorimetry has become inore and more 
popular for studying heats of reaction observed upon binding of ions and 
molecules to membranes and tlie incorporation or partitioning of molecules into 
membranes. Also, phase changes in lyotropic systems triggered by tlie addition 
of molecules or ions to the aqueous lipid dispersion can be stiidied. Examples 
are pf-l-induced phase transitions in lamellar phases and surfactant induced 
micellization of lamellar phases. 'The application of ITC for biological questions 
has particularly benefited from the availability of coininercial instruments, such 
as those developed by MicroCal Iiic., namely the OMEGA and the MCS-1TC 
systems [ l  141. 
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In titration calorimetry, the experimental procedure is usually as follows: The 
cell (volume of ca. 1-2 mL) is filled with reactant A, and the other reactant B is 
injected into the solution in aliquots of 2-25 laL using a microliter syringe. Ap- 
proximately 10-25 injections are usually performed with waiting times between 
injections of 5-20 rain, depending on the kinetics of the reaction. The observed 
heat signals are then evaluated as a fimction of concentration of B in the cell or as 
a fimction of molar ratio B/A. These experiments can be performed in a tem- 
perature range between 2 and 80~ to determine the temperature dependence of 
the reaction enthalpy. 

Depending on the specific problems to be studied, it is often advantageous to 
perform also the reversed type of experiment, namely adding reactant A to a so- 
lution of B in the cell. Here, the heat of reaction is determined as a function of 
concentration of A. Both experiments are complementary and the data should be 
fitted with one and the same particular binding model. 

In many cases where the solubility of one of the components is very low, only 
one of time two experiments is possible, the solution of time reactant with the low 
solubility has to be filled into the cell, because otherwise the heats of reaction are 
too low to be detectable. 

3.1. Isothermal phase transitions 
As already mentioned above, some phospholipids show a pH-dependent 

phase behavior. For instance, phosphatidic acids can be deprotonated at high pH- 
values, the phase transition temperatures of the LI~ --> L,, phase transition is low- 
ered [29,30]. Therefore, it is possible to trigger the phase transition from the LI~- 
to the L,,-phase by injecting NaOH into a suspension of DMPA-vesicles at con- 
stant temperature. The titration experiment performed in this way as a fimction of 
temperature yields the heat of dissociation in the L,~-phase (high temperature) or 
the Ll~-phase (low temperature). In between these temperatures, the heat of reac- 
tion for the dissociation is superimposed by the phase transition heat. An example 
is shown in Figure 32 for the reaction [30]: 

DMPA- + OH- --) DMPA 2- + H2O (13) 

Tile titration curves in the high and low temperature region, where no phase tran- 
sition is induced by the reaction can be simulated to detennine the intrinsic pK2- 
value for the dissociation of the second proton of DMPA. For a simulation it is 
necessary to use the Gouy-Chapman theory to calculate the proton concentration 
in the vicinity of the bilayer surface. This is different from the bulk concentration 
due to the formation of the electrical double layer. Using this approach, the intrin- 
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sic pK2, which is lower than the apparent pK-value, can be calculated. Simulated 
titration curves fitting the experimental data with the pK-values indicated are 
shown in Figure 33. The intrinsic pK2 turns out to be dependent on the state of the 
bilayer and is slightly lower than the value expected from solutions of phosphodi- 
esters, such as glycerophosphate, particularly at high temperature [30]. 
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Figure 32. Titration curves of 1.4 mL 1 
mM DMPA vesicles with 0.1 N 
NaOH. The curve at 48.7~ has a de- 
viation due to the pH induced transi- 
tion from the gel to the liquid- 
crystalline phase (adapted from refer- 
ence [30]). 

Figure 33. Integral reaction enthalpies 
from the experiment shown in Figure 
32. The dotted curves were calcu- 
lated using the Gouy-Chapman the- 
ory. The curve at 48.7~ could not be 
simulated due to the contribution of 
the transition enthalpy (adapted from 
reference [30]). 

In the reversed type of experiment, the DMPA vesicle suspension is injected 
into an aqueous solution at pH 12. In this type of experiment the OH- concentra- 
tion is so high that it does not change significantly during the titration, because 
only small amotmts of DMPA are titrated into the solution. The titration peaks 
then all have the same area. The total heat of reaction observed here is comprised 
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of the heat of neutralization, the heat of dissociation, and, depending on tem- 
perature, the phase transition heat (see equation (13)). Figure 34 shows the heat 
of reaction as a fimction of temperature after subtraction of the heat of neutraliza- 
tion. 
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Figure 34. Total heat of reaction after subtraction of the heat of neutralization of 
the reaction of equation (13). The double arrows denote the transition enthalpies 
from the gel to the liquid-crystalline phase for DMPA- and DMPA 2- (adapted 
from reference [30]). 

It is clearly evident that in the temperature interval from 25-50~ an addi- 
tional endothennic effect due to the transition from the gel to the liquid-crystalline 
phase is superimposed. The difference between the higher and lower levels of the 
reaction heat corresponds to the transition enthalpies of the singly and doubly 
charged DMPA, respectively. The temperature dependence of the heat of disso- 
ciation in the low and high temperature region is small. This is characteristic for 
ionic reactions. However, in the intermediate temperature range, where the tran- 
sition enthalpy is superimposed, the slope is positive and lnuch more significant. 
The positive Acp observed here can be explained by changes in hydration of the 
interfacial region of the bilayers, including hydrophobic surfaces, due to the trig- 
gering of the gel to liquid-crystalline phase transition. Additional hydration of the 
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doubly charged phosphate group would only lead to negative Acp-values. Appar- 
ently, this is overcompensated by the hydration of hydrophobic parts of the mole- 
cule when the lipid molecules become less tightly packed in the liquid-crystalline 
phase. 

3.2. Heats of ion binding 
Similar experiments as with OH-can be perfonned with other ions, such as 

Mg 2+, Ca 2+, Sr 2+, or trivalent cations, which bind to negatively charged phos- 
pholipid headgroups and more weakly to zwitterionic headgroups. In most cases, 
the phase transition temperatures are shifted to higher values, when cations are 
bound. Therefore, induced by cation binding, the heats for isothennal phase tran- 
sitions are observed, in addition to the heat of cation binding. In contrast to ex- 
periments where acid or base is injected into the cell, the addition of aliquots of a 
Ca 2+ solution to DMPA- vesicles leads to badly reproducible results. After bind- 
ing of Ca 2+ to the outside of the vesicles, these become susceptible to fi~sion and 
aggregation. The dispersion settles and fi~rther addition of aliquots of a Ca 2+ solu- 
tion to the already precipitated dispersions is difficult, a thennodynamic equilib- 
rium cannot be reached despite continuous stirring of the solution in the cell. 

Because of these effects, only the reversed experiment is possible, the addi- 
tion of lipid vesicles to a solution of excess Ca 2+ in the cell. Here, the reaction 
proceeds fast enough, because the vesicles are immediately ruptured by the ion 
binding due to the osmotic gradient. The total heat of reaction observed for each 
of the injections is reproducible and the same. In Figure 18, the effect of Mg 2+ on 
the phase behavior of DMPA-was shown as revealed by DSC. Clearly, a shift of 
the phase transition to higher values was observed in an excess of M ~  +. 

The results of ITC experiments for binding of Mg 2+ to DMPA-is shown in 
Figure 35 [90]. Three different temperature regimes are evident. Below 50~ 
Mg 2+ binding to DMPA- is endothennic and the binding enthalpy decreases with 
temperature. Between 50~ and 57~ the exothennic reaction enthalpy is mainly 
caused by the transition enthalpy from the L,~ to the gel phase (LI~ ?). This is again 
an isothennal phase transition, induced by ion binding, but in this case from a 
fluid to a gel phase, in contrast to the phase transition induced by OH- described 
above. At temperature higher than 57~ the binding enthalpy is slightly endo- 
thennic and increases with temperature. In this temperature range the bilayers 
remain in the L,~-phase after Mg 2+ binding under these particular experimental 
conditions. 
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Figure 35. Total reaction enthalpy observed when titrating a 20 mM DMPA vesi- 
cle suspension at pH 7 into 100 mM MgCI2. The heat of dilution was detennined 
in a separate experiment and subtracted [90]. 

The slope of the AH vs. 7' curves is due to differences in the heat capacity 
Acp of the two fonns. The negative Acp found at low temperature for binding of 
Mg 2+ to gel phase bilayers is characteristic for all negatively charged phospho- 
lipid systems studied so far. The binding of divalent cations to phosphoester and 
phosphodiester groups of water soluble molecules, such as mono- and polynu- 
cleotides, or glycero-l-phosphate and glycero-l-phospho-glycerol, the latter be- 
ing representative of the lipid headgroups of PA and PG, is nonnally endothennic 
and has a positive Acp of 30-85 J.inol-I-K -~ [90]. This positive Acp is explained by 
the liberation of water from the negatively charged phosphate groups when the 
divalent cations bind and share the water of hydration. The negative Acp found 
for binding to lipid bilayers can only be explained when it is assumed that also 
water in contact with hydrophobic surfaces is released. This is quite likely, be- 
cause binding of divalent cations usually induces tighter packing of the chains in 
the hydrophobic region. This effect is even increased in the intennediate tern- 
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perature regime where a transition from the liquid-crystalline to the gel phase is 
induced. At high temperature, the slope becomes positive. Here Ac;o is positive 
and similar to the values found for cation binding to water soluble model com- 
pounds. 

The ITC experiments agree well with the DSC experiments shown in Figure 
18 for the change of the phase transition as a fimction of Mg 2+ concentration. This 
applies to the transition temperatures as well as to the AH-values of the phase 
transition (double arrows in Figure 35). The binding of Sr 2+ produces similar ef- 
fects. Only Ca 2+ is again different, it induces metastable phases in the high tem- 
perature region, an effect also observed in the DSC curves [90]. 

3.3. Heats of incorporation ofhydrophobic molecules 
Purely hydrophobic compounds partition easily into bilayers. Because of their 

low water solubility, however, it is difficult to perform titration experiments. The 
only possible experimental approach is the titration of a lipid vesicle suspension 
into a very dilute aqueous solution of the hydrophobic compound in the cell. 
Many experiments have been performed with simple model compounds, such as 
indole derivatives using dialysis methods [115]. The enthaipy of incorporation 
was then determined from the temperature dependence of the partition coefficient. 
This is inherently less precise than a direct calorimetric determination. On the 
other hand, when the concentrations of the hydrophobic molecules are small, then 
a determination of the partition coefficients becomes difficult. The transfer en- 
thalpies are then still accessible, though with limited precision. 

Figure 36 shows titration experiments of 0.1 mM indole, N-methyl-indole, 
and 3-methyl-indole with 2 mM POPC vesicles. The transfer enthalpies are nega- 
tive wi th-4.2 , -2 .5 ,  and-5.0 k J-tool -~ for these three hydrophobic molecules. 
These values are smaller than those determined from the temperature dependence 
of the partition coefficient [115]. The Gibbs free energies for transfer are -32, 
-34, and -36 kJ.mol -~, respectively. This means that the partitioning is mainly 
driven by entropy, because the 7'AS term is strongly positive with ---29.3 kJ.mol -~ 
This is not surprising, because at room temperature the preferential partitioning of 
hydrophobic molecules into organic solvent or other hydrophobic surroundings is 
ahnost exclusively driven by an entropy gain [11] due to the restructuring of wa- 
ter molecules previously in contact with hydrophobic surfaces. Similar effects are 
found for the self-association of surfactants into micelles (see below). 
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Figure 36. Titration experiments with indole derivatives at 0.1 mM in the calo- 
rimetric cell, titrated with 2 mM POPC in 10 mM Hepes, 50 mM KCI, pH 7 at a 
temperature of 25 ~ (M.A. Requero and A. Biume, unpublished results). 

Polyene antibiotics such as amphotericin, nystatin, or filipin are examples of 
mainly hydrophobic molecules that also have polar groups. In water, these cyclic 
molecules tend to aggregate to shield their hydrophobic surfaces from water. 
These compounds are readily incorporated into natural as well as model mem- 
branes and tend to aggregate in the bilayer, now in a reversed manner, i.e. 
shielding their polar groups from the hydrophobic interior of the membrane. The 
antibiotics fonn complexes with sterols and act as membrane active compounds 
in the sense that the bilayers become leaky [116,117]. 

Figure 37 shows experimental data for filipin incorporation into DMPC mem- 
branes as a function of the total DMPC concentration. The data can be fitted with 
a model assuming partitioning of the filipin molecules into the membranes with an 
exothennic reaction enthalpy and aggregation of filipin to tetramers in the mem- 
brane. This model seems still to be to crude too describe the experimental data in 
fidl detail, but in principle, an analysis is possible. Using a simple partitioning 
equilibrium without aggregation in the membrane does not give better fits. We 
chose this model, because it is known that these polyene antibiotics aggregate in 
the membrane. However, it is likely that there are already aggregates in water 
which have to dissociate before they can enter the membrane. The exothennic 
reaction enthalpy for partitioning can be explained by the assumption that the in- 



154 

corporation of these molecules leads to partial ordering of the lipid chains [117]. 
Purely hydrophobic effects would lead to much smaller enthalpies of incorpora- 
tion (see above). 
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Figure 37. Experimental points and calculated curves for the titration of filipin 
with DMPC vesicles at 30~ The model calculations used a fixed partition coef- 
ficient of 4000 and a tetramer aggregation constant of 10 (L/tool) 3. The aggrega- 
tion enthalpy AHa was varied and the enthalpy for transfer from water to the bi- 
layer AHp was kept constant (adapted from reference [117]). 

3.4. Lipid-surfactant interactions 

3.4.1. l)emicellization q/sllr./~wlunls 
By far the nnost detailed thenaodynamic analysis of binding to or incorpora- 

tion of molecules into membranes has up to now been fonnulated for the binding 
or incorporation of surfactants into lipid bilayers, including the solubilization 
phenomenon. There is a simple reason for this: surfactants and synthetic lipids of 
high purity are available in large quantities and the experilaental titration curves 
are highly reproducible because the reactants remain "soluble" in the sense that 
no macroscopic settling occurs. In addition, the reactions are fast on the time 
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scale of the experiments so that short waiting times can be used and the integra- 
tion of the calorimetric peaks is precise. 

The heat effects observed when surfactants are incorporated into membranes 
arise mainly from changes in "hydrophobic hydration", i.e. a change of the water 
exposure of hydrophobic groups when a surfactant monomer in water is trans- 
ferred into a hydrophobic surrounding, i.e. the bilayer. This heat of reaction is 
strongly temperature dependent and usually changes sign at a temperature of 20- 
30~ when no other heat effects are superimposed. 

An example where these characteristic changes are easily observable, are ti- 
tration experiments with micellar solutions of surfactants which are titrated into 
the vessel filled with pure water. Initially, dilution of the micellar solution leads to 
complete demicellization. When the concentration of monomers in the cell ap- 
proaches the critical micellar concentration ( c m c ) ,  the heat effect connected with 
the transfer of surfactants from the micelle to the aqueous solution disappears and 
the heat of reaction approaches zero [118-123]. 

Figure 38 shows the results of demicellization experiments with the nega- 
tively charged surfactant sodium lauroyl-alaninate (SLA) at different temperatures 
(A. Blume, M. Amb(ihl, and H. Watzke, unpublished results). It can be seen that 
the heat effect due to demicellization changes sign close to a temperature of 
35~ Similar curves are obtained for a variety of other surfactants. However, the 
temperature where AH = 0 varies with the headgroup structure of the surfactant. 
For anionic and cationic surfactants the temperature is usually between 20 and 
30~ whereas for non-ionic surfactants, such as octylglucoside (OG), it is close 
to 50 ~ [123]. The c m c  can be easily and precisely detennined from the first de- 
rivative of the curves shown in Figure 38. The c m c  is slightly temperature de- 
pendent and has a minimum where the demicellization enthalpy is zero. 

From the temperature dependence of the c m c  as well as the enthalpy of demi- 
ceilization it is possible to calculate the demicellization entropy and its tempera- 
ture dependence using the Gibbs-Hehnholtz relation AG AH- 7'AS. A plot of all 
three thermodynamic parameters as a fimction of temperature is shown in Figure 
39 for the anionic surfactant sodium lauroyl-alaninate (SLA). It is clearly evident 
that the A(;-value for demicellization of SLA shows only a weak temperature de- 
pendence whereas the two terms AH and 7'AS are strongly temperature dependent 
in a similar way. This type of"enthalpy-entropy" compensation is quite common 
for phenomena where changes in "hydrophobic hydration" are involved, because 
a considerable increase in heat capacity occurs when hydrophobic groups are ex- 
posed to water (see below) [ 124-131 ]. 
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Figure 38. Heats of reaction observed 
by dilution of 197 mM micellar SLA 
into water (A. Blume, M. Amb(nhl, H. 
Watzke, unpublished results). 

Figure 39. Enthalpy, Gibbs free en- 
ergy, and entropy tenn for the demi- 
cellization of SLA as a fimction of 
temperature (A. Blume, M. Amb(~hl, 
H. Watzke, unpublished results). 

The 7'A,",' tenn approaches zero at a relatively high temperature where a 
maximum of All is observed. At the temperature where AH is zero, the driving 
force for micellization is purely entropic in nature. This strong increase in AS', ob- 
served when hydrophobic moieties are removed from contact with water by self- 
association, is often described as a characteristic feature of the hydrophobic effect 
and is thought to be the only driving force for self-association. It is assumed that 
this is caused by a change in the properties of water molecules in the surrounding 
of hydrophobic groups, i.e. that they are more ordered than in bulk water. How- 
ever, this explanation is too simple. Up to now, no direct experimental proof has 
been found for a higher order of water around hydrophobic moieties. In addition, 
as can be seen from Figure 38, the tendency for self-association is highest at high 
temperatures (130-150~ where A S =  0. Here, the driving force for self- 
association is purely enthalpic in nature [ 123,124,128,130]. 

From the slope of the AH vs. 7' curve the change in heat capacity Acp can be 
detennined. In a first approximation, Acp is constant, at least over a temperature 
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range of 50~ Acp is positive, which is characteristic for the hydrophobic effect. 
This positive Acp is the only reliable thermodynamic fimction which ilmnediately 
makes it clear that a transfer of hydrophobic groups from a nonpolar solvent to 
water is taking place. It has been found for a large variety of compounds and dif- 
ferent transfer reactions that Acp is directly proportional to the hydrophobic sur- 
face exposed to water. For instance, for CH2 - groups, Acp was found to amount 
to 65-70 J.mol-l.K -I per CH2 group [132,133]. For the demicellization of surfac- 
tants, Acp -values are observed which are lower than calculated from the number 
of CH2-groups in the molecule. This means that already in the micelles some 
CHz-groups are exposed to water, which agrees with the loose packing of sur- 
factant molecules in the micelles and their highly curved surfaces [123,124]. 

3.4.2. t~artitionmg of sur[actants into hi/ayers 
When surfactants are added to lipid vesicles or natural membranes, they are 

incorporated into the membranes and, when the surfactant concentration is high 
enough, the membranes are disrupted or solubilized and mixed micelles of sur- 
factant and membrane lipids are fonned. These processes can easily be studied by 
ITC, provided a temperature is chosen, where the transfer enthalpies are not zero. 
The solubilization of lipid bilayer vesicles by surfactanls has been commonly de- 
scribed by a model, in which three different stages occur and this is depicted in 
Figure 40 [ 134-137]. 

Starting at a certain concentration of lipids, the addition of surfactant first 
leads to a partitioning of the surfactant molecules into the lipid bilayers. This 
equilibrium can be described by a partition coefficient t ' =  Xb Xw, the mole frac- 
tion ratio of surfactant in the bilayers xb and in water Xw. 

Further increase of the surfactant concentration leads to disruption of some 
vesicles at a concentration called Dt ~a~ and first mixed micelles are fonned. The 
mole fraction at saturation of the vesicles is called x TM and the mole fraction of 
surfactant in the micelles is x ~''~. Therefore, we find a coexistence region of mixed 
vesicles of composition determined by x ~'~' and mixed micelles with composition 
X s~ 

Still fi~rther increase of surfactant concentration leads to a disappearance of 
vesicles till finally above the line called Dt ~''~ all vesicles have been transformed 
into micelles. The two lines enclosing the coexistence region are described by the 
equation 

I~ ' -  R~ L + D," v (14) 
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where the # sign stands for "sat" or "sol", respectively and R~-  Db JL is the ratio 
of the surfactant concentration in the bilayer over the lipid concentration. The 
change in concentration of surfactant and lipid observed during this type of titra- 
tion is shown as arrow (2) in Figure 40. 
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Figure 40. Schematic diagram describing the behavior of lipid/surfactant systems 
in the region of high water content. Arrow (1) describes the demicellization ex- 
periment, arrow (2) tile solubilization, and arrows (3) and (4) the partitioning ex- 
periments. 

Depending on the cmc of the surfactant and its partition coefficient t', ex- 
periments for detennining 1' in the concentration regime where the vesicles are 
still stable, can again be performed in two different ways, namely titration of lipid 
vesicles to a monomeric surfactant solution or vice versa (arrows (3) and (4) in 
Figure 40). For the surfactant octylglucoside, both experiments are possible due 
to the high critical micellar concentration of this surfactant (ca. 25 raM). Figure 
41 shows a partition experiment, where a solution of monomeric OG is titrated 
with DMPC vesicles at two different temperatures. Again, the characteristic 
change in sign of the transfer enthalpy AH r is evident. At 70~ A H r <  O, 
whereas at 27~ AHr> O. It turns out that the transfer of an OG molecule from 
water to a lipid bilayer is connected with very similar heat effects as a transfer 
into a pure OG micelle, particularly when unsaturated PCs such as egg-PC or soy 
bean PC are used. For transfer into DMPC a slight difference is observed, appar- 
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ently caused by the more ordered hydrocarbon environment of DMPC with its 
saturated chains [ 138]. 
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Figure 41. Left: Titration peaks obtained by titrating a 50 mM DMPC vesicle 
suspension into a 3 mM OG solution. Right: Nonnalized heats of reaction at 27 
and 70~ The dotted lines were fitted to the experimental points on the basis of 
equation (17). The obtained parameters are the partition coefficient P and the en- 
thalpy of transfer A H  r [138]. 

From the titration curves, the relevant parameters of the partition coefficient t '  
and the transfer enthalpy AH r can be extracted using the appropriate models. 
These have been described in detail in the original publications as well as in a 
recent review [138-141]. Here we will only give a shortened version of the deri- 
vation. The definition of the partition coefficient in mole fraction unit is: 

/)~. (/:,,: +w) 
"- + D,, (IS) 

With l)w = D t -  l)h with l)t being the total surfactant and W the water con- 
centration and using the approximation Dw + W ~ W one finds [138,139]" 
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'[ ] Db _ ~ /3.  ( O  t _ I.,) - m q-- ~//D2. (I--')t + i.,)2 _ 2 .  P .  W .  (D, - I_,) + W= (16) 

To determine the change of the surfactant concentration Db in the lipid bilayer 
occurring upon injection of AL moles of lipid to the surfactant monomers, we 
have to differentiate equation (5) with respect to L: 

AD, 1 P. (I), + L)+ W 
- + ( 1 7 )  

AL 2 2 . ~ / p . _ . ( D , + L ) = + 2 . P . W . ( L _ D , ) + W  ~ 

Two effects are considered to contribute to the observed heat of reaction O. 
One is the incorporation of the surfactant monomers into the lipid bilayer and the 
other is the dilution of the vesicular dispersion. The observed heat of reaction Q 
is tllen related to equation (17) by [138,139]: 

A D  b 
Q - a/~ a H '  + alia,, ( 1 8 )  

The term AHd,I accounts for the dilution enthalpy observed upon titration of 
lipid vesicles into the surfactant solution and can be determined in a separate ex- 
periment by titrating lipid vesicles into water. When the reversed experiment is 
performed, i.e. the titration of a monomeric surfactant solution to a vesicles sus- 
pension in the cell, then equation (16) has to be differentiated with respect to D~ 
and one obtains: 

al).  1 l' .(l), + L ) -  W 
~ = + - +  (19) 
A,), 2 2.~/l,=.(1)t + l , ) 2 + 2 . l , . W . ( i , _ i ) t ) + W  = 

The observed heat of reaction is then calculated in an analogous manner to 
equation (18). Here the dilution term is detennined from diluting surfactant 
monomers into water. 

These equations are only valid, if the partition coefficient is not a fimction of 
concentration of the surfactant in the bilayer and the heat of transfer is also inde- 
pendent on the surfactant concentration, i.e. assuming ideal behavior. These as- 
sumptions usually apply only over a small concentration regime Of Xb. For titration 
curves covering a wider range up to the saturation concentration x TM one has to 
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take into account non-ideality effects. This can be done in several ways, the sim- 
plest ones are to introduce a non-ideality parameter p and use a regular solution 
or athermal solution model for non-ideal mixing of surfactant with bilayers. The 
partition coefficient then becomes concentration dependent in the following form 
[138]: 

ll- b): 

The equations and their derivatives become then more complicated, the for- 
mulations of the relevant equations are found in the original publications [138- 
146]. 

3.4.3. Soluhilization qf memhranes hy sur/ktctants 
The solubilization of membranes can be achieved by titrating a more concen- 

trated micellar surfactant solution to lipid vesicles, an experiment according to 
arrow (2) in Figure 40. Because a micellar solution is titrated to lipid vesicles, the 
heat effects observed for the first injections arise from demicellization and con- 
secutive incorporation of the detergent into the bilayers. At the saturation con- 
centration, a sudden deviation from the ahnost linear behavior of the heat effects 
is observed, before the heat signals show another sudden change at the solubili- 
zation concentration. A typical curve for the solubilization of DMPC by OG at 
70~ is shown in Figure 42. From the first derivative of this curve, the values Dt TM 

and I )Y  can be determined as shown in the figure. When these solubilization ex- 
periments are performed at different lipid concentrations, the coexistence lines 
can be determined. A typical example for these types of phase diagrams is shown 
in Figure 43 for the solubilization of DMPC vesicles (left) and soy bean PC 
(SBPC) vesicles (right). Notable is that the coexistence lines do not meet upon 
extrapolation to [L] = O at one point on the ordinate. The assumed model there- 
fore seems to be too simple to describe the vesicle-micelle transition in the regime 
of low lipid concentration. 

The difference in the solubilization behavior of DMPC versus SBPC is evi- 
dent from Figure 43. The coexistence range of mixed vesicles and mixed micelles 
is much wider for SBPC. Experiments with other PCs with saturated chains have 
shown that the width of the coexistence region depends on the chain length and 
on the degree of unsaturation. 
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Figure 42. Titration of OG into water and into a 2.7 mM DMPC vesicle suspen- 
sion leading to solubilization of the vesicles at the indicated concentrations de- 
termined from the first derivative curve on the right hand side [138]. 

But also tile chemical structure of the headgroup and its charge have a strong 
influence on the values of R~f ~'t and Rff/, the slopes of the coexistence lines and 
on the value of 1),., the monomer concentration in coexistence with the bilayers or 
micelles. For instance, for phosphatidylglycerols (PG), 1),. and also R~, TM are much 
lower than for the corresponding PCs, and for phosphatidylethanolamines the op- 
posite behavior is found. Figure 44 shows for a comparison the coexistence lines 
for phospholipids with different headgroups as detennined from isothennal titra- 
tion calorimetry. 

The physical basis for these differences is at present not well understood. 
Qualitatively, one can say that headgroups interactions via hydrogen bonds and 
electrostatic interactions have a large influence. Phosphatidylglycerols with their 
negatively charged and well hydrated headgroup are much more easily solubilized 
than the corresponding PCs. Phospholipids with strong intennolecular interac- 
tions between headgroups, such as phosphatidylethanolamines which prefer 
negatively curved interfaces, are difficult to force into a positively curved surface 



163 

of a micelle. In time case of phosphatidic acids, these two influences of electro- 
static repulsion and attractive forces via hydrogen bonds partially compensate. 
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Figure 43. Phase diagram in the low concentration regime for SBPC/OG and 
DMPC/OG at 27~ The slopes of the upper coexistence lines are different for 
the two phospholipids (adapted from reference [138]). 

The experiments using ITC presented here are only a few examples for a 
whole range of experimental protocols which can be perfonned for studying lipid- 
surfactant interactions [143-146]. The reversed process, namely the fonnation of 
vesicles starting from mixed micelles can also be easily followed by simply di- 
luting a micellar solution into a cell filled with water. Also, a vesicle solution can 
be added to solution of surfactant monomers just below the cmc, etc. These ex- 
perimental protocols correspond to different paths in the phase diagram shown in 
Figure 40 which are not indicated there. In this way, a complete description of the 
behavior of the system can be obtained including all thennodynamic transfer 
fimctions. These experiments have to perfonned at several temperatures when 
infonnation on the differences in hydrophobic hydration of the micellar and ve- 
sicular lipid-water interface is needed. Only these experiments can provide values 
for zXcp the only reliable thermodynamic fimction for estimating contributions by 
the hydrophobic effect. 
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Figure 44. Phase diagrams in the low concentration regime obtained by ITC ex- 
periments for octylglucoside and phospholipids with different headgroups (M. 
Keller and A. Blume, unpublished results). 

3.5. Lipid-protein and lipid-peptide interactions 
The use of ITC to study protein-lipid interactions is mainly limited to the 

study of water soluble proteins, which can bind to the surface of lipid vesicles. In 
many cases, at higher concentrations even water soluble proteins tend to aggre- 
gate. Therefore, the interpretation of calorimetric data becomes difficult, because 
a variety of effects contribute to the observed heat of reaction. Even for smaller, 
better soluble oligopeptides, the situation is in principle complex. The interaction 
of binding can be fonnally separated into several steps, namely electrostatic ad- 
sorption to the membrane surface (if the bilayers are negatively charged and the 
peptide carries positive charges), hydrophobic interaction with the headgroup re- 
gion or with the more hydrophobic chains, changes in confonnation of the pep- 
tide, and also confonnational changes in the lipid molecules, i.e. possible ordering 
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or disordering of chains. All these events can contribute to the observed heat ef- 
fect. Also, changes in hydration of the peptide and the lipids can occur, and par- 
ticularly when water is released from hydrophobic sites, or vice versa, large heat 
effects can be observed, depending on temperature (see section 3.4.). 

The calorimetric methods for studying lipid-peptide interactions have been re- 
cently reviewed by Seelig [147]. The experimental protocols used for studying 
lipid-peptide interactions are essentially similar to those presented above for 
lipid-surfactant interactions and the data analysis proceeds along the same lines 
except that the AG-value is now related to a binding constant and not a partition 
coefficient [147,148]. Depending on the model used, this binding constant can be 
interpreted as a constant for binding to specific sites, for "surface partitioning" 
due to electrostatic interactions, for cooperative binding, or for simple adsorption 
described by a Langmuir adsorption isothenn [147]. Tile simulation of the ex- 
perimental titration curves have then to be adapted to the specific model. In gen- 
eral, when the ligand is titrated to the lipid suspension, an expression relating the 
change of bound ligand to the change in total ligand concentration is needed. For 
the reversed experiment the equation contains the change of bound ligand relative 
to the change in total lipid concentration. When charged ligands and charged lip- 
ids are used, the electrostatic effects have to be considered. Normally, the appli- 
cation of the simple Gouy-Chapman theory for the electrical double layer gives 
satisfactory results [40, 147,149-151 ]. 

As an example, Figure 45 shows titration experiments of DMPG-vesicles 
with the oligopeptide lys~ at different temperatures as a fimction of lys~ to DMPG 
ratio. With increasing temperature, the binding enthalpy becomes more exother- 
mic, the binding constant changes only marginally. The most simple mass action 
model yields binding constants of ca 500 M -~ at both temperatures and binding 
enthalpies of -32.6 kJ.mol -~ at 50~ and-36.8 kJ.mol -! at 60~ The binding con- 
stants agree fairly well with those obtained by other methods, which were re- 
ported to be 190 M -~ and 5400 M -~ for lys~ and lyss, respectively. This corre- 
sponds to Gibbs free energies of binding of-12.6 and-20.9 kJ.mol-l[152]. 

We also studied the binding of lys~ to mixed DMPC/DMPG (1:1) bilayers 
and found no significant differences in binding constants and enthalpies. For a 
series of oligopeptides from lys2 to lys5 we found increasingly more negative 
binding enthalpies. For lyss , for instance AH = -41.8 kJ.mol -I at 50~ and the 
temperature dependence is similar as for lys3. For lys2 the binding enthalpies are 
very small and no reliable data could be obtained. 

The negative temperature dependence of the binding enthalpy is expected for 
electrostatic binding connected with the release of water from polar binding sites. 
This has regularly been observed for the binding of other inorganic cations to 
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negatively charged phospholipids (see above). However, time negative binding 
enthalpies for simple oligopeptides such as lys3 and lys5 we found here is at vari- 
ance with previous results [149] and has not been found before. 
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Figure 45. Titration of15 mM unilamellar DMPG vesicles with lys3 at two differ- 
ent temperatures at pH 7 (M.A. Requero and A. Blume, unpublished results). 

For a variety of other peptides and also for more hydrophobic drugs, negative 
enthalpies for binding or incorporation have been observed. For these molecules, 
as discussed above for the incorporation of filipin into bilayers, tile observed heat 
effects contain contributions from other than purely hydrophobic effects. There- 
fore, the only thennodynamic fimction containing reliable information on changes 
of"hydrophobic hydration" is Acp. However, in many cases, the temperature de- 
pendence of the heat of reaction has not been detennined. 

For the binding of lys3 and lys5 to DMPG and DMPC/DMPG bilayers the 
AH-values are more negative than the AG-values. Using time Gibbs-Hehnholtz 
equation AG = AH- 7'AS, negative AS-values for electrostatic binding of lys3 and 
lys5 are found. This leads to the surprising result that binding of these peptides 
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seems to be mainly driven by enthalpy. This is in contrast to the finding for the 
binding of simple inorganic cations [37,90] where AH is always much smaller. 
The negative AS-values can be assumed to arise from the loss of degrees of free- 
dora of these oligopeptides when adsorbed to the surface of the bilayers. This ef- 
fect seems to overcompensate the positive entropy increase which is usually 
found for stronger electrostatic binding due to the release of bound water from 
hydration sites. It is possible that the water structure at the bilayer surface is in a 
first approximation unaffected by the oligopeptide binding. From model calcula- 
tions it was suggested that a 0.25 nm water layer should exist between the van 
der Waals surfaces of the peptide and the bilayer [152]. This seems to indicate 
that the headgroups of the lipids are still sufficiently hydrated whereas upon 
binding of divalent inorganic cations water is released from the surface as FT-IR- 
spectroscopic measurements have shown [90]. 

4. CONCLUSIONS 

Differential Scanning Calorimetry (DSC) and Isothermal Titration Calorime- 
try (ITC)have become standard techniques in the field of thermodynamic investi- 
gation of natural membranes and model membrane systems. Due to the new de- 
velopments of more sensitive DSC instruments, studies of lipid-protein systems 
have become feasible, which could previously not be perfonned because of the 
limitations on amount of material. It is to be expected that DSC methods will 
again make a large progress because of these improvements in sensitivity. 

ITC methods have now been used with great success in the last 8-10 years 
and numerous papers have appeared describing the interaction of various mole- 
cules with membranes. The quantitative interpretation of ITC data relies on model 
assumptions and can be quite complicated. Various effects contribute to the ob- 
served heat effect. This complicates the analysis and requires rather systematic 
studies of the heats of reaction as a fimction of concentration of both reactants 
and as a fimction of temperature. For synthetic molecules available in high purity 
and large quantities, such as phospholipids and surfactants, this presents no 
problem. The quantitative analysis of the heat effects observed when these types 
of molecules interact has therefore made the largest progress in the past two 
years. 

It can be expected that the sensitivity of the titration calorimeters will also 
dramatically increase in the next two years. Therefore, the ITC method will cer- 
tainly be much more applied in the near filture to study interactions in biological 
systems, where nowadays the limitations on the available amount of biological 
material is still preventing many interesting experiments. 
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COMBIJYTION CALORIMETRY 

1. Lamprecht 

Institut fiir Biophysik, Freie Utiiversitat Berlin, Thielallee 63, D-I4 195 Berlin, 
Germany 

1. INTRODC!CTIOIV 

1.1. Historical Aspects 
Altliough cornbustioti calorimetry can be traced back to the carly cxpcn~nct~ts 

of Lavoisier, Crawford arid Blake i n  the iniddlc and at thc end of thc 18th 
century and to Couiit Ruinford's (B. Thonipson's) combus(ion deterininations 011 

wood, oils and spirits iii the beginning of tlie 19th century, the area of bomb 
calorimetry started not before one century later 1885 with Beithelot's 
combustion bomb filled with pure oxygen undei- high pressure. His calorimeter 
developed over many decades to a kind of a universal instrument of liigli 
precision arid reliability, versatile for many types of invcstigations, not only for 
tlie oxidation of organic and in-organic siibstances. In the smic extcnt i t  has 
been used for any other reaction in wliicli a quick arid complete transfortnation 
takes place between a gas undcr in-creased pressure and a solid or liquid 
substrate [I]. Techniques and applications of bomb caloriinetry are described in  
a number of monographs, usually from a clieinical point of view [I - 1011, and 
mentioned only a few tIines i n  a biological context [ 1 1 - 1  71. 

1.2. Instrumentation 
Combustion calorimetry is the only technique to determine the energy content 

of fuels and thus is of great economic importance. Therefore, this nielliod as 
well as its evaluation techniques have been standardized at both national and 
international levels (ASTM, DIN, ISO; see Volume 1 of this Handbook, Chapter 
I 0  I,'onihu.vrioii I blor^iinu/cr.v by tlie same author [ 18 1). Several bomb 
calorimeters are cominercially available and have been described previously 
[ I Z ] .  Usually, they are suited for sample sizes of approxiinately 1 g or with 
combustion heats of up to 30 k J .  Since it is often difficult in biology or bioclie- 
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mistry to collect samples or synthesize compoundsm such amounts, there is some 
interest in the scientific community for microbomb or at least semi-microbomb 
calorimeters. Some equipment is on the market for 1-g calorimeters to reduce the 

copper r i n g ~  ~ variable res|stance 

,.:. -, ..... . �9 �9 : .... "..'.i.i.., ...:i 

] ! / to recording ~ ~ ]  U polcnltometcr 

Figure 1. Phillipson's miniature bomb calorimeter [22]. 

necessary sample dry mass to 50 to 200 mg [18]. An early microbomb calorime- 
ter for sample sizes of about 10 mg was described by Mackle and O'Hare [19]. 
Moreover, a bomb vessel is available for the classical Calvet calorimeters 
[20,21 ]. But the instrument most often cited in the biological literature is that of 
Phillipson [22]. Because of its importance in bioscience it is shown in Figure 1 
taken from the original paper. It was developed for small sample sizes of 5 to 100 
mg dry weight typical in biological and especially ecological investigations, with 
the idea to be easily constructed and without any use of water, stirrers, vacuum 
insulation and other necessary prerequisites as in larger instruments. It was 
commercially available in earlier years but is no longer on the market today. 
Many of the Phillipson calorimeters are custom-made with various modifications. 
The present author found it useful to exchange the spherical bottom part of the 
bomb with its poor thermal contact to the support and heat flux sensor against a 
flat bottom. This is in perfect contact to a square Seebeck (commercial Peltier) 
element as heat flow sensor which increases the sensitivity of the calorimeter by a 
factor of about 10. 
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1.3. Chemical and Thermodynamical Aspects 
It is well-known that all energy available in the biosphere originates from the 

photolysis of water by solar radiation leading to energy rich reduction products of 
carbon dioxide, mainly carbohydrates and fats [23]. These compounds contain the 
"reduced bonds": C-C, C-H, N-C and N-H which can be oxidized during energy 
metabolism. The energy content in a C-C or C-H bond is approximately 880 
kJ/mol (or 110 kJ per equivalent of electrons), in a double bond twice as much. 
C=O groups render about 82, CHOH and CHzOH groups about 54 kJ/mol. C-O 
and O-H bonds are the same as in the final metabolic products carbon dioxide 
and water and do not add any further energy. Kharasch [24,25] published a very 
comprehensive compilation for combustion heats of organic compounds contain- 
ing carbon, hydrogen and oxygen. He observed a strong linearity between the 
number of valence electrons and the combustion heat q with a slope of 110 kJ per 
equivalent of electrons. This compilation was extended for organic compounds 
with nitrogen. 

The same author proposed a theoretical approach to the caloric values of car- 
bohydrates calculated fiom the number N of valency electrons in a certain com- 
pound [25]. When C, H and O describe the numbers of carbon, hydrogen and 
oxygen, resp., in a molecule, N can be derived from the formula 

N = 4 x C + I  x H - 2 x O  

and the heat of combustion of that pure organic compound is estimated to 109.0 x 
N k J/tool. With corrections for structural features of certain molecules, for double 
bonds or aromatic tings, calculations can be performed with an accuracy of about 
1% [261. 

When the elemental composition of cells is known as weight fractions of car- 
bon (C), hydrogen (H) and oxygen (O) a modified form 

q (kJ/g ceils) = 33.76 x C + 144.05 x (H - 0/8) 

of the Dulong equation can be applied, e.g. for microorganisms. Another ap- 
proach uses the Giese equation and the numbers of carbon (Nc), hydrogen (NH) 
and oxygen atoms (No) in an empirical molecular formula for cells. Together with 
the "reduction level" RL given by 

RL = (2No + NH/2 - No)/(2Nc) 

one arrives at 
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q (kJ/g cells) = 460.24 x RL x Nc / M 

with M = molecular weight of the cells [27]. For a yeast cell with a mean molecu- 
lar formula of CHI.6800.49 [16] the Dulong equation renders a caloric value of 
23.52 kJ/g, the Giese equation 25.13 kJ/g. Usually, the Dulong equation is sup- 
posed to be less accurate than other approaches. A more detailed description of 
energy calculation is given in [28] and in Chapter 18 Quantitative Calorimetry 
and Biochemical En~neering by von Stockar and coworkers of this Handbook. 

It was shown by Erickson [29] that the ene r~  content of biomass q0 can be 
calculated from the carbon weight fraction O'b and the degree of reductance, ~'b. ]/b 
is given as the equivalent of available electrons per g-atom C. Using analytical 
and energetical data from the literature the author found that q0 values of the 
major cell constituents fall into a fairly narrow range between 105.9 and 118.9 
kJ/equiv in agreement with other authors who observed a coefficient of variation 
of just 4 %. 

Based on a "stoichiometric" equation for the combustion of biomass and the 
oxygen consumption during combustion, Ho and Payne arrived at a very simple 
equation for the combustion enthalpy only depending on the mass fraction of car- 
bon fcT calculated for biomass without ash and water [30] 

AH0 - 44.852 fCT. 

This equation has been applied to the energy, content of prototrophic bacteria with 
astonishing good results. 

Several authors pointed to the possibility to evaluate the caloric content of or- 
ganic ma t t e r -  mainly in the field of ecology - from an elemental CHN analysis 
and a determination of the ash content (e.g. [31]). Such data provide a means to 
calculate the pro,,dmate biochemical composition (carbohydrates, lipids, proteins) 
and the bomb calorimetric values. The N C  ratios indicate the relative protein 
content when a conversion factor of 5.8 + 0.13 for nitrogen to protein is used 
[31]. Subtracting protein carbon from the total amount of C renders non-protein 
C, i.e. C fixed in carbohydrates and lipids. These two substrates can be further 
divided by application of the non-protein respiratory quotient RQ. It is important 
to take into account the residual water absorbed by hygroscopic material, chemi- 
cally bound or retained during drying. The advantage of such an "indirect" 
method for evaluating combustion heats is that automatic CHN analyzers for 
samples of about 1 mg are commercially available. Table 1 presents the corre- 
sponding values for standard carbohydrates (glycogen and starch), lipids (plant 
oil and mussel tat bound as triacylglycerol) and proteins [31]. 
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Table 1 
Elemental composition and combustion enthalpies of carbohydrates, lipids and 
proteins [31 ]. 
(C,, H,, N~: mass fractions of carbon, hydrogen and nitrogen in the substrates i; 
&h~: specific combustion enthalpy for the substrates i; z~hc: specific combustion 
enthalpy based on the mass of carbon; zXJ4c: molar combustion enthalpy based on 
the mass of carbon) 
Substrate i Ci Hi N i A~hi Achc A~Hc 

kJ/(gi) kJ/(gC) kJ/(molC) 
Carbohydrate 0.444 0.0062 0.000 -17.5 -39.4 -473 
Lipid 0.776 O. 114 0.000 -39.5 -50.9 -611 
Protein 0.529 0.070 O. 173 -23.9 -45.2 -543 

The "heat of combustion" is that amount of energy which is dissipated during 
the complete combustion of one mass unit of a substance under the condition that 
(i) the combustion products are cooled down to the initial temperature, i.e. that 
the heat of condensation of water vapour is included; (ii) that carbon dioxide and 
sulphur dioxide are in a gaseous state and that (iii) there is no oxidation of nitro- 
gen (DIN 51900). In all biological applications condition (i) is sufficiently exactly 
fulfilled, while the two other conditions have nearly no influence on the results 
[32]. 

It has to be kept in mind that combustion heat is determined calorimetrically 
under constant volume conditions, while biological reactions proceed under con- 
stant pressure. Hence the combustion heat corresponds to the change in energy 
zXE, the reaction heat to that of enthalpy M-/. Their difference is given by the vo- 
lume energy A n R T .  zXn is the change in number of moles of gases during the re- 
action, R the general gas constant (8.314 J/K/mol) and T the absolute tempera- 
ture: 

M-t - AE + zXn R T. 

In general, the chemical composition of the burnt biological material is not 
known so that An cannot be calculated. However, combustion of many defined 
organic compounds showed that the volume energy zXnRT varies between 0 and 
80 J/g so that zXE is a good estimate of AH in most bioloNcal applications [32]. 
Although the change in Gibbs' free energy AG 

A G -  A H -  TzXS 
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would be the most interesting value in many ecological questions the lack of the 
entropy term AS for biological materials prohibits a calculation of AG [33]. 

Caloric contents are usually presented with an accuracy of 5 J/g, often even 0.5 
J/g. Runge [32] pointed out that combustion heats are only AE values. When they 
are used as approximations for the AH values of energy storage or energy flow in 
biocoenoses, this accuracy is meaningless since the &nRT term only allows for a 
correct tS.gure of the last but one digit (corresponding to 50 J/g). Nevertheless, 
caloric ~,alues converted from kcal/g to kJ/g and presented in the following sec- 
tions show the same number of digits as published in the original papers. 

The official unit for ene r~  is Joule (J), but cal, kcal or even the "big calory" 
Cal are still used in many biological and specially ecological applications. 
Throughout this chapter all original calorie values have been converted into the 
new SI unit "J" by 1 ca l r r -  4.1868 J, and all weight specific caloric contents will 
be given as "kJ/g". If not otherwise noted (e.g. afdw for ash free dry weight) "g" 
means dry weigJat (dw). 

1.4. Biological Aspects 
Bomb calorimetry was used in its first applications to determine thermodyna- 

mically significant quantities such as heats of formation, energy contents of pure 
or well-defined substances or energies stored or lost during chemical reactions 
[34]. The later applications - mainly those of biological sciences - became more 
diffuse and difficult to describe in thermodynamical terms. Ene r~  content of 
biomatter determined by bomb calorimetry did not mean that it was usuable 
ener~  for consumers since - e.g. - many structural carbohydrates in plants are not 
digestable and thus not available for an animal. Nuts are often cited as an ex- 
ample for a /N i t  of high energy content in its shell plus kernel but of rather low 
ener~  gain for the consumer. Quite often, plant material is toxic and there/ore 
avoided by most animals so that its energy should not be counted in ecological 
balances. 

Specific combustion ener~  values are given per mass ("wei~t"). In most ca- 
t! " 0  ff ses it will be dry wezgJat after the sample dried in an oven from 8 to 48 h and at 

temperatures between 60 and 110 ~ and storing in a desiccator till burning. 
Sometimes it is just cited as "oven-dry" without further specification. In these ca- 
ses the combustion heats will be given as "per g" in this chapter. But one should 
keep in mind that such dried samples quickly gain weight by absorbing moisture 
from the air. Therefore, samples from the desiccator have to be pre-equilibrated 
to air (about 30 min) before burning and corrected for the weight increase. A 
more exact and more useful denomination for comparison of different matter is 
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that of "ash-free dry weight" (here "afdw") after the determination of the ash 
content directly from the bomb or better in separate ashing experiments. 

When combustion values are given per g biomass, it should be stated by the 
authors what is meant by "biomass" as the significance of the different constitu- 
ents of biomass may vary from experiment to experiment. It makes sense to ex- 
clude the non-living parts such as water or salts, the calcareous matter of the in- 
tegument or skeleton and the protective structures not connected with the body 
(e.g. shells of hermit crabs, tubes of polychaetes or anemones). Also inorganic 
sediments found in the guts of sediment feeders such as echinoids or polychaetes 
are no part of the biomass [35]. The problem with organic epidermal structures 
(e.g. of shells) is more difficult to solve. The extracellular matrix may form a 
considerable part of an animal's mass, not only in or on the epidermis, but often it 
might be impossible to separate the cellular and extracellular components of an 
organism. Because the demarcation between living and non-living material is 
flexible, it should be clearly stated which parts are included in the "biomass" so 
that the comparison of results from different authors is facilitated. 

Besides the thorough biochemical investigation of a sample for its elemental 
composition or the fractions of the major components (carbohydrates, proteins, 
lipids) another way to derive biomass is to assume a proportionality between the 
nitrogen content of a sample and the amount of living matter. The chemical 
analysis of nitrogen which can be performed with a number of methods and an 
appropriate conversion factor (see above) then render the wanted amount of bio- 
mass. 

Combustion experiments are only meaningful when they proceed in an explo- 
sion-like manner to a final, thermodynamically well-defined state. The main 
question for biological matter concerns the state of water in the bomb: liquid or 
vapour. In the case of vapour, the heat of evaporation is lost from the combustion 
energy. One talks about the "gross heating value" or the "high heat value" (HHV) 
when all water (moisture + water formed by combustion) is in liquid form, 
otherwise about the "low heat value" (LHV). Depending on the amount of water 
these two values may differ considerably (see e.g. [36] and Chapter Wood in this 
volume). 

At the end of this section an essential caveat  should be kept in mind. Caloric 
values less than 17.6 kJ/g afdw should be considered with suspicion. Carbohydra- 
tes burn with the lowest energy content of 17.6 kJ/g, proteins and lipids with hig- 
her values (see Table 1). Combustion heats lower than 17.6 kJ/g afdw may be 
due to a wrong determination of the ash fraction or to contributions of inorganic 
reactions during burning (see e.g. [37]). 
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2. SAMPLE PREPARATION 

2.1. General Sample Preparation 
Handling and preparation of samples vary between different authors and appli- 

cations of combustion calorimetry. Samples of larger quantities are often oven- 
dried for 24 h at 100 ~ pulverized in a Wiley Mill and sieved with 60 mesh-to- 
the inch sieves. 

Battley and DiBiase [38] proposed a preparation technique based on lyophi- 
lization in a vacuum desiccator with concentrated sulfuric acid. 5 mm-layers of 
thick cell suspension are placed in glass Petri dishes in the desiccator. During 
evacuation the water in the suspension evaporated and the suspension froze. Any 
water vapour was absorbed by the sulfuric acid leaving a white powder that can 
be compressed into pellets. But there are two caveats for this method (Battley 
1998, personal communication): (i) The desiccator should be placed in a pro- 
tective cover as once there was a strong implosion during the experiments blo- 
wing around pieces of glass and droplets of concentrated acidf (ii) Lyophilized 
bacteria should be harvested under a hood because the bacterial product is very 
light and may disperse into air. Therefore, this method is not recommended for 
pathogenic bacteria, but works well with yeasts and fungi. 

Von Stockar and coworkers [28,39] describe a very exact and gentle procedure 
to prepare biomass for the determination of combustion enthalpy as well as ele- 
mental composition. They are convinced that the large scatter in the literature 
data is due to an inadequate preparation of the cells for combustion. Although 
developed for microbial cells, their procedure can be applied just as well to other 
biological samples such as pure substances or tissues. The authors recommend to 
first freeze-dry (lyophilize) the matter and then to oven-dry it for 24 h at 100 ~ 
Moreover, methods for the evaluation of residual moisture and ash content are 
presented. 

One may find a good and detailed technical introduction into bomb calorimetry 
and sample preparation in a paper of Paine [26] that does not intend to be a 
"cookbook". The author discussed possible pitfalls and explained reasons for 
wrong results. His sentence is still valid today and should be kept in mind by the 
newcomer or the frustrated specialist that: "Any preparatory reading done in the 
extensive fuel technology literature is apt to return high dividends." [26] 

Lieth [13] gave a comprehensive survey about the Measurement o f  Caloric 
Values with all necessary information and many useful hints about collecting and 
sampling of biological matter in the field and about subsequent preparations. He 
specially pointed to the fact that the variability of the energy estimates almost en- 
tirely depended on the accuracy of the dry-matter determination. Its variability is 
20 to 100fold higher than that of the energy evaluation. Many caloric values are 



183 

calculated from the chemical composition of biological matter. For that purpose 
the caloric contents of typical chemical compounds found in ecological research 
are listed in Table 6 (see below). Following Lieth [13] energy contents based on 
ash-containing matter should be used for the calculation of ecological efficiency, 
those based on ash-free matter for studies of translocation and growth. Further 
information how to handle combustion calorimeters - especially the Phillipson 
microbomb - was presented by Fraschetti et al. [40]. 

Schindler and coworkers [41] found considerable differences between samples 
of freshwater zooplankton which were prepared either from fresh or frozen and 
samples from formalin-preserved material, while the method of drying (heat- or 
freeze-dried) had no influence. Storing samples of the copepod Diaptomus ore- 
gonensis in formalin for 4 months reduced the caloric content by 19 % from 
28.11 to 22.88 kJ/g. Somewhat controversial observations were published by 
Dauvin and Joncourt [42] who found significant differences in caloric contents of 
fresh or formalin fixed samples when dried at 60 ~ but not at 110 ~ and not 
for fresh samples at 60 and 110 ~ Therefore, these authors applied 10 % neutral 
tbrmalin for fixation and a temperature of 110 ~ for drying. Cuendet [43] 
showed that earthworms of 13 species stored in 4 % formalin tbr 1 to 4 weeks 
lost 10 to 30 % of their fresh weight. This fact is important when studying energy 
contents of these animals (about 22 kJ/g) and energy balances in ecosystems, be- 
cause earthworms are the predominant part of the animal biomass in terrestrial 
ecosystems. 

In general, one has to reflect that fixation solutions may extract water or fat 
and thus change the relation between wet and dry weight, the chemical composi- 
tion and the energy content of the samples. 

2.2. Drying of Samples 
Lovelady and Stork [44] described an alternative method to prepare samples 

for bomb calorimetry in the field of medical/nutritional investigations. Instead of 
applying the usual oven drying over 48 h till weight constancy with repeated 
weighing of the sample, they prepared slurries of human faeces, pre-freezed and 
then lyophilized them. This procedure took only 16 h and rendered a powder 
without any odour. Moreover, there was no temperature elevation during drying 
and thus no loss of volatile energetic compounds. 

Table 2 presents a compilation of some drying procedures found in the litera- 
ture. It shows that there are quite big differences between the various investiga- 
tions and that it makes sense to establish an individual approach tailored to the 
special problem under investigation. 
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Table 2 
Drying procedures found in the cited literature. (ly: lyophilized; t.c.w. to constant 
weight; n.i. no information) 
Author Reference Temperature Duration Sample 

~ h 
Prochazka et al. [45] 105 2 x 24 Microorganism 
Andlid et al. [46] 105 24 Microorganism 

ly ni Microorganism 
Cordier et al. [28] ly 24 Microorganism 

105 24 Microorganism 
Nunez et al. [36,47] 105 12 Plants 
Abrahamson [48] 60 72 Plants 
Bliss [49] 80 n.i. Plants 
Lieth [ 13] 80 <24 Plants 
Darling [50] 90 t.c.w. Plants 
Sweeney et al. [51 ] 60 48 Insects 
Campbell et al. [52] 70 48 Insects 
Myrcha et al. [53 ] 40 t.c.w. Animals 
Vitt et al. [54] 70 t.c.w. Animals 
Tinkle, Hadley [55] 105 t.c.w. Animals 

2.3. Determination of the Ash Content 
For comparison of tissues from different orion it is often not enough to present 

the energy content per dry weight but more meaningful per ash free dry weight, as 
the ash contents vary considerably between biological objects and even within 
them. Neenan and Steinbeck [56] showed that the ash content of hard-wood 
changed from 0.41 to 0.96 % with a mean of 0.65 %, that of bark from 4.2 to 9.5 
% with a mean of 5.9 % in the same plant. 

The ash content is usually determined by weighing the combustion crucible be- 
fore and after combustion (when sample sizes of about 1 g are used). It is often 
recommended to determine the ash content of a sample separately by burning it in 
a muffle furnace, but it is known that the ash content estimated in this way is 
slightly higher than that found by burning in a bomb. One has to assume that dif- 
ferent residues are formed by combustion in the bomb and in the furnace or that 
not all residues are collected in the crucible. Odum and coworkers [57] supposed 
that this migfit be due to the explosive character of burning in the calorimeter. But 
Runge [32] showed that there is a strong linear correlation between the ash con- 
tents detenruned by bomb and furnace with a slope of 1.14 for all material burnt. 
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Runge hence recommended to use the easily obtained bomb values and to correct 
them to the true ash content by this correlation. 

Battley [58] pointed out that ash-free dry weights lead to a 5 to 6 % smaller 
amount of CHON-containing cell mass than determined by means of the total 
cellular composition. This is due to the fact that the salts of phosphorus and sulfur 
add a higher weight to the ash than the elements contribute to the weight of the 
cellular fabric. Such differences have to be taken into account when comparing 
caloric values of different authors. 

As with drying, different recipes for a separate ashing procedure in a muffle 
furnace are given in the literature. Darling proposed a temperature of 450 ~ and 
a duration of 4 h [50] (see also Fritzsche [59]), Neenan and Steinbeck applied 
530 ~ for more than 6 h [56], Tinkle and Hadley [55] as well as Vitt [60] 550 ~ 
for 24 h and Campbell and coworkers [52] 550 ~ for 2 h when investigating 
insects. Paine [26] used 500 ~ since at that temperature no volatilization of mi- 
neral material takes place which would reduce the final ash content, and signifi- 
cantly higher temperatures could produce difficulties. Moreover, he recommen- 
ded scepticism against caloric values obtained at ash contents of more than 25 % 
[26]. Further informations on the ash content of samples burnt in a bomb calo- 
rimeter or with standard ignition techniques can be found in the paper of Reiners 
and Reiners [61 ]. 

2.4. Acid Corrections 
Only in a few investigations cited here, acid corrections were applied. Schroe- 

der [62] gave a detailed description of the method and discussed the application 
to combustion heat of several materials of ecological interest (leaves, faeces, Le- 
pidoptera larvae, zooplankton). Moreover, he compared the results obtained with 
a Parr semimicro bomb with that of a Phillipson type bomb and established a ne- 
gative mass dependence. 

During combustion of organic matter, acids are formed from non-metallic oxi- 
des, mainly H2S04, HNO3 and HCI. They are collected in bomb washings with 
methyl red saturated deionized water and titrated with 0.0725 M Na2CO3 to the 
methyl red endpoint as recommended in the Parr manual. Investigations showed 
that 4 J (~ 1 cai) per ml Na2CO3 have to be subtracted from the observed heats of 
combustion. Schroeder determined a mean acid correction of -0 .33  % with 
sample masses of 0.10 g and of-0.14 % at 0.30 g in the semimicro bomb and of- 
0.57 % (5 mg) and - 0 .31% (20 mg) in the Phillipson type bomb. Acid correc- 
tions are less pronounced for plant than for animal matter and more important 
with the more accurate semimicro bomb as they form 20 to 30 % of the technique 
variations in this instrument [62]. 
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2.5. Application of Fillers 
Phillipson [22] argued that one needs at least sample sizes of 200 mg dw for 

commercial bombs, amounts which are often difficult to attain in biology, and that 
filler materials are necessary in such cases. Benzoic acid was recommended by 
Richman [63] and Millipore membranes by Comita and Schindler [64]. But it is 
difficult to know the exact percentage of the filler in a small pellet. Moreover, the 
caloric value is not really constant in the case of the Millipore membranes. Addi- 
tionally, a small difference between two large figures has to be determined so that 
significant errors have to be expected when small biological samples are mixed 
with a large portion of filler. Microbombs with small sample sizes are preferable 
under such circumstances [22]. 

Moreover, samples with an organic content smaller than about 25 % should be 
burnt with additional, known amounts of benzoic acid (up to 30 %) to guarantee 
complete combustion and to promote ignition [37]. Paine [26] recommended to 
add mineral oil of known combustion heat to samples to bind the pulverized ma- 
terial together and to increase the temperature difference after burning. Cross and 
coworkers [65] used equal amounts of activated charcoal to bum wasp cocoons 
with an extremely high ash content of 84 % (see below 5.1.2). 

Sometimes, pellets tend to break when removed from the sample press. If this 
happens, it is recommended to add a small amount of water to give a much grea- 
ter cohesiveness to the pellets. The samples have to be dried again alter the suc- 
cesful removal [66]. 

3. COMBUSTION OF MICROBIAL SAMPLES 

In addition to the recipes of sample preparation given above some special 
techniques are found in papers on microbial combustion calorimetry. A few of 
them shall be cited here. 
(i) Cells are harvested, 3 x washed, dried for 24 h at 105 ~ pulverized and 

dried again for 24 h at 105 ~ [67]. 
(ii) Cells are freeze-dried for combustion experiments, their dry weight is de- 

termined after 24 h drying at 105 ~ [46]. 
(iii) Cells are harvested in the exponential growth phase in ice cooled water to 

prevent lysis, followed by a threefold washing in ice-cold water. The cell 
paste is then transfered into Petri dishes as a thin layer, frozen overnight at - 
20~ and then lyophilized for 24 h. After powdering the paste is again lyo- 
philized for 6 h and held under vacuum. 
As the tablets of cell paste take up considerable amounts of moisture when 
taken out of the desiccator, they should be equilibrated for 15 to 30 min to 
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the ambient air, then weighed, dried at 105 ~ for 24 h and weighed again. 
Only equilibrated tablets should be burnt [28]. 

In a paper on microbial cell preparation for combustion, it was shown that the 
large scatter in literature data on caloric values might be due to inappropriate pre- 
paration of biomass [28]. With their procedure the authors found a significant dif- 
ference between bacteria (23.13 + 0.52 kJ/g) and yeasts (21.21 + 0.47 kJ/g). 
Moreover, they showed that there was no influence of the dilution rate of conti- 
nuous cultures on the combustion heat of Kluyveromyces fragilis in agreement 
with results of Ho and Payne [30]. The results of the latter authors were sur- 
prisingly good when they assumed in their theoretical calculations that only the 
C-content of cells is relevant for their caloric value [30]. 

In reply to Erickson's paper about elemental composition and energy content 
of biomass [29] Payne wrote a paper entitled Is the heat of combustion of 
microbial cells predictable solely from chemical bounding? [68]. Without 
presenting data he argued that mainly thermophilic microorganisms are excep- 
tions from the general rules. These cells, their component structures and their 
isolated macromolecules are significantly more stable than those of mesophilic 
organisms. Macromolecular foldings, structural overlappings and perhaps inor- 
ganic-organic bindings might provide heat stability and thus resistance to com- 
bustion [68]. 

Gustafsson and coworkers described bomb calorimetric experiments on the 
oleaginous yeast Rhodotorulafragilis [46]. The energy content of these cells in- 
creased from 23.0 to 30.6 kJ/g during the lipid-accumulation phase, directly cor- 
related with their lipid content. The results are in good agreement with the theo- 
retical values derived from a chemically determined lipid content and a combu- 
stion enthalpy of 38.91 kJ/g for triacylglycerols. Therefore, these authors remar- 
ked that combustion calorimetry could be used as an effective indirect method to 
evaluate the lipid content of R. fragilis [46]. 

In investigations on microorganisms the yield of a growth experiment may be 
given as amount of dry mass, of nitrogen or products of interest. Prochazka and 
coworkers [45,67] suggested to use the energy content of the culture as an 
alternative measure of the yield. They found mean values for different species of 
bacteria, fungi and yeasts as given in the following Table 3. The mean of all 
microorganisms amounted to 22.80 kJ/g with a range of 21.22 to 26.90 kJ/g, the 
latter value being singular. 

The energy transformation of straw as substrate (lignocellulose) into the fruit 
bodies of a wood-rotting fungus (the oyster mushroom Pleurotus ostreatus) was 
estimated by means of bomb calorimetry [69] and compared with the transforma- 
tion of plant energy into animal protein. With a caloric value of 11.97 kJ/g in 
Pleurotus fruit bodies and a mean biological energetic efficiency of 23.3 % this 
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fungus competed with common animal products. 0.111 kJ of energy was fixed in 
the protein fraction of the mushroom per 1 kJ consumed plant matter. The corre- 
sponding figures for some domestic animals were 0.113 kJ/kJ for chicken, 0.031 
for pork and 0.030 for beef. While animals needed grains or forage feeds for such 
a transformation, Pleurotus grew on "waste" material (wheat, rice or rape straw, 
leaves and wood waste) that otherwise was only composted and not used in the 
food chain directly. 

Table 3 
Energy content of different microorganisms [67] 

Bacteria 
Fungi 
Yeasts 
Mean 

Number of Mean Value Range 
Species kJ/g kJ/g 

15 22.65 21.31 - 23.79 
9 23.48 21.28 - 26.90 
8 22.29 21.22 - 24.12 

32 22.80 21.22 - 26.90 

Further information about the energy content of microorganisms derived from 
experimental and theoretical data can be found in Chapter Quantitative Calo- 
rimet~ and Biochemical Engineering by von Stockar and coworkers in this Vo- 
lume. 

4. COMBUSTION OF PLANT MATERIAL 

For a long time, investigations on plants and special plant materials played an 
important role in bomb calorimetry, in ecological aspects as well as in questions 
of energy storage and renewable energy production. Perhaps that classical work 
in this area is the paper of Gottlieb [70] who published data on the elemental 
composition and caloric content of some wood species, among them the oak 
Quercus pedunculata, the hornbeam Carpinus betulus, the beech Fagus silva- 
tica, the birch Betula alba, the Scotts pine Pinus sylvestris and the spruce Picea 
abies. Ovington and Heitkamp [71] gave an introduction to energy accumulation 
in British forest plantations and Golley [72] compiled combustion data on 600 
different plants. A truly comprehensive literature review is found in Pipp and Lar- 
cher [73,74] for caloric and ash contents of more than 1500 plant species. These 
authors concluded that the energy content is lower in herbaceous than woody 
plants, that dicotyledonous plants are less energy rich than coniferes, but richer 
than monocotyledons and that generative tissues contain more energy than vege- 
tative ones. Further data on caloric contents of woody plants are cited in Chapter 
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Wood of this Handbook, not only determined by bomb calorimetry but also by 
DTA and DSC. 

Darling [50] made an intensive investigation of the caloric values of a group of 
perennial desert and arid woodland plants and observed values of 13.36 to 22.50 
kJ/g. His main result was that tissues (mainly leaves) with low energy contents 
had high ash percentages (up to 22.3 and 16.7 % in leaves or cactus pads; up to 
16.9 and 17.7 in bark) and considerable concentrations of oxalate salts. Figures 
as high as 38 % oxalate are cited from corresponding literature [50]. Since the 
oxidation reactions of oxalate or oxalic acid to carbonate show only small exo- 
thermic heat productions of about 1/10 of that of biomass, the high content of the 
oxalates reduces the total specific combustion energy considerably. This under- 
lines the fact that ash determinations in plant tissues are essential prerequisites in 
the evaluation of true and really comparable caloric values. 

Allocations of biomass, energy and nutrient elements were determined in two 
plants (Verbascum and Solidago) from different populations [48]. The results 
show that these allocations may vary between each other in different parts of the 
plant, that biomass allocation renders no information about that of nutrient ele- 
ments and that none of them is the best measure of resource allocation patterns. 
But there is a strong correlation between biomass and energy in Solidago so that 
the authors followed an earlier emphasis [75] that bomb calorimetry can be 
avoided when plants are investigated which store mainly carbohydrates in their 
seeds - this is in agreement with the equation of Ho and Payne [30] tbr energy 
calculation just from the C content (see above). 

Energy allocation in different male and female parts of the reproductive 
structures of Amaryllis flowers was determined by oxygen bomb calorimetry 
[76]. Highest caloric values were found tbr pollen with 24.3 kJ/g (as high as that 
of peanuts!) and for mature seeds with 22.2 kJ/g while the other parts showed 
significantly smaller values between 17.3 and 18.9 kJ/g. Since flowers produced 
about 15 times more mass of seeds than of pollen (550:33 mg per flower) seed 
production is much more costly for the plant. This is in agreement with the idea 
that seeds have to carry an energy source for the germination of the next genera- 
tion [76]. 

Kriebitzsch [77] determined the net primary production (NPP) of two light and 
two shadow plant species by means of bomb calorimetry and calculated their 
efficiencies as percentage of energy fixed in dry matter related to solar radiation 
energy. Efficiency was more homogeneous among the four species in a shaded 
area (0.9 to 2.2 %) than in the open field (0.4 to 2.7 %) with a maximum NPP of 
about 860 MJ/(ha.d). 

Collin and Jones [78] investigated the caloric content of pollen from wind- and 
insect-pollinated dicotyles and of wind-pollinated monocotyles and found no sig- 
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nificant differences between these three groups. This was against the expectation 
of the authors since pollen is utilized by many pollinators as direct food source 
and thus should have a higher, "rewarding" energy content in the insect-pollinated 
plants. The results are given in Table 4. 

Table 4 
Caloric content of pollen from mono- and dicotyles [78] 

Mean + SD 
kJ/g 

Range 
kJ/g 

Wind-pollinated dicotyles 
Insect-pollinated dicotyless 
Wind-pollinated monocotyles 

24.62 + 1.88 
24.16 + 0.67 
21.77 + 0.75 

21.73 - 28.26 
2 3 . 2 8 -  25.00 
2 0 . 5 6 -  25.46 

SD = Standard Deviation 

It was supposed that the thick lipophilic resin layer (20 % dm) on the leaves of 
the fire-adapted species Elytropappus rhinocerotis from the Cape Province/South 
Africa is connected with the well-known flammability of this plant. Proksch and 
coworkers [79] could show by bomb calorimetry that the caloric value of the re- 
sin alone is 13.89 k J/g, of the resin per g branch 2.78 kJ/g and that of young 
branches 21.81 kJ/g. Therefore, the authors suggest that the high flammabili~ is 
due to the fine branch structures and the dense growth rather than to the contribu- 
tion of this non-volatile resin. 

A natural grassland in Jhansi/India was investigated for its caloric values and 
ecological efficiency [80]. Plants were divided in 4 compartments (live, standing 
dead, litter, roots) and harvested monthly throughout the year. Biomass showed a 
mean value of 14.60 + 0.65 kJ/g afdw with the main contribution by the roots 
(15.54 + 1.16) and the lowest by litter (13.33 + 1.59). Energy density per m" 
changed less during the year below ground (3350 to 11000 kJ/m 2) than above 
~ound (670 to 13000 kJ/m 2) with the highest contribution by ~een standing crop 
of I1500 kJ/m 2. The ecological efficiency, i.e. the energy captured by vegetation 
divided by solar radiation, was 1.17 %. These values have to be used with some 
care since some of the data are considerably lower than the limit of 17.6 kJ/g 
afdw of carbohydrate combustion given above for senseful biological caloric va- 
lues. 

Hellmold and Schmidt [81] determined the caloric content of the four most im- 
portant plant species in a species-rich beech forest on calcareous soil and found 
values of 16.1 to 19.1 kJ/g for the surface part and of 16.9 to 18.5 kJ/g for rhizo- 
rues and roots. While the energy content of leaves and shoots decreased during 
the season the underground part increased its caloric value. Largest values were 
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observed in the daugther bulbs with 20.1 kJ/g. This is in agreemem with results of 
Boscher [82] that elevated combustion heats in reproductive organs (seeds, bulbs) 
correlate with high concentrations of nitrogen and fatty acids. 

Decomposition studies on forest plant material were carried out with morpho- 
logical, chemical and thermoanalytical methods (combustion calorimetry, DTA, 
DTG) [83]. Bomb calorimetry rendered a constant increase of the caloric value of 
the plant material from 21.13 to 22.29 kJ/g afdm after three years of decomposi- 
tion. With the help of DTA/DTG experiments this effect can be explained by the 
prevailing decrease of low-energy compounds due to microbial activities. 

As part of the International Biological Program Oszlanyi [84,85] determined 
the caloric content of several important coniferous and deciduous tree species in 
four different forest areas in Slovakia. Wood, bark, leaves/needles and under- 
ground biomass showed significantly different heats of combustion with highest 
values in leaves and needles, lower ones in bark and smallest in wood. Variations 
in connection with branch or stem thickness brought less pronounced differences. 
In general, the above-ground biomass had energy contents between 18 and 21 
kJ/g. 

Different tropical forest types from Panama showed a lower caloric content 
with a mean value of 16.98 kJ/g (15.12 to 19.20 k J/g) than forests from temperate 
or alpine regions [72,86]. Mean values were highest (17.88 kJ/g) for mangroves 
(presumed as an adaptation to the daily environmental fluctuations in flooding and 
desiccation) and lowest for gallery forest (16.59 U/g). The author found caloric 
differences between the 9 various vegetation compartments (canopy leaves and 
stems, understory leaves and stems, canopy and understory fruit, epiphytes, litter 
and roots), but they were really pronounced only in the tropical moist forest. In 
this context, Verduin [34] criticized that much of the energy in plant parts is not 
available to the plant and that it is not clear how the free energy would help the 
plant to adapt to desiccation. In the same way he supposed that the higher energy 
content in alpine plants is just an accidental result as the slow growth under these 
conditions shifts the photosynthates into other metabolic pathways producing 
energy rich, highly reduced substances like fats, oils or resins. 

Seeds of 9 common plant species collected from 5 areas at four different sites 
in northeastern Kansas exhibited a mean energy content of 21.27 + 2.30 kJ/g 
(18.23 - 25.20 k J/g) [87]. More oily seeds had a higher caloric value in good cor- 
relation to their elevated fat content. The mean energy values were significantly 
different in all nine species between the 5 areas within the sites, while nothing 
like this could be observed for the sites. Comparison of the values of this paper 
with literature data indicate that caloric values of the same plant may change from 
year to year presumably depending on the specific climatic factors (mainly: 
available water during the seed production period). 
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Sedum lanceolatum, a herbacious perennial, typical of western North America, 
was collected in the Rocky Mountains at 4 sites in altitudes between 2257 and 
3726 m above sea level and dissected into 6 tissues: roots, stems and rhizomes, 
leaves, flowers, peduncle, and peduncle leaves [88]. Comparing the same type of 
tissue, no differences could be found in caloric values at all chosen altitudes, but 
differences e,,dsted between tissues. Flowers (18.59 + 0.29 kJ/g afdw) and leaves 
(17.33 + 0.33) had the highest energy contents, peduncle leaves (15.32 + 0.25) 
and stems/rhizomes (15.11 + 0.17) the lowest, while the mean value amounted to 
17.06 kJ/g afdw (which is again rather low, see above). The proportional invest- 
ment in sexual tissues was significantly smaller (- 37.6 %) at the lowest altitude 
than the average value for the three upper altitudes. This underlines the frequent 
observation that there is a trend of increased energy allocation to sexual tissues at 
higher elevations and may be in contrast to biomass allocation. Thus, the author 
warned to exclusively use biomass when different plant populations are compared 
for their resource allocation. Data about energy content, metabolic cost, nutrients 
and number of structures should be taken into consideration [88]. 

Table 5 
Caloric values of 55 plant species collected at Mt. Washington, NH/USA. SD - 
standard deviation [49]. 
Group Number of Mean + SD Range 

Species kJ/g afdw kJ/g afdw 
Evergreen shrubs 11 21.34 + 0.20 20.31 - 23.27 
Deciduous shrubs 9 20.65 + 0.14 19.33 - 21.57 

both together 20 21.03 + 0.14 19.33 - 23.27 
Herbs 20 19.26 + 0.12 18.16-  21.54 
Mosses 7 18.46 + 0.29 17.63 - 20.01 
Lichens 8 18.10 + 0.25 17.07 - 19.33 

Data on 40 species of alpine Tracheophytes and 15 species of alpine lichens 
and mosses collected at Mt. Washington, NH/USA showed significantly higher 
caloric values than those known for corresponding plants from temperate and 
tropical zones [49]. This may be mainly due to the increased lipid fraction in the 
alpine plants and is in good a~eement with observations of other authors. The 
obtained values are compiled in Table 5 which shows that there are no simaificant 
differences (at the 5 % confidence level) between ever~een and deciduous 
shrubs, but between shrubs and the other three ~oups. 

In a subsequent paper Hadley and Bliss [89] investigated nine of the principal 
alpine species of the same mountain. They found that new shoots of 4 herbaceous 
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species had lower caloric and lipid and higher protein contents than evergreen 
and deciduous shrubs, while all three values were lower in rhizomes and roots 
than in shoots of the same species. Thus it may be supposed that stored energy 
reserves in these perennial plants are mainly carbohydrates in the roots and rhi- 
zomes, while lipids and perhaps carbohydrates are stored in the old shoots of 
evergreen shrubs [89]. 

Boyd [90] investigated vascular aquatic macrophytes and observed that the 
concentration of each amino acid was verysimilar in 11 species and at different 
locations while the total protein content varied greatly. Nevertheless, the caloric 
values were relatively uniform with figures between 16.35 and 18.07 kJ/g. Typha 
latTfolia (the "cattail") collected at different stages of maturity increased its 
energy content from 17.42 to 19.06 kJ/g, but the protein content showed much 
higher variations. Of course, the digestibility of aquatic macrophytes is not 
known. Since several of these plants have high concentrations of cellulose and 
lignin the available energy content is much smaller than the caloric values given 
above [90]. 

5. COMBUSTION OF ANIMAL MATERIAL 

A classical, often cited paper by Slobodkin and Richman [91] listed caloric 
contents of 17 animal species of 6 different phyla. They ranged from 18.4 to 29.3 
kJ/g afdw, but concentrated between 22.6 and 25.5 kJ/g afdw for 70 % of the 
species. The authors state that the observed skewed distribution with the modal 
frequency at or near the lower range limit could be anticipated. Selection always 
went for progeny and only in few cases for a high-energy content of the body. 
Moreover, there might be some unique combination of biochemical components 
which is essentially the same for all animals [91]. 

It was shown by several authors that there is a good agreement between direct 
and indirect determinations of the energy content of animal tissue. Under the as- 
sumption that carbohydrates play no role in animal tissues it is just necessary to 
measure the tat and the nitrogen contents and to transform them to ener=w units. 
With a conversion factor of 6.25 (5.8 given by Gnaiger and Bitterlich [31]) be- 
tween the amount of nitrogen and that of protein and with combustion heats of 
39.4 kJ/g for fat and 23.7 kJ/g/'or protein the energy content of rat carcasses was 
determined to 24.5 + 1.2 kJ/g by combustion calorimetry and to 24.9 by calcula- 
tion [92]. The authors argue that the chemical approach is more simple and less 
time consuming than bomb calorimetry. 
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5.1. Terrestrial Animals 
5.1.1. Vertebrates 

Contents of water, ash and energy have been determined for nestling starlings 
(Sturnus vulgaris) during the time from hatching till leaving the nest after 21 days 
[53]. Caloric content per g fresh weight increased twofold, because the relative 
water content decreased significantly. Energy content per g dry weight showed a 
slight increase during this period around a mean value of 22.2 kJ/g. Ash content 
was constant about 12 % dw. The published data are in agreement with similar 
literature values for starlings, Tree and House Sparrows (Passer domesticus), 
Barn Swallows (Hirudo rushca) and Redwmged Blackbirds (Agelaius phoe- 
niceus). 

Gorecki [93] discussed literature data for caloric values of animals with special 
interest in the large differences between non-migrating and migrating birds as 
well as before and after migration in the latter. He found that fat content of body 
tissues had a significant influence on their caloric content since animal fat usually 
exceeds 38 kJ/g while proteins (and carbohydrates) range between 17 and 21 kJ/g 
only. 

Odum and coworkers [57] compared the caloric content of birds prepared for 
long-distance ruination, returning from migration and for non-migrants. The first 
goup showed contents of 33.1 to 34.8 (mean 33.9) kJ/g afdw as result of a very 
high fat index around 2.5 (g fat/g nonfat dw) and a mean caloric value of the ex- 
tracted fat of 37.7 kJ/g afdw. Returning mi~ants vaned between 23.9 and 31.0 
(mean 29.3) tcJ/g afdw with a fat index of 0.8, while the lean non-mi~ants figured 
between 25.1 and 28.9 (mean 26.4) kJ/g afdw and a fat index of 0.3. While the 
32 investigated birds from 20 species varied considerably in their fat index (0.11 
to 3.42) and in their total caloric content (23.9 to 34.8 kJ/g afdw) the caloric 
contents were similar when calculated on an ash-free non-fat dry weight base 
(22.9 kJ/g) with no significant differences between the three groups. It should be 
mentioned that none of the birds was specially sacrificed for these investigations, 
but that most of them were killed during their nocturnal flights colliding with a 
television tower in Florida/USA. 

In the line of ecological and bioenergetical investigations on savanna animals 
in Venezuela 26 young and adult armadillos (Dasypus sabanicola) were investi- 
gated for their caloric content during development. Figures of 16.7 and 18.0 kJ/g 
and of 22.2 and 23.9 kJ/g afdw were determined for young and grown-up indivi- 
duals, respectively [94]. There were some seasonal (dry/rainy) differences be- 
tween females and males. The mean gross body composition amounted to 52.4 % 
dw protein, 17.5 % fat and 30.1% ash, with higher protein contents (62.6 %) and 
lower fats (4.2 %) in juveniles which are in accordance with the observed caloric 
contents. 
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Bomb calorimetric data on various reptile tissues were compiled by Gorecki 
[93] up to 1969 and presented by Vitt [60] for ash-corrected energy content in 19 
lizard and 4 snake species in connection with attempts to estimate the repro- 
ductive efforts in these animals (see also [95]). AlthougJa the differences between 
species and populations are significant, they are so small that mean values can be 
used for all species: 27.4 kJ/g afdw for eggs and 23.3 kJ/g for bodies. Vitt [60] 
gave conversion equations from dry or wet weight of clutch/eggs and bodies to 
caloric contents which should be valid for most lizards and snakes. He supposed 
that such energetic values are relatively conservative features in the biologic of 
reptiles. Further calorimetric data on body tissue and eggs of various reptiles 
were presented by Congdon et al. [96] in connection with energy budgets and life 
histories of reptiles. These values showed that the caloric content of eggs was 30 
% higher in the mean (25.6 k J/g) than that of the bodies (20.0 k J/g). The differen- 
ces between these two sets of data may be partly due to the calculation per g dry 
wei~t  or ash-free dry weight. 

A less pronounced difference in the energy content of eggs (30.4) and whole 
bodies (25.7 kJ/g afdw; 18 % increase) was observed in the viviparous montane 
lizard Sceloporous jarrovi. This lizard exhibited a strong correlation between 
energy input into eggs (reproductive effort) and body length and hence energy for 
~owth. The ratio of reproductive to total body calories remained relatively con- 
stant during development [55]. 

Lizards are well-known among vertebrates for their tail autotomy (self-mutila- 
tion) and their quick regeneration of the tail to increase escape and to reduce 
mortality from predation. Bomb calorimetry together with respiration experiments 
was performed on several lizard species to determine the energetics of tail rege- 
neration and the metabolic allocation between main body and tail [54,96]. There 
were no significant differences between the metabolic rates of tailed and un-tailed 
geckos (Coleonyx variegatus). After the metabolic experiments the lizards were 
sacrificed, freeze-dried and investigated by bomb calorimetry. HigJaest caloric 
values were observed in regenerated tails (28.0 kJ/g afdw) and in original tails 
(26.4), even higJaer than for most eggs of other lizard species [55,95]. The body 
showed a caloric content of only 24.7 Id/g afdw, but with a strongly increased 
ash content of 16.70 %, compared with 7.06 and 9.01% for the regenerated and 
the original tail, respectively. The results underline that tail autotomy is highly 
significant as predation defence strategs' [96]. 

Ener=w contents of slougahed skins of 92 individual snakes from three families 
were determined by a nonadiabatic bomb calorimeter to estimate their contribu- 
tion to the total daily energy metabolism [97]. The ener~w content of 175 skins 
varied between 19.9 and 25.1 ld/g and showed a total mean value of 21.53 kJ/g 
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with significant differences between the families: 21.1 kJ/g for Viperidae, 21.7 
kJ/g for Colubridae and 23.9 kJ/g for Boidae. 

Maiorino [98] established an energy budget for a Boa constrictor by determi- 
ning the caloric content of food, faeces (17.7 kJ/g) and products like the shed skin 
(24.7 kJ/g) by bomb calorimetry taking the difference between food and faeces as 
the assimilated energy. 

5.1.2. Invertebrates 
Six coexisting species of Ephemerella mayflies from Pennsylvania/USA 

showed energy contents between 20.2 and 27.3 kJ/g afdw for larvae, adults and 
eggs with highest figures in eggs and a significant increase from larvae to adults, 
presumably due to a disproportionate incorporation of lipids [51 ]. Four of the six 
species had similar assimilation rates per g larvae mass (slightly above 40 kJ/g 
afdw) and an even partition of energy between growth and respiration, while the 
two other species exhibited completely different patterns with a strongly reduced 
respiration in favour of growth. 

Chemical and caloric contents of a chrysomelid beetle (Agelastica alui) - living 
exclusively on alders and feeding on alder leaves - were determined throughout 
the vegetation period [99,100]. There were no significant fluctuations around the 
mean value of 22.6 kJ/g although the lipid content changed considerably. The 
mean value was near to that of all Arthropods (except Crustaceae) of 21.7 kJ/g as 
presented in [101]. Because of this constancy in the caloric content and the small 
deviation from the mean of the systematic group the author raised the question 
which additional information about ecological systems could be obtained by 
bomb calorimetry. 

The development of three weevil species (Rynchaenus fagi, Strophosomus sp., 
Otiorhynchus singularis) in two beech stands has been monitored by means of 
various ecological methods in the framework of the Soiling project, among them 
bomb calorimetry [102]. Caloric contents of larvae, pupae and imagos varied 
between 20.9 and 27.6 kJ/g afdw. Assimilation rates of average individuals were 
calculated from the sum of body mass production and respiration. The ecological 
efficiency defined as production divided by consumption amounted to 7.0 to 8.5 
% for all weevil adults. With an energy turnover of 176 x 103 kJ/ha/yr in the 60- 
year old beech stand, R. fagi counted to the dominant phytophagous insects. 

Drutschmann (1998, personal communication) observed a caloric content of 
37.5 kJ/g in imagos of the wax moth Galleria mellonella, a figure which is very 
near to that of fat. The content of growing larvae was significantly smaller with 
27.5 kJ/g in the first stages, 31.9 in the last larval stage and 34.2 kJ/g for the pu- 
pae. As Galleria pupae and imagos no longer feed this further energy concen- 
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tration in the last two stages must be due to a prevailing consumption of proteins 
and carbohydrates. 

An intensive bomb calorimetric investigation was performed on the energy 
transfer between a wasp, the organ-pipe mud-dauber Trypoxylon politum, and its 
sole prey, living paralyzed spiders [65]. Energy contents of the spiders (20.9 
kJ/g), the prepupae (21.7 kJ/g), the pupae (20.5 kJ/g), adults of both sexes 
(males: 19.8, females: 19.6 kJ/g) and faeces (19.4 kJ/g) were determined. Co- 
coons exhibited an extremely high ash content of about 84 % and could be burnt 
only after a 1 : 1 addition of activated charcoal. As the wasp's life cycle is short, 
the entire mean consumption of the prey (spiders: 4.38 kJ) led to a rather high 
consumption rate of 11.3 mW. 0.41 kJ were required for the cocoon formation, 
1.02 kJ were egested in total so that a maximum efficiency of 76 % was found. 

Caloric values of twenty oribatid mite species varied in an extremely broad 
spectrum between 13.4 and 22.2 kJ/g afdw [103]. Figures below the critical level 
of 17.6 kJ/g afdw (see Introduction) were found in those mites with high ash 
contents up to 50 % dw. It was discussed that the energy-poor exoskeleton 
(which is burnt together with the rest of the mite) could be responsible for such 
low values. But it should be remebered that the exoskeleton is formed by chitin, a 
nitrogen containing polysaccharide. Hence, the given explanation seems vague 
and errors in the determination of the ash content more probable (see Paine [26]). 

A combination of radiotracer and gravimetric measurements with bomb calo- 
rimetry has been applied in a rather early paper to determine the ingestion and 
assimilation rates of the isopod Armadillidium vulgare under field and laboratory 
conditions [104]. Caloric contents of food (leaves of the thistle Silybum maria- 
num) and of faeces were rather small below 17.6 kJ/g afdw and the ash fractions 
relatively high between 16 and 2 1 %  dw. Together with the radiotracer and gra- 
vimetric determinations it was found that the caloric content of the food assimila- 
ted was higher than that of food ingested so that an energy concentration took 
place in the isopod. 

5.2. Aquatic Animals 
Prus [105] gave a literature review about caloric contents of aquatic animals. 

Contents between 17.6 and 28.5 kJ/g afdw were found in 63 species of aquatic 
animals with a majority of 37 species between 21.8 and 25.1 and a common mean 
of 23.4 kJ/g afdw. Variations of 4 to 8 kJ/g were cited within several species de- 
pendent on season, food availability, sex, physiological state and developmental 
stage. High values were observed in stages before reproduction, food shortage or 
diminished energy inflow. 

These observations have been confirmed for freshwater zooplankton from three 
Canadian lakes. Investigations were carried out by means of a modified Phillip- 
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son bomb applicable to small samples sizes of 1 to 10 mg [41]. The authors ob- 
served significant differences in the energy content depending on species, lake, 
season and year. The caloric values for two copepods from all three lakes varied 
between 22.88 and 30.88 kJ/g with ash contents between 0.5 and 2.8 %. 

Wacasey and Atkinson [37] listed energy values of 121 species of marine 
benthic invertebrates from the Canadian Arctic and discussed the possibility to 
derive caloric values from the percentage of organic dry matter. They found a 
mean caloric value of 22.7 kJ/g afdw for that community which is quite similar to 
the value published for lower latitudes [101] and near to that of proteinaceous 
material (23.9 k J/g). Although the mean organic content in the 12 investigated 
taxa varied considerably from 18.1 to 88.4 % dw the mean caloric values concen- 
trated in a narrow range with one exception (Ascidiacea) [37]. 

Bast and yon Oertzen listed energy contents of about 100 aquatic organisms 
with special attention to those found in the Baltic Sea [106]. Data were obtained 
by combustion in a modified Phillipson microcalorimeter (MBC-3) or taken from 
the literature and showed a range from about 12 to 29 kJ/g afdw. Highest values 
were observed in e,~,~s== (26.7 _+ 0.3 kJ/g afdw) and in larvae with yolk sacs (26.8 
kJ/g afdw), smallest values on the lowest trophic level and in sediments [106]. 

In connection with metabolic investigations and influences by changing salini- 
ties, Fntzsche determined the energy contents of two polychaetes, Marencelleria 
viridis and Hediste diversicolor, found in the "Darl3-Zingster Boddenkette" of the 
German part of the Baltic Sea as well as in the Dollart of the North Sea [59]. 
There were no differences between the two species nor between the two habitats. 
The energy contents vaned between 22.20 and 24.02 with a mean of 23.08 kJ/g 
afdw. This figure is near to the mean value of 23.4 kJ/g afdw for 63 aquatic ani- 
mals given by Prus [105] and in the range of 22.60 to 23.9 kJ/g afdw for 121 
species of manne invertebrates found by Wacasey and Atkinson [37]. In the latter 
investigation polychaetes had a mean value of 23.30 kJ/g afdw. Neuhoff observed 
a caloric range of 20.99 to 21.19 kJ/g afdw for H. diversicolor depending upon 
the de~ee of salinity [107]. 

Caloric values of three soft corals (,4lcyonium paessleri. Clavzllaria J)'ankli- 
niana, Gersemia antarctica) from the McMurdo Sound/Antarctica have been 
evaluated indirectly by determination of ash, carbohydrate and protein contents as 
well as that of the "refractory material" (insoluble protein) and converted to 
energy values by usual data from the literature [108]. The ash content, indicative 
for the relative sclerite fraction, vaned between 30 and 50 % dw. Lipid and car- 
bohydrate levels were relatively low and protein accounted for more than 65 %, 
leading to considerable energy' contents up to 17.3 kJ/g. Although such enerD, 
values should be interesting for higher trophic levels, the three investigated corals 
contain bioactive compounds that protect against predation by seastars and fishes. 
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Similar results were obtained for the antarctic ascidian Cnemidocarpa verrucosa 
with h i ~  ener~w contents, 2 - 3 times that of other sessile antarctic marine inver- 
tebrates (such as sponges, e.g.) but well protected by a tough tunic no~ous to 
pelaNc and benthic fish [109]. 16 antarctic sponges showed high and variable ash 
contents (32 to 79 % dw), protein levels up to 56 % and low energy contents 
around 9.8 kJ/g [110]. More than half of them were toxic in various degrees, so 
that sponge-eating predators had the chance to choose the more abundant, non- to 
mildly-toxic species. Finally, the energetics of the antarctic sea star Odontaster 
validus have been investigated by the same approach rendering biomass and 
energ3/ density estimates per m 2 and ener~w distribution in the body [111]. 
HigJaest values around 25 kJ/g have been found in the pyloric cecum, mainly as- 
sociated with insoluble protein, i.e. high amounts of structural material. 

Bomb calorimetry and biochemical analysis of holothurian (sea-cucumber) 
body tissues showed significant differences in the caloric contents of testis, gut, 
and body wall [112] which may be partly due to the calcium-carbonate content of 
the tissues (specially of the body wall). Holothurians with an average ener=w 
content of about 25 kJ/g afdw represent an important store of energy in the deep 
sea. 

Nagata [113] determined the ener=w transformation in an intertidal population 
of three gastropods (snails) which formed the more pronounced part of biomass 
and density in this habitat. Respiration and combustion measurements exhibited 
highly different contributions from 27.6 to 496 k,l/m2/year of these herbivores to 
the ener~  flow. The author regarded the caloric content of shell to zero because 
published combustion heats of 80 to 250 J/g were negligible compared with 13 to 
21 k,l/g for flesh measured by him. 

An energ3/ budget was established for the European ormer Haliotis tubercu- 
lata, a large gastropod mollusc of marine habitats [114]. The authors showed that 
the mucus production formed a considerable part of the budget of up to 30 % in 
large individuals so that it had an important influence on the other energy compo- 
nents changing them up to 50 %. In a corresponding energetic investigation of a 
Malaysian gastropod population (Natica maculosa) the author was not able to 
determine faeces and mucus because both dispersed too rapidly in the sea water 
[115]. Bomb calorimetry rendered 19.3 kJ/g for Natica and 20.1 k,J/g for its ga- 
stropod prey Umbonium vestiaril~m. 

Ener~ content of the flesh of the gastropod Crepi&~/a fornicata (a marine 
snail from the bay of Marennes-Oleron/France) was determined to values be- 
tween 15.1 and 19.3 kl/g afdw (mean 17.7 k,J/g) by means of a Phillipson micro- 
bomb [116-118]. These values were higJaer for males than for females throughout 
the period of reproduction. Eggs of C. fornicata showed a si~ificantly larger 
ener~  content than flesh with a mean value of 22.4 kJ/g afdw. 
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120 species of macrobemhic invertebrates from the Western English Channel 
were investigated by a similar calorimeter [42]. The authors found caloric con- 
tents between 11.16 and 22.09 kJ/g (with an overall mean of 18.65 + 2.10) and 
between 17.75 and 23.57 kJ/g afdw (mean 20.52 + 1.69). 83.5 % of the species 
ranged between 19 and 22 kJ/g afdw. The general mean value for the whole 
community was 10 % lower than a corresponding value for Arctic invertebrates 
[37] which is in accordance with the observation that the lipid and energy content 
of several zooplankton species increased with higher lattitudes. 

It was found that the amphipod Corophium volutator collected in the Gulf of 
Gdansk/Poland experienced strong seasonal variations in its caloric content 
around a mean value of 18.2 kJ/g afdw for the females which are predominant in 
the population [ 119]. 

Energy flow through a population of fiddler crabs (Uca pugnax, U. minax) and 
marsh periwinkles (Littorina irrorata) was monitored by bomb calorimetry and 
respiration figures taken from literature, and was partitioned into the different 
components in an ecological energy transformation equation [120]. Caloric con- 
tents of both crabs were similar with 11.2 and 10.7 k J/g, their faeces contained 
10.1 kJ/g. The corresponding values for the snail (L. irrorata) were 21.0 kJ/g and 
6.4 k J/g, respectively, averaged over the season and different body sizes. The pe- 
riwinkels consumed approximately one-tenth of the total net production of the 
marsh, the combined crab populations about one-fourth. The observed energy 
contents (given per dry weight) of both crabs are rather low, possibly due to a 
high ash content. 

Freshwater animals from a New Zealand lake were calorimetrically investiga- 
ted for seasonal changes and differences between size classes in their caloric 
content [66]. The author showed that it cannot be recommended to use a single 
energy value for an animal to describe its importance in energy flow evaluations, 
because spring values may be 17 % higher than those in summer and more than 
60 % higher than that in winter. 

Similar seasonal variations of up to 20 % in the caloric values of some littoral 
benthic invertebrates were seen between summer and autumn [121]. Equivalent 
observations were published on the marine gastropod Crepidulafornicata for the 
biochemical composition and the energy content of the flesh. These changes were 
connected with two periods of spawning in females and one of reproduction in 
males. The mean caloric content changing between 15.1 and 19.3 kJ/g afdw was 
generally higher in the males than in the females, but the highest figures were 
found in eggs with 22.4 kJ/g afdw. 

A combination of combustion calorimetry and respiration rate determination 
was used to establish an energy balance for an aquatic host-parasite system [122]: 
the three-spined stickleback Gasterosteus aculeatus infected by the pseudophyl- 
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lidean tapeworm Schistocephalus solidus. Caloric coments of the balance com- 
ponents were determined with a Phillipson microbomb for small sample sizes and 
with an adiabatic bomb calorimeter for samples above 40 mg dw. Fish exceeding 
60 mg dw showed a mean energy content of 19.81 + 0.22 kJ/g with an increase 
for growing fish. Values of the parasite varied between 18.84 and 25.54 kJ/g with 
a mean of 20.95 + 0.26 kJ/g, the feed content amounted to 23.22, that of the 
stickleback faeces to 18.31 kJ/g. Significant differences could be established 
between uninfected and infected fish in their energy turnover, because the parasi- 
tes were more efficient in energy transformation than their hosts. 

Bomb calorimetric measurements were performed together with determinations 
of dry weight, carbon and nitrogen content for eggs, larvae and juveniles of the 
walleye pollock Theragra chalcogramma from the North Pacific [123]. They 
rendered the following energy values for eggs: 15.57 to 21.85 kJ/g (mean 19.28 + 
1.86), for larvae: 17.35 to 24.65 kJ/g (mean 21.26 + 1.73) and for juveniles: 
17.48 to 39.85 kJ/g (mean 23.28 + 3.58). The larger scatter in the juveniles resul- 
ted from the fact that younger fish converted energy mainly into proteins and ol- 
der to lipids. As pollocks underwent seasonal and yearly fluctuations, body 
weight alone was an insufficient means to predict body composition and energy 
content, while Fulton's cube law condition factor index - a special combination of 
wet weight and body length of the fish - showed a strong linear correlation. 

Gross energy content of the African catfish Clarias gariepinus together with 
its feed and faeces was determined to test the applicability of three different me- 
thods to establish the energy content: (i) bomb calorimetry, (ii) chemical compo- 
sition, and (iii) chemical oxygen demand [124]. The methods rendered signifi- 
cantly different results between the three sample classes and within the classes, 
and the authors concluded that calorimetry was the most appropriate for this pur- 
pose. The energy contents obtained by a Gallenkamp ballistic bomb calorimeter 
were: 24.10 + 0.19 kJ/g (fish), 21.95 + 0.09 kJ/g (faeces) and 21.76 + 0.27 kJ/g 
(feed). 

6. COMBUSTION OF E C O L O G I C A L  MATERIAL 

6.1. General Aspects 
It was often stated that energy allocation in ecological systems can be descri- 

bed by dry mass distribution and that it is not necessary to perform calorimetric 
experiments. Other authors hold that "For the ecologist dealing with specific time 
and energy budgets or population energetics, direct calorimetry of representative 
members of the population is a prerequisite for accuracy" [26]. Hickman and Pi- 
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telka [75] analysed four ecologically diverse plant species and found no signifi- 
cant differences between energy allocations based on calories or on dry weight of 
plant parts (roots, stems, leaves, flowers, pods and seeds). Figure 2 adapted from 
their Table 2 shows the linear correlation between energy content and dry mass 
for the different plant parts and species (slope = 0.997; r 2 = 0.995). The authors 
concluded that dry matter suffices for allocation description in the case when 
mainly carbohydrates are stored in plants and lipids play a secondary role. But 
they continue: "It must be emphasized that the usefulness of calorimetry depends 
upon the question being pursued. Calorimetry will remain essential for many 
ecological studies, but not for all those concerned with energy budgets." [75]. 
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Figure 2. Linear correlation between energy content and dry mass for different 
plant parts and species (slope = 0.997; r 2 - 0.995) [75]. 

Boyd and Goodyear [125] showed that determinations of just energy flow or 
ener~ transfer are too coarse simplifications for ecological systems. Carnivorous 
nutriments are of huge food value due to their content of proteins and thus form a 
rich diet while the food value of herbivorous diet is much lower with an interme- 
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diate figure for omnivorous diets. Carbohydrates have to be divided into structu- 
ral and non-structural compounds. Structural carbohydrates like cellulose, he- 
micellulose or lignin are difficult to digest, while non-structural ones like starches, 
sugars or fructosans are easily degraded. These differences are important in the 
determination of the food value [125]. 

McClintock [ 126] pointed out that the amount of energy in food for consumers 
is essential in different ecological questions, that combustion calorimetry renders 
only the gross energy content and that a more realistic picture is obtained via the 
organic content. By subtracting contributions by insoluble and indigestible com- 
ponents, a "useable" energy is obtained. Structural or insoluble carbohydrates in 
plants and insoluble proteins in animals (e.g. keratin, collagen) form such non- 
useable organic contributions. They reduce the available energy in 5 plant species 
to figures between 5.7 and 65.7 % (mean 32.3 %) of the caloric value and in 5 
animal species to figures between 45.3 and 91.8 % (mean 69.7 %) of the total 
energy. One obtains a strong overestimation of energy flows in ecology if such 
reductions are not taken into account as "The guts of animals are not bomb calo- 
rimeters." It is thus necessary to include the determination of percentages of so- 
luble/insoluble carbohydrates and proteins into the evaluation, in addition to that 
of lipids and ash. Only then one gets an accurate indirect measurement of the total 
energy levels of plant and animal prey [126]. 

Applied to herbivorous diet some general rules can be stated: 
(i) 80 to 90 % of the nitrogen in plants is bound in proteins, so that a nitrogen 

determination renders a crude estimation for the protein content and from 
this for the nutritive value of such a diet. 

(ii) Toxic compounds in a plant make it unpalatable for man or most animals 
and bring the nutritive value down to zero in spite of a possibly high energy 
content. 

(iii) Roots and rhizomes contain a high percentage of non-structural carbohy- 
drates and a low amount of proteins, while seeds present fats, proteins and 
non-structural carbohydrates. 

(iv) The total energy content of plants is fairly constant with 16.7 to 17.6 kJ/g 
dw. 

(v) Unfortunately, a separation into available and non-available fractions is not 
possible. 

(vi) For general ecological purposes, a determination of the protein content 
(total nitrogen • 6.25 [125] or 5.8 [31]) and of the non-cell wall material is 
sufficient for a good estimate of the quality of net production [125]. 

In general, one can state that bomb calorimetry is more suitable for estimating 
the digestable energy content of animal than of plant material [ 125]. 
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Table 6. 
Caloric content of some typical chemical compounds and classes of matter, used 
in ecological calculations [ 13]. 
Compound or matter class 

Starch 
Cellulose 
Saccharose 
Glucose 
Raw fiber 
N-free extract 
Glycine 
Leucine 
Raw protein 
Oxalic acid 
Ethanol 
Tripalmitin 
Palmitinic acid 
Isoprene 
Li~in 
Fat 

Caloric content 
kcal/g 
4.18 
4.2 
3.95 
3.7 
4.2 
4.1 
3.1 
6.5 
5.5 

0.67 
71 
9.3 
9.4 
11.2 
6.3 
9.3 

Caloric content 
kJ/g 
17.5 
176 
16.5 
155 
17.6 
17.2 
13.0 
27 2 
23 0 
2.8 

29.7 
389 
393 
46 9 
26.4 
38.9 

In 1942 Lindeman [127] proposed the use of ene r~  as the common "currency" 
to compare ecological systems and their trophic-dynamic aspects. Quite a number 
of bomb calorimetric investigations were performed in this field and the im- 
portance of caloric values confirmed (e.g. Lieth [13]) but there are several authors 
who prefer the chemical analysis of biomatter and an energy calculation by 
"known combustion heats of essential compounds or classes of substances (Table 
6). Both sides will be presented in the following sections. 

The very large and comprehensive data collection on caloric values of biologi- 
cal material performed by Cummins and Wuycheck [101] is of ~eat  help for all 
ecological investigations. It shows significant differences between various phyle- 
tic or ecological categories. A few of these values are presented in Table 7. 

6.2. Applications 
In the seventies an interdisciplinary research project was carried out by several 

German universities in a mountain range south of Hannover/Germany ("Soiling 
project"). Ene r~  contents and turnovers were determined in different biocoeno- 
ses of forest, meadow and arable field. Caloric contents of most plants varied 
between 17.2 and 23.0 kJ/g with one extreme exception of 36.8.kJ/g in a spruce 
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sample with higla resin fraction. Highest energy contents were observed in a 
spruce stand (650 MJ/m2), lowest in the meadow (< 23 MJ/m2). HigJaest net pri- 
mary production was found in fields of the grass Lolium multzflorum with about 
33 MJ/m2/year, corresponding to 1 %  of the yearly global radiation. It could be 
further shown that most of the fixed energy is distributed directly between detri- 
tus pathways and exploitation by man ("economic yield") while just 1 to 2 % are 
used by herbivores [32]. 

Table 7. 
Caloric values q of biological matter, given in kcal/g and kJ/g on an ash-free ba- 
sis, from the compilation of Cummins and Wuycheck (1971) after Payne [26]. (n 
= number of samples). 
Category n Caloric value Caloric value 

kcal/g kJ/g 
Primary producers 342 4.681 19.60 
Detritus consumers 44 4.885 20.45 
Macroconsumers 357 5.821 24.37 

Aquatic 155 5.465 22.88 
Terrestrial 202 6.099 25.54 

An interesting early paper of ecological research by bomb calorimetry was 
published by Long [128]. He made an intensive investigation into preparing plant 
material and into its caloric and ash contents. In the giant cactus (Carne~ea ~-  
gantea) the ash content may be as high as 25.5 % in special parts, while Rose, 
Rubus and Pr~nus show only 6 %. A great diversity of weights and enerNes was 
observed for adjacent leaves which looked quite similar, partly due to shading 
and partly to competition. Minimum caloric values were observed at the bottom 
and the top of a plant with a maximum in the upper third of the sunflower Helian- 
thus annuus. If plants were grown in competitive units those at the edges and 
specially at the comers developed best and showed the highest ener~ content, 
even on a per weight basis. When the light intensity was changed in the growth 
period calories stored in the plant dropped dramatically (due to the much smaller 
final mass of the plant), but also per g dry weight (by as much as 20 %). Sandy 
soil in contrast to loam and even to adobe led to a lower caloric value (down to 
only 83 %) for all investigated plants, as a consequence of a reduced water con- 
tent in soil. 

In investigations of two extreme Greek ecosystems, the very dry phrygonic and 
the relatively wet maquis system, the energy content of dominating ever~een and 
decidious plants were determined for the whole plant as well as for leaves, bark 
and wood [129,130]. Leaves of phrygonic plants show intermediate caloric con- 
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tents (18.8 kJ/g) between those of evergreen sclerophyllous (19.5 kJ/g) and of 
deciduous ones (18.3 kJ/g). No significant differences are seen between ever- 
green and deciduous individuals from the maquis in their energy values for bark 
(about 17.6 kJ/g) and wood (19.3 kJ/g). Calculating the mass contribution of lea- 
ves, bark and wood to the above-ground biomass and the mass distribution be- 
tween evergreen and deciduous plants, a maquis ecosystem contains 18.1 kJ/g 
(18.7 kJ/gafdw) of energy, very similar to the Greek phrygonic system. 

Lieth [14,15] used plant caloric values together with growth of biomass to as- 
sess the primary productivity in different areas of the Earth. Although the 
approximate average combustion values changed only slightly between their ma- 
ximum in Mediterranean sclerophyll forest (20.5 k J/g) and their minimum in tro- 
pical grassland (16.7 kJ/g), the mean annual energy fixation per m 2 dropped from 
a 48.1 MJ/m 2 in the tropical rain forest to 1.3 MJ/m 2 for desert scrub. These 
calculations were laid down in several global maps for energy density, evapora- 
tion and productivity based on different parameters (see e.g. Figure 5 in Chapter 
Wood in this volume). 

By means of bomb calorimetry and respirometry Jensen [131] determined the 
population density and various energy categories for the slug Arion ater in a Da- 
nish beech stand from May to October. Monthly biomass amounted to 0.269 g/m 2 
or 5.9 kJ/m 2, the production to 11.9 kJ/m 2, the consumption to 149 kJ/m 2 and the 
assimilation to 114 kJ/m 2. The respiration based measurements resulted in a much 
smaller assimilation (32.6 kJ/m 2) presumably due to an overestimation of the con- 
sumption in the direct approach. 

Graminivorous insects establish an important pest of stored grain and lead to 
severe losses in worldwide food supply. Bomb calorimetric and respirometric in- 
vestigations have been used to understand the energy flow within insect infected 
grain bulk ecosystems [52, 132-135]. The granary weevil, Sitophilus granarius, 
and the rice weevil, S. o~zae, were grown in single wheat kernels through their 
whole development from the egg to larva, prepupa, pupa and adult insect and the 
energy contents of these different states determined. Figure 3 shows how the 
energy content of an individual increased from 0.16 to 24.53 J of the prepupa and 
to final 18.25 J for the adult. During this 50-day period about 197 J or 37 % of 
the initial caloric content of the wheat kernel (528 J) were ingested by the insect 
with a rather high overall assimilation efficiency of about 80 %. Figure 4 presents 
an energy budget for the rize weevil indicating the partition of energy between the 
different aspects of life. 
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Figure 3. Caloric content of one individual rice weevil (S. oryzae) during its 
development in a wheat kemel from the egg through four larval stages (L1...L4), 
the prepupal (PP) and the pupal stage to the adult insect [132]. 

Ecological energetic information about hot springs is rare in literature, but one 
early contribution is cited here, the determination of energy flow of the dipterous 
herbivore Hedriodiscus truquii in two hot springs (35 and 47 ~ [136]. Lipid 
content and hence caloric values vary strongly in the larval body during the 
season. Energy budgets could be established in three mstar stages and with a cen- 
sus for the whole population. Only up to 1% of the algal primary production was 
consumed by Hedriodiscus although it acted as the dominant herbivore of these 
hot springs. 

6.3. Fuel Alternatives 
While fuelwood is marginal in the rich countries with a contribution of about 5 

% to the total energy consumption (see also Chapter 10 Wood), about 40 % of the 
Third World's total fuel originates from biomass [137]. Biomass fuels - that are 
stems, branches, barks and roots of trees, shrubs, crop residues like straw, corn 
stover, cane or cotton stalks, leaves or grasses and dry animal dung in many 
countries - can be calculated to fuel by a mean caloric value of 15 kJ/g. World- 
wide yearly consumption of this biomass - which could be applied far more use- 
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fully and efficiently in agriculture as fertilizer or amelioration factor in exhausted 
soils - amounts to 40 • 10 ~8 J or an equivalent of 900 million tons of crude oil, 
compared to about 1400 million tons of all commercial ener~es in the Third 
World [137]. 
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Figure 4. Cumulative energy budget for the rize weevil (S. o~zae) during its 
development from the egg to the adult. For the different larval and pupal stages 
see Figure 3 [ 132]. 

Count Rumford (1813) was one of the first scientists to study the combustion 
heat of wood, of course not yet in an oxygen bomb calorimeter [138]. He deter- 
mined that the combustion heat of 1 pound of very dry oak wood burning without 
smoke and smell and with an "inappreciable quantity of ashes and no charcoal" is 
able to increase the temperature of 31.457 pounds of water by 180 ~ In our mo- 
dem terminology the caloric value of this oak wood amounts to 13.17 kJ/g wet 
wei~t .  Moreover, Count Rtmatbrd observed a striking similarity between his re- 
sults and those of Lavoisier and Crawford. The original Table 1 of the author is 
presented in Figa3re 5. 
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It is rare to filld experiments made b)' different persons 
'at distant periods, and with very different apparatus~ which 
agree better together. 

But experiments wh;ch are well made, carl never fai! in 
agreeing in their results, whatever be the difference of the 
methods employed,  it is nevertheless necessary t~) remark, 
that the coincidence in question could not be so perfect as 
it appears~ for every thing depends upoa the eqt~ality of the 
humidity which may exist in the woad and charcoal em- 
ployed~ a circumstance wllich it is impossible to establish. 

Figure 5 Combustion heat of "very good dry oak wood" and comparison with the 
results of Lavoisier and Crawford [138]. 

Wood of the balsam fir (Abies balsamea) was investigated that was either li- 
ving or killed by the bud spruce budworm. Gross heat of combustion averaged 
around 20.0 kJ/g with no significant differences between living and killed mate- 
rial [139]. Due to the strongly reduced moisture content of dead material the usu- 
able heat increased greatly with the time of being dead from about 7.0 kJ/g for 
living samples to more than 11.0 kJ/g for 22-months dead ones. 
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Nine hardwood species were investigated as fuelwood in short-rotation fore- 
stry with the astonishing result that the observed differences in the caloric values 
of woods were just 4 % (mean 20.0 kJ/g) and that only bark (with less im- 
portance as fuel due to its small contribution to biomass) showed larger variations 
of up to 13 % (mean 20.08 kJ/g) [56]. Highest energy contents were found in lea- 
ves (21.13 kJ/g ovendry). Thus, biomass yield and ecological tolerance will have 
more influence on the specific harvest than the caloric values. 

The energy potential of leafy spurge (Euphorbia esula) has been investigated 
to prove whether this perennial weed of the northern Great Plains of USA can be 
used as an alternative fuel crop [140]. Under optimal agronomic conditions the 
whole plant biomass showed a caloric content of 18.45 kJ/g and a 6.8 % oil con- 
tent of 41.95 kJ/g, similar to the combustion heat of crude oil. Compared to other 
renewable energy sources leafy spurge produced 4 times more energy per year 
and hectare than straw and 8 times more than lodgepole pine and is thus an 
interesting alternative energy source. 

In a series of papers Nunez-Regueira and coworkers [36,47,141,142] investi- 
gated the caloric values and flammabilities of forest species in Galicia/Spain and 
the use of forest waste as an alternative (municipial) energy source. The mean 
heat content of all wood species studied amounted to about 19.0 kJ/g similar to 
values observed for municipial solid waste so that these forest residues can be 
used as an additional fuel. Collecting forest material would for sure reduce the 
risk of forest fires [ 141,142], but the question remains open how the ecologic sy- 
stem reacts to this interference (see also Chapter Wood in this volume). 

Municipal solid waste (MSW) is a huge problem for many communities due to 
lack of deposition places, danger of infections and annoyance by odour. Problems 
are reduced by the common technique of MSW incineration which at the same 
time renders heat to be transformed into electric energy. Thus, it is of great eco- 
nomic importance to know the energy contents of MSW and perhaps of its diffe- 
rent fractions. They are determined by conventional combustion calorimetry on 
samples of about 1 g. Franjo and coworkers [143] found typical high heat values 
(I-tHV, see Introduction) of 22.440 kJ/g and low heat values (LHV) of 20.672 
kJ/g. Paper contributed about 50 %, plastics 30 % (due to their high heat of 
combustion) and fermentables (food, garbage) 20 % to the LHV with minor or 
negligible heats of the other components. 

However, it is often criticized that multi-ton quantities cannot be reduced re- 
presentatively to 1 g samples burnt in conventional bombs and that milling MSW 
to 2 mm particles alters the composition. To check this criticism a -  compared 
with the usual instruments - huge combustion calorimeter was constructed at the 
National Institute of Standards and Techniques in Gaithersburg, MD/USA [144]. 
With a combuster of about 0.2 m 3 volume in a calorimeter of 1.33 m outer diame- 
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ter and 2.60 m height it was suitable for burning 2.5 kg samples in a flow of 
oxygen near atmospheric pressure. The results show that the difference in 
combustion heats of unprocessed and processed MSW may be up to _+ 3 % 
(mainly due to the difficulties to prepare "exactly identical" kg samples), while 
the differences between the conventional and the "huge" calorimeter is just _+ 1 
%. Careful preparation of MSW for combustion thus guarantees that reliable 
results are possible with conventional bomb calorimeters [145]. 

7. CONCLUSIONS 

In this chapter on bomb calorimetry, possible applications from different bio- 
logical fields have been presented, sometimes in competition with other 
methods such as analysis of elemental or chemical composition (carbohydrates, 
proteins, lipids) and the degree of reductance. In many cases it may depend 
upon the facilities of an investigator or an institute which approach is chosen or 
thought to be "more simple". Instead of expressing a personal considered 
opinion about the value of combustion calorimetry compared to other 
techniques, citations shall be presented from a few of the papers discussed in 
the preceding pages. 
�9 "It must be emphasized that the usefulness of calorimetry depends upon 

the question being pursued. Calorimetry will remain essential for many 
ecological studies, but not for all those concerned with energy budgets." 
[75]. 

�9 "Whereas this type of calorimetry has been extremely valuable in obtaining 
heats of combustion of pure substances of known composition, the general 
literature shows that there is considerable variability associated with 
measuring the heat of combustion of biomass. The difficulties may be 
associated with an inability to account for exactly what is going on in the 
calorimeter by means of reaction equation giving all the reactants and 
products. Also, uncertainties may exist as to what comprises "ash", and 
what comprises the organic component, so that it becomes equally 
uncertain what the mass is that loses heat." [146]. 

�9 "However, bomb calorimetry is more simple and direct. It might be 
expected that the simpler method would be theoretically the more accurate. 
Practically, the direct and indirect methods of calorimetry appear to be 
similar in this respect if appropriate data for the latter are available." [146] 

�9 "These data warn against exclusive use of biomass when resource 
allocation is the basis for comparing populations of plants... Plant resource 
allocation patterns...can best be obtained by the combined use of methods 
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based on biomass, calorimetry, metabolic costs, nutrients, and number of 
structures." [88]. 
"Results with Solidago show strong correlation between biomass 
allocation and energy allocation. This reemphasizes Hickman and Pitelka's 
(1975) conclusion that calorimetry is not necessary to determine energy 
allocation patterns within populations in plants with primarily 
carbohydrate seed reserves." [48]. 
"...combustion calorimetry provides the most general reference in 
ecological energy budget calculations." [31 ] 
"Because of this constancy in the caloric content and the small deviation 
from the mean of the systematic group the author rose the question which 
additional information about ecological systems can be obtained by bomb 
calorimetry." [ 100] 
"For the ecologist dealing with specific time and energy budgets or popula- 
tion energetics, direct calorimetry of representative members of the 
population is a prerequisite for accuracy." [26]. 
"The guts of animals are not bomb calorimeters." [110] 
"At present the most useful measurement of energy in an ecological com- 
munity is still caloric values (= heat of combustion) since they are 
relatively easy to determine and are good estimates of the energy available 
in a non-conservative growth reaction." [33] 
"The results" (of three different methods) "indicate that the gross energy 
content of teed and faeces can be determined most accurately by combu- 
stion." [ 124]. 
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Chapter 5 

T H E  T H E R M O D Y N A M I C S  OF M I C R O B I A L  G R O W T H  

Edwin H. Battley 

Department of Ecology and Evolution, State University of New York at Stony 
Brook, Stony Brook, NY 11794-5245, USA. 

1. INTRODUCTION 

There are several reasons for studying the thermodynamics of microbial 
growth. The most important of these is that such studies may increase our 
comprehension of the extent to which energy becomes transferred from substrate 
to cellular substance during the process of growth. Microorganisms are the most 
simple and convenient tools for studying this because of the limited nutrient 
requirements of many of them. Information obtained in this manner can be used 
as a basis for studying the thermodynamics accompanying the growth of cells 
from multicellular organisms. Another reason is that such studies may tell us 
something about the way in which energy becomes recycled in the biosphere. 
This is an important aspect of microbial ecology, which is the study of 
relationships of all kinds between the microorganisms that accomplish energetic 
and material recycling, and their environments. A third is that the knowledge 
gained may be of some practical use in biotechnology. A fourth reason is simply 
that carrying out such studies involves a challenging combination of biology, 
physics, and chemistry, and the pulling together of all sorts of ideas from these 
different disciplines. When this is done, in spite of the biochemical complexity 
of the process of cellular growth, its thermodynamics appears to be relatively 
simple and capable of being described without recourse to extensive theoretical 
treatment involving irreversible thermodynamics. It must be emphasized that the 
same methods for the culture of microbial cells may not be applicable directly to 
the growth of other types of cells, especially animal cells and protists lacking 
cell walls. This will be fi~rther emphasized in the text. It is the nutritional 
simplicity of microbial growth that makes microorganisms usefid tools for 
thermodynamic studies, quite apart from other interests in them as a group. 
Thermodynamics is a universal phenomenon and the principles of energy 
transfer worked out with microbes should be applicable in some manner to the 
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growth of all kinds of cells. 
Any complete, thermodynamic study must include measurements or determinations 

of the free-energy, enthalpy, and entropy changes accompanying the transition 
of a system from a defined initial state to a defined fmal state. This is no less 
true for studies of the spontaneous process of microbial growth. 

2. MATERIAL G R O W T H  PROCESS SYSTEMS. 

A thermodynamic system is a bounded space containing what is being studied. A 
growing cell is an open system, but because cells are usually extremely small it is not 
often practical to study them as individuals. The simplest method of studying them 
is to treat cells in the aggregate as a biomass product that develops as the 
result of the process of growth. The bounded space can then be chosen as a culture 
vessel (reactor) containing a suitable culture medium in which the cells being studied 
are grown. What takes place in the vessel during growth is usually called a "growth 
process" because it is vastly more complex than a simple reaction. Thermodynamic 
changes take place as this growth process system proceeds from a thermochemically 
defined initial state to a thermochemically defined final state. The formation of a 
mass of cells is one of the consequences of this process. For microbial systems low 
concentrations of reactants can be used, so that there is no significant exchange of 
materials between the system and the environment. The culture medium within the 
culture vessel can be regarded then as a thermodynamically closed system of which 
the process of growth is a part. This is not true for cultures of animal cells, in which 
a constant partial pressure of O2(g) and CO2(g) must be maintained by passing these 
gases through the system, and in this respect such cultures are at least in part open 
systems. On the other hand, if this is done at a constant rate, a steady state condition 
can be maintained involving a constant energy exchange. Although in theory it 
ought to be possible to deal with all kinds of growing cells, the least difficult 
system for studying the thermodynamics of cellular growth makes use of a pure 
culture of microorganisms that can be grown on a single substrate, or of plant 
or animal cell lines that have minimal culture requirements. But even for these latter 
other, more specific, aspects of the culture system must be observed. Cells not 
possessing cell walls must be provided constantly with enough energy to prevent 
water from entering the cytoplasm by the Gibbs-Donnan effect, and this and other 
energy requirements for the maintenance of the cell are in addition to those for 
growth. A batch culture system is preferable for studying the thermodynamics of 
microbial growth only in that it best simulates what occurs naturally. Also, during 
the exponential phase of a batch culture the average composition of the cells is 
constant. Microorganisms living in a natural environment respond to the presence 
of a food source by growing exponentially until this substrate becomes exhausted, 
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after which the biomass that has been formed dies and/or becomes a food source 
for the next higher level of the food chain. This condition of exponential growth 
until no fin/her substrate remains is most simply reproduced by batch culture. To 
measure the heat of growth it is necessary to enclose the system in a calorimeter. 
The calorimetric methods used can be either adiabatic, whereby the increase in 
temperatm'e of the growth process system is measured, or isothermal, whereby 
a measurement is made of the quantity of heat transferred out of the 
calorimeter at a constant temperature. 

2.1. The initial state of a growth process system. 
For microbial growth process systems the simplest initial state consists of an 

aqueous solution of the necessary inorganic macro- and micronutrients, vitamins, and 
a single organic substance, or substrate, that serves both as a carbon source and an 
electron donor. The macro-and micronutrients are those required by all cells. 
These are NH~(aq) or NO3(aq), H2PO~(aq), SO2-(aq), K+(aq), Mg2+(aq), and 
Ca2+(aq) as macronutrients, and H2BO3(aq) , Cu2+(aq), Cl-(aq), Fe3+(aq), Mn2+(aq), 
C02+(aq), and Zn2+(aq) as micronutrients. For some cells MoO 2- (aq) or SiO]-(aq), 
may also be required. Micronutrients can often be supplied as impurities 
accompanying the macronutrients. Requirements for vitamins, if any, differ with 
different micro-organisms and have to be known in advance if these are to be 
included in the culture medium. Many single substrates are both carbon sources and 
electron donors, the most common being sugars, amino acids (which can serve also 
as a source of nitrogen), and small molecular weight alcohols and fatty acids. It is 
important that the osmolality of the culture medium, the pH, and the temperature are 
suitable (preferably optimal) for the cells being studied, so that the only thing limiting 
the extent of growth is the quantity of the substrate. The prepared medium should be 
completely clear, so that no precipitates or suspended nutrients will interfere with the 
accurate determination of the cellular yield, which is obtained by centrifuging the 
cells from suspension, washing twice, and determining their dry weight. Finally, the 
initial state must contain a few cells capable of growth in the culture medium being 
used. These are added to the medium in order to initiate an experiment. Growth 
occurs because the cells are self-reproducing catalysts. The inoculum can be made 
sufficiently small that its biomass is negligible. It is thus excluded from the initial 
state for purposes of calculating a mass balance. The initial state must be sterile in 
order to limit the growth-process to the organism being studied, and precautions to 
ensure sterility must be observed until a growth experiment is over. 

Animal cell culture systems all require at least two substrates as carbon and/or 
nitrogen sources, and electron donors [1] and usually require more [2], as illustrated 
by reference [3]. Higher plant cell culture systems are equally complex [4]. This 
complicates efforts to understand what is the source of energy that enters into 
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their growth processes, quite apart from the energy source for cellular 
maintenance. In autotrophic cell cultures the source of electrons (oxidizable 
inorganic substances, or light) is different from the source of carbon, which 
is C02(aq). It is evident that growth process systems other than those 
involving heterotrophic microorganisms offer increased challenges with respect 
to understanding the thermodynamics of cellular growth processes. 

2.2. The final state of a growth process system. 
This consists of the cells that have grown and other products of the growth process, 

plus anything that is not completely utilized such as extra macro- and micronutrients 
and vitamins. Batch culture experiments can be constructed so that the substrate is 
the only limiting factor and becomes exhausted, resulting in the complete cessation 
of growth. In aerobic systems the products are often only CO2(aq) and H20(1 ), 
although partially oxidized substrates can also occur as products depending on the 
cells being studied. In anaerobic systems additional products typically consist of 
substances resulting from the dismutation of the substrate. Among these there can be 
CO2(aq), alcohols, organic acids, or ketones. 

2.3. A cautionary note. 
In studies on the thermodynamics of microbial growth it is important that 

only growth is being considered and not growth plus something else. Microbial cells 
take advantage of any opportunities either to grow or to accumulate storage 
materials, or both. Cells in an environment that is growth-limiting in some respect 
(for example, an insufficiency of nitrogen or a given macro- or micro nutrient, or too 
low a temperature) but in which there is an ample supply of energy will accumulate 
storage materials for use in future metabolism. This can occur aerobically or 
anaerobically and is called, respectively, oxidative or fermentative assimilation. 
Descriptions of these processes have been summarized recently with respect to 
micro-organisms [5]. It was pointed out originally in 1900 [6] and emphasized more 
recently [7,8] that microbial storage products are not a part of the structure, or 
fabric, of microbial cells, and are really internal substrates that become utilized when 
an external substrate becomes exhausted. For an accurate elemental analysis of 
cellular structure cells must be flee of storage substances. This appears to happen 
when microbial cells are grown exponentially in batch culture at their highest 
specific growth rate (,Umax) , as shown by the abrupt cessation of the heat production 
accompanying a growth process, following the exhaustion of the substrate [9,10]. 
The presence of storage substances can have an effect not only on the elemental 
composition of cells but especially on what is interpreted to be the yield of cells on 
a given quantity of substrate. For example, oxidative or fermentation assimilation 
results in the synthesis of inositol and glycogen as the principal storage 



223 

products in yeast. Yeast cells can be grown aerobically on glucose. However, if 
only 20%of the glucose were to be oxidatively assimilated, this would result 
in an increase in cellular dry weight of 52 % over what would occur if growth were 
the only process taking place, giving a corresponding erroneous increase in the 
apparent yield of cells [11 ]. 

Cells other than microorganisms present other difficulties. Growing animal 
cells may or may not contain storage substances. When they do not, they are capable 
of utilizing their structural materials for purposes of maintenance, becoming 
smaller in this process. Growing higher plant cells may also contain storage 
substances. There is the additional problem with both plant and animal cells of how 
to distinguish between the energetic changes that accompany growth and those 
accompanying differentiation. If cells to be analyzed for their elemental composition 
do contain storage substances, the mass of these latter can be determined chemically 
at the end of growth and subtracted from the rest of the biomass. However, it is 
apparent that the more complex the growth process system, the more difficult it 
will be to analyze the thermodynamics of that process. 

2.4. Growth process equations. 
A growth process equation represents the material balance of a system that 

contains exponentially growing microbial cells. The left and right sides of the 
equation represent the initial and the final states of the system, as well as 
the required compliance with the Law of the Conservation of Mass. A growth- 
process is an extremely complex oxidation-reduction (O-R) phenomenon, and in 
common with all O-R reactions or processes the composition and quantity of 
each of the reactants and products must be known. However, it is not necessary 
to measure all of these. In the simplest cases, both the quantity of a known 
substrate introduced into the system and the composition of each of the 
reactants is known. It is the products of the growth process that have to be 
determined, including the cells and small molecular weight organic substances if 
these latter are formed. Unless there is evidence to the contrary, it is assumed that 
the inorganic products are CO2(aq), H20(1), and NH3(aq) if a nitrogenous substrate 
is used. Otherwise, the quantities of these substances can be determined. In 
theory, growth process equations can be written for all kinds of cells. 

2.4.1. Harvesting the cells. 
Typically, after growth has ceased most microbial cells can be centrifuged from 

suspension, washed twice by suspending them in distilled water followed by 
recentrifugation, and then lyophilized. All this can be done in a previously weighed 
centrifuge tube, with the lyophilization being carried out by placing the tube in a 
desiccator over concentrated H2SO4 followed by evacuation [12]. There is a more 
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conventional method that can also be used in which samples to be lyophilized 
are placed in glass ampules and frozen quickly by immersion in liquid nitrogen, 
followed by a connection at room temperature to an evacuation system in which 
there is a reservoir immersed in liquid nitrogen which traps the water removed by 
sublimation from the samples [13]. It has been recommended that following 
lyophilization the sample should be held at 100 ~ for 24 hours prior to weighing 
or other experimentation [ 13]. 

2.4.2. Determining cellular composition. 
Once the total quantity of cells produced during a growth process is known, the 

cellular composition can be determined. The question arises here as to whether a cell 
grown on one substrate has intrinsically a different composition from the same kind 
of cell grown on a different substrate. This was initially thought to be true [9], in that 
analyses of Saccharomyces cerevisiae cells grown on different substrates did indeed 
appear to be slightly different. However, these analyses were performed at a time 
when microchemical determinations in general were just beginning to be performed, 
and it may have been that the small differences were the result of experimental error. 
Different enzymes are involved at the beginning of a metabolic reaction chain in the 
utilization of different substrates by a given kind of cell. But, these enzymes are 
proteins, and at present it seems completely reasonable to assume that the fabric of 
a cell of a given species grown at ~tm, x on one substrate (exclusive of storage 
products) is identical to that of a cell of the same species grown at ]'/max on 
a different substrate (also exclusive of storage products). It is equally reasonable to 
assume that the cellular composition (again, exclusive of storage products) of one 
microbial species may be slightly different from that of another species. 

Cellular composition has been obtained formerly by using combustion analysis to 
determine the percentages of C, H, N, and ash in a given mass of dried cells, the 
quantity of O being calculated by difference from the total dry weight. Descriptions 
of what constitutes "ash" differ in the literature. Ash can be considered what 
remains at~er total combustion, and consists of the salts or oxides of the inorganic 
substances in cells. It has been accounted for largely as the oxides of P, K, Na, 
Mg, Ca, Si, S, and Fe, with CI presumably as a salt of the cations [14]. In more 
recent compendia [ 15,16] the minerals found in yeasts are listed on a per cent solids 
basis, without reference to the oxides or carbonates that are the actual products of 
combustion. Thus, there is a present tendency to regard "ash" as the substance 
and form in which minerals exist within the cells. Although the ash (mineral 
content) is a fraction of the cellular dry weight it has always been regarded 
as being energetically non-functional, and "should not be considered as part of the 
elemental composition or enthalpy of combustion."[13]. This implies that "ash" 
consists of the inorganic part of the cell, as is. It also implies that the weight 
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of the inorganic substances comprising part Of the cellular composition does not 
change on combustion. However, using Escherichia coli K-12 as a model it has 
been shown that the atoms other than C, H, O, and N contribute greater weight to ash 
as oxides and salts than they do as part of the cellular fabric [17]. An accurate 
formula representing the proportions of C, H, O, N, P, and S within a unit mass 
of cells, and a knowledge of the kind and quantity of cellular ions associated with 
this biomass is essential to obtain accurate values of cellular thermodynamic 
properties. A better method of doing this is to determine the percentages of C, H, 
O, N, P, and S directly, the difference between the sum of these and 100 per 
cent being the weight of inorganic ions. Compressed Red Star "universal" 
baker's yeast (Saccharomyces cerevisiae, manufactured by General Foods 
Corporation, Milwaukee, Wisconsin 53218, U.S.A.) can be used to describe the 
methods for determining cellular composition because it contains the smallest 
quantity of stored carbohydrates of any of the commercial preparations tested. 
This yeast is grown on a solution of clarified molasses and nutrients and washed 
twice during concentration from the fermenters by being passed through a separator 
(effectively a zonal centrifuge). Other culture methods are used for different kinds 
of cells, although harvesting methods on a greater or lesser scale are all similar. 
Because of the culture methods used, compressed yeast does contain variable 
amounts of glycogen and inositol which must be removed in order to obtain an 
accurate elemental analysis of the cellular fabric. This is done by suspending the 
yeast in distilled water in a l: l ,  wt :vol ratio and incubating the suspension at 30 ~ 
to ferment away any residual carbohydrate storage material. Aliquots of this 
suspension can be tested at intervals to determine if any residual carbohydrate is 
present. The Warburg or other manometric technique can be used for this purpose, 
with the gas phase in the vessels being filled with an inert gas. Another simple 
technique is the Durham tube [18] method, which is illustrated in Figure 1. It should 
be emphasized that this is a qualitative, not quantitative technique. For the Red Star 
yeast, when no further fermentation was observed (usually about 16 hrs), the cells 
were centrifuged from suspension and lyophilized [12]. An empirical analysis 
of these cells is given in Table 1. In this particular analysis the weight of ash is 
calculated to be 8.62 %. The sum of the percentages of C, H, N, and ash is then 
69.18 %. If this value is subtracted from 100 %, the value for O as determined by 
difference is then 30.82 %, whereas the actual value for the O content as determined 
directly by chemical analysis is 34.03%. This illustrates the necessity for determining 
O this way, rather than by difference. The results of an analysis of cell composition 
in this manner, even of cells of the same species, may vary slightly with the strain of 
yeast cells used, the manner of preparation of the cells for analysis, and the analyst. 
Micro nutrients having a relative mass compared to one g atom of carbon of less than 
0.001 are not included because the formula representing the cells would then become 
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Figure 1. An illustration of the Durham tube method. A Durham tube consists of a smaller test 
tube inverted inside a larger tube, both of which are sterile. To test for the presence of intracellular 
fermentable carbohydrate the larger tube is three-quarters filled with a suspension of cells, the 
smaller tube is inserted into the larger tube, and the cap is screwed tight. The assembly is then 
inverted to fill the enclosed smaller tube with the suspension, righted, and incubated at an 
appropriate temperature (30 ~ is good for yeasts) as shown for tube A. If fermentable 
carbohydrates are present in the suspended cells, gas will accumulate in the top of the inverted 
smaller tube, causing it to float inside the larger tube, as shown for tube B. 

too cumbersome to work with. An analysis of Red Star yeast results in the following 
empirical formula. 

C3.82oH6.16102.127No.oo5Po.o45 5O.Ol2 Ko.o83 Mg~.o,o C~.oo3 (A) 

However, a formula such as this is not particularly convenient to deal with, and 
the use of a unit-carbon formula (UCF) was adopted [9], the concept of which has 
been in general use ever since. Formula (A) then becomes 

CHI.6,300.557N0.158P0.012 So.o03 K0.022 Mgo.o03 Cao.ool (B) 

Actually, this would better be called an ion-containing unit-carbon fo .rmula (ICUCF), 
since it accounts for almost all of the cellular mass. This is necessary if 
accurate measurements of cellular entropy are to be made. Formula (B) represents 
a biomass having an ion-containing unit carbon formula weight ( I C U C F W ) o f  
26.202 g. Although the term "unit-carbon formula weight" (UCFW) or its derivatives 
has historical precedence, the term "carbon mol" (Cmol) recently has come 
into wide use in the literature describing the same thing, an example of which 
is reference [ 19]. This latter acronym is easier to say or use, and will be adopted 
here along with the acronym for one ion containing carbon mol (ICCmol). The 
acronym ICUCF remains the same, since it does not represent a mass. 
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Table 1 
Analysis of the elements in 100 g dry wt of Saccharomyces cerevisiae cells, a 

Elements g % dry weight average (g %) g % as ash 

STRUCTURAL 
Carbon b 45.78, 45.68, 45.93, 46.12 45.88 
Hydrogen b 6.42, 6.26, 6.03, 6.14 6.21 
Oxygen b 34.55, 34.86, 33.11,33.61 34.03 
Nitrogen b 8.48, 8.45, 8.65, 8.28 8.47 
Phosphorous b 1.27, 1.44, 1.41, 1.39 1.38 
Sulfur c 0.39 

Subtotal structural elements: 96.36 

IONIC: 
Pot assium d 0.95 

3.16 as P4Olo(Cr) 
2.12 as K2SOa(cr ) 

as K2SO4(cr ) 

2.29 
Magnesium d 0.25 
Calcium d 0.12 

Subtotal cellular ions: 3.61 

2.76 as KzO(cr ) 
0.41 as MgO(cr) 
0.17 as CaO(cr) 

TOTAL: 99.97 8.62 

Empirical formula: C3.82oH6.16102.127No.6osPo.o45So.o12Ko.og3Mgo.oloCao.oo 3 

Ion-containing unit carbon formula: CHi.613Oo.557No.15sPo.o12So.oo3Ko.o22Mgo.oo3Cao.oo l 
Ion-containing unit carbon formula weight: 26.202 g; AE = 4.079; eq = 4.577 

a Red Star baker's yeast (General Foods Corp., Milwaukee, Wisconsin 53218, USA). 
b These values were determined by MHW labs, P.O.Box 15149, Phoenix, AZ 85018, with oxygen 
being determined directly using the method of Aluise, et al [20]. 
c This value was taken from Reed and Nagodawithana [16]. 

d The values for K +, Mg ++, and Ca ++ add up to the difference between 96.36 % structural 

material and 99.97 %. According to the data of Reed and Nagodawithana [16], the trace 

elements amount to about 0.03 g % dry weight and about 0.83% of the total ion content. The 
ratios of K +:Mg 2+:Ca 2+ are 1.000:0.079:0.036. The product of bomb calorimetric sulfur oxidation 
is taken here as K2SO4(cr ). This may not be entirely correct if some of the sulfur remains 

as SO2(g ) or SO3(g). The products K20(cr), MgO(cr) and CaO(cr) are assumed from the 

data of Gurakan et al [13], which showed that at 600 ~ there was no carbon in the ash. On 

the other hand, when plant-like products are burned in air the mineral products of combustion are 
carbonates.Thus, if part or all of the combustion inside a bomb calorimeter were to take place 

at a temperature of less than 600 ~ (for example, at 400 ~ the products would be more 

correctly K2CO3(cr), MgCO3(cr), and CaCO3(cr). The ash weight calculated here is similar to the 
8.12 % dry wt obtained for S. cerevisiae by Gurakan et al [ 13] and might not be expected to be 
exactly the same in that the ash content of cells depends on the strain of cells used and how they 
are grown. 
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Most microbial cells do not ferment cellular storage substances but oxidize them. 
Obligately anaerobic and facultative microorganisms (some yeasts and bacteria) 
are the exceptions. Analysis of the structural material of aerobically-grown cells 
that contain storage substances requires a different procedure. Here use can be made 
of a Warburg respirometer, a biological oxygen demand (BOD) determination, or 
an oxygen electrode, to determine when endogenous respiration ceases. However, 
the most convenient method is still to grow the cells exponentially at /*max 
using optimal growth conditions, whereupon microbial cells apparently do not 
store substances by fermentative or oxidative assimilation. 

2.4.3. Constructing growth-process equations representing the system. 
Conventionally, the total dry weight of cells formed from the quantity of substrate 

used in a given growth experiment is converted into the quantity that would be 
formed from one mol of substrate. This is the molar growth yield, having the 
dimensions of grams dry weight of cells grown per mol of substrate utilized. The 
molar growth yield divided by one ICCmol gives the molar yield coefficient (MYC), 
which is the number of ICCmols formed from one mol of substrate. Alternatively, 
because it is a unit-carbon formula that is used to represent the cells, the MYC can 
be determined directly from the quantity of carbon incorporated into the cells from 
one mol of substrate. MYCs can also be determined in the same manner for any 
other organic product of a growth-process. The quantities of CO2(aq) and H20(I ) 
formed as products are determined by difference. The quantities of the N, P, S, 

K, Mg, and Ca sources that are utilized during growth are determined by 

multiplying the MYC by the quantities of these elements in the cells or other 

product. These methods apply whether growth is aerobic or anaerobic. Whereas 
during aerobic growth the organic products are otten only the cells, with anaerobic 
growth there are always organic products in addition to the cells, and these have 
to be determined individually. Organic products are treated operationally in the same 
manner as the cells. 

2.4.4. Representing anabolism and catabolism. 
A growth-process equation as a whole represents metabolism, and is the sum of 

the equations representing the other processes that take place concurrently. For the 
heterotrophic growth exhibited by yeasts, these latter can be regarded most simply 
as the processes of anabolism, which is cellular synthesis, and of catabolism, which 
provides the energy to bring about anabolism. A part of the substrate is utilized as 
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a carbon source and an electron donor for anabolism, and the other part is used as 

an electron donor for the complex, catabolic oxidation-reduction processes that 

generate ATP used to provide the activation energy for anabolism. This, of 

course, is a simplification. 

Among microorganisms there are many types of metabolism that are all variations 

on the same overall biochemical scheme. Something has to serve as a source of 

energy, something as an electron donor, and something as a source of carbon. Thus, 

the yeast described here is a chemoorganoheterotrophic microorganism in that its 

source of energy is chemical, and its source of electrons is a small number of 

organic compounds that can also serve as a carbon source. Some electron donors can 

be anaerobically fermented, but others can only be oxidized. Most commonly known 

bacteria, and all the fungi and protozoa exhibit these types of metabolism. Some 

bacteria are chemolithoautotrophic. Here, the source of energy is chemical, the 

source of electrons is a small number of inorganic substances, and the source of 

carbon is CO2(aq). The electron donor is aerobically oxidized. Among these are 

those bacteria that oxidize H2(aq), H2S(aq), S20]-(aq), NH4(aq), NO2(aq), etc. In 
photoorganoheterotrophic growth the source of energy is light and the source of 
electrons is a small number of organic acids and alcohols which also serve as the 
carbon source. This type of metabolism occurs in the non-sulfur purple 
photosynthetic bacteria. Photolithoautotrophic growth also occurs, and here the 
source of energy is light, the source of electrons is a small number of 
reduced sulfur compounds, and the source of carbon is CO2(aq). The purple and 
green sulfur photosynthetic bacteria carry on this type of metabolism. Note that 

here the sources of energy, electrons, and carbon are all different, and not combined 
as in chemoorganoheterotrophs. Many microorganisms carry out the oxygenic 
photosynthesis characteristic of higher plants, and these might best be called 
photohydroautotrophs. Here the source of energy is light, the source of electrons is 
water, and the source of carbon is CO2(aq). The equation representing anabolism is 
similar for all of the above types of metabolism, in that the anabolic substrate can be 
written as an organic substance that either originates in the environment, or is the 

product of CO2(aq) reduction. Equations representing catabolism differ. CO2(aq) 

reduction is neither anabolism nor catabolism, and should be introduced in a separate 
equation as providing an organic substrate for anabolism. The point is that equations 
representing anabolism, catabolism, and CO2(aq) reduction where these occur, can 
be written to represent any type of growth metabolism in order to study the 
thermodynamics of microbial growth. What is presented in this Chapter is only the 
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beginning of what is possible. 

2. 4.5. Available electrons and equivalents. 
All biological substances capable of being oxidized contain electrons that can be 

transferred to O2(aq), the number transferred being a fimction of the kind of 
oxidation. Biologically important organic substances can contain C, H, O, N, P, and 
S, and the products of their biological oxidation are CO2(aq), H20(1), NH3(aq), 
H2POn(aq) and H~S(aq). Because organic N and S are not oxidized biologically to 
N2(g) and sulfur oxides as would occur in a bomb calorimeter, the number of 
electrons transferred to O~(aq) is less, i.e., a lesser number is "available." These are 
said to be "available electrons" (AE), and the understanding is that these are what are 
contained in substances that are oxidized biologically [21 ]. The number of AE in a 
biologically important substance can be calculated readily by means of the following 
equation [22], 

AE = 4nC + n H -  2 n O -  3nN + 5nP-  2nS (1) 

where nC, nil, nO, nN, nP, and nS are the numbers of C, H, O, N, P, and S atoms 
in the formula representing the substance. If a given atom is not present in a 
substance, it is ignored, and ions are not included since they are not involved in the 
transfer of electrons. Using equation (1) glucose, C6H1206, contains 24 AE, and the 
biomass represented by formula 03) contains 4.079 AE. The electrons transferred 
to O2(g) during a non-biological oxidation, as in a bomb calorimeter, conventionally 
are called equivalents (eq). These reactions differ from those described by equation 
(1) in that N in an organic substance becomes oxidized to N2(g) and S to a gaseous 
oxide (SO3?) which might combine with K20(c ) to produce K2SO4(c).Yhe equation 
representing the number of equivalents transferred to O2(g) is then [23, 24] 

eq=  4 n C + n H - 2 n O - 0 n N + 5 n P + 6 n S  (2) 

Atoms that are not present in a substance are ignored. For substances such as 
glucose not containing N, P, or S, AE = eq. On the other hand, for the biomass 
represented by formula 03) eq = 4.577, which is considerably higher than 4.079 AE. 
This is because of the further oxidation of nitrogen and sulfur. Phosphorous is 
already in its highest oxidation state in biologically important substances. Ions such 
as Mga+, Ca 2+, and K + do not contribute electrons since they do not become further 
oxidized. 
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The difference between the idea of eq and AE is sometimes not recognized, and 

can lead to differences in the interpretation of data. 

2.4. 6. Representing anabolism. 

Because the electrons in the biomass can only come from that portion of the 

substrate that is used to construct the biomass, this quantity of substrate can be 
calculated as 

S a n  ~- 
MYC~us" AE~u~ 

AEsub (3) 

In equation (3) San represents the anabolic substrate, which is the fraction of one mol 
of substrate that is utilized for cell production; MYCr162 is the molar yield 
coefficient; AE~,~ has been defined previously; and AE~,b is the number of AE in one 
mol of substrate. As an example given in Table 2, the MYC,r for the growth of S. 
cerevisiae aerobically on glucose is 1.914. The quantity of electrons in this biomass 
can only have come from that portion of the substrate that is utilized for biomass 
construction. Using equation (3), this quantity of substrate is then (1.914 �9 4.079) - 
24 = 0.325 mol glucose. The mass of the ions as represented in formula (B) has to 
be considered in entropy determinations, which is why they are included in an 
ICUCF. Once the quantity of substrate and the quantity of cells are determined, 
the quantities of the other reactants can be calculated. The nature of these latter is 
known because of their having been added to the culture medium in the form of a 
nitrogen, a phosphorous, and a sulfur source. In addition to carbon, hydrogen, and 
oxygen, these elements comprise the fabric of the cells. Here, these other 
reactants are NH3(aq), H2PO~(aq), and SO2-(aq). Unless otherwise determined, the 
inorganic products of an aerobic growth process are taken to be CO2(aq) and 
H20(1). The coefficients for the reactants other than the substrate are obtained by 
multiplying the quantities of N, P, and S in the cells by the MYC. The quantity of 
CO2(aq) is calculated as the difference between S~, multiplied by the number of C 

atoms in the substrate, and the MYC of the cells (since the quantity of C in the cells 

is always 1). The ions in the cells are supplied by ions in solution as reactants, the 

quantities of which are calculated by multiplying the quantities of K, Mg, and Ca 

in the cells by the MYC. The electrostatic balance of the equation is accomplished 
by adding H+(aq) or OH-(aq) as a reactant or product, in common with the 

construction of any O-R equation. For the example of the aerobic growth of S. 
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cerevisiae on glucose in Table 2, the equation representing anabolism then becomes 

0.325 C6Hl206(aq) + 0.302 NH3(aq) + 0.023 H2PO4(aq) + 0.006 SO42-(aq) (4) 
+0.042 K+(aq) + 0.006 Mg2+(aq) + 0.002 Ca2+(aq) + 0.023 OH-(aq) ---* 0.036 CO2(aq) 

+ 0.925 H20(1 ) + 1.914 CHi.61300.557No.158P0.01zS0.oo3Ko.o22Mg0.oo3Cao.ool(cells ) 

Note that in equation (4) no 02(aq) enters into the anabolic process. This applies 
whether the system is aerobic or anaerobic. Except for the synthesis of steroids and 
for a few other processes in eukaryotic cells for which a very small quantity of 
oxygen is required, there is no requirement for this element biochemically for 
anabolism except as a constituent of molecular structure. In addition, the 
absence of O2(aq) as a participant in anabolism can be considered an evolutionary 
holdover. During the initial evolutionary stages of the development of cellular forms 
some 3.5 billion years ago, the available evidence suggests that there was no gaseous 
oxygen present on this planet. For this reason all anabolism was (and still is) 
effectively anaerobic. Anabolism can certainly be considered one of the most 

conservative of all biological processes, even though most catabolic processes are 
aerobic. 

2.4. 7 Representing organic product formation. 

With anaerobic growth processes there will be organic products other than 

the cells. Each of these must be known as to kind and quantity, and each can 

be treated in exactly the same manner as the cells in anabolism. There is thus no 
oxygen involved in any anaerobic equations. The quantity of substrate utilized to 
form other organic products of a growth-process is calculated in the same manner as 
the cells, as shown in the following equation. 

MYCprod " A~prod 
Sp~ = (5) 

mEsub 

where Sprod represents the fraction of one mol of substrate that is used to form the 
product, MYCprod is the molar yield coefficient for the product, AEp~oO is the number 
of AE in one mol of product, and AE~ub has been defined previously. An example of 

product formation is found in the anaerobic glucose data set in Table 2, in which 

glycerol is produced. It is listed as a separate process, simply to distinquish it from 
anabolism. The formation of organic products other than the cells during aerobic 
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metabolism can be considered the result of anabolism. 

It is often useful to determine the "reductance degree" (7) of a substrate so that 
it can be compared with that of the biomass. This is the number of AE that can be 
transferred to 02 (aq) per gram atom of C in a substance [25]. For CO2(aq) 7' is 0, 
for CHn(aq) (completely reduced C) it is 8, and for all other organic substances it is 
in between. A value for ?'is calculated by dividing the number of AE in a substance 
as obtained using equation (1) by the number of C-atoms in the substance. For 
glucose y is 4.000, and for S. cerevisae cells using formula (B) it is 4.079. Such 
information is useful for constructing anabolic equations in that with substrates less 
reduced than the biomass, such as glucose, CO2(aq) is always a product of 
anabolism. The process of anabolism under this condition is similar to that of a 
chemical dismutation, where a part of the substance is reduced at the expense of the 
other part, which becomes oxidized. Fermentations are examples of dismutations. 
Effectively, a part of the substrate becomes reduced to the average level of the 
cellular fabric. The rest is oxidized to CO2(aq). With substrates more reduced than 
glucose, such as ethanol (7 '= 6), CO~(aq) is always a reactant in anabolism. This is 
because CO2(aq) serves as an oxidant to oxidize the substrate to the level of the 
biomass. Examples of growth on substrates either more or less reduced than the 
biomass are found in Table 2. Occasionally, a substrate is incompletely oxidized to 
COz(aq) and H~O(I) during catabolism. An example of this is the oxidation of ethanol 
only to acetic acid during the aerobic growth of some acetic acid bacteria. Here, 
acetic acid is a product, but of catabolism. The process of CO2(aq) reduction in 

autotrophy is neither anabolism nor catabolism. Rather, it can be regarded as a 
completely different process that provides organic substrate material for 
chemoorganoheterotrophic growth. 

2.4.8. Another way of representing anabolism. 

Other than using the electron equivalence of the substrate and the biomass 

to construct anabolic equations as described in Section 2.3.6, carbon equivalence 

has also been used, examples of which are found in references [26, 27]. In this latter 

method, the carbon in the quantity of substrate used to form the biomass is equivalent 

to the quantity of carbon in the biomass. Whereas this can be done as a chemical 

representation, the problem exists that unless the substrate and the cells have exactly 
the same degree of reduction, O2(aq) will be either a reactant or a product of 

anabolism. Except to the negligible extent noted in Section 2.4. 6., O2(aq) does not 
enter into anabolism. 
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2.4.9. Representmg catabolism. 

Regarded in the manner presented here, catabolism provides the activation energy 
for anabolism to occur. It takes the form of a process equation in which that part of 
the substrate that is not utilized in anabolism is fermented under anaerobic conditions 
or oxidized under aerobic condition, either process providing ATP for cellular 
synthesis. Thus, in the catabolism of S. cerevisiae glucose is fermented to carbon 
dioxide and ethanol in a dismutation reaction, and aerobically it is oxidized to carbon 
dioxide and water. The ethanol formed during anaerobic growth is a product, and can 
be treated as such. Since growth-process equations are written conventionally 
in terms of growth on one mol of substrate, the quantity of substrate used in 
catabolism, (SCat)is calculated as (1-S~n-~ Sprod)- The summation sign refers 
to anaerobic processes in which anabolic fermentation products other than the cells 
are formed. If cells are the only products of a growth process, this term is ignored. 
For the example in Table 1 of the aerobic growth of S. cerevisiae on glucose 
(1 - San) = SCat- 0.675 mol, and the equation representing catabolism becomes 

0.675 C6H~206(aq) + 4.050 O2(aq) "* 4.050 CO2(aq) + 4.050 H20(aq) (6) 

2.4.10. Representing metabolism. 

Metabolism is the sum of anabolism and catabolism. Adding equations (4)and 
(6) gives 

(7) 
C6H,206(aq) + 0.302 NH3(aq) + 4.050 O2(aq) + 0.023 H2PO4(aq) + 0.006 SO42-(aq) 
+ 0.042 K+(aq)+ 0.006 Mg2+(aq) + 0.002 Ca2+(aq) + 0.023 OH- (aq) --* 4.086 CO2(aq) 

+ 4.975 H20(I ) + 1.914 CHI.613Oo.557No.158Po.o~2So.oo3Ko.o22Mgo.oo3Cao.ool(Cells ) 

Adding the equations representing the formation of each of the organic products 
(i.e., cells plus any other organic substances) gives the process equation representing 
anaerobic metabolism, as illustrated by the equations for the anaerobic growth of 
S. cerevisiae on glucose in Table 2. 

2.4.11. Points to consider. 

The brief description given above on the construction of growth process equations 
is intended to give some idea of the overall aspects of what goes on when cells are 
grown. It is not necessary to go through the construction of anabolic and catabolic 
process equations if one is interested only in metabolism. Once the kinds and 
quantities of the organic reactants and products of metabolism are known (as 
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they must be) as well as the nitrogen source, the quantities of CO2(aq) and 1-120(1 ) 
produced can be determined easily by difference. The mass balance of any 
growth process equation will never be exact because of the necessity of 

dealing with coefficients and subscripts that are not small, whole numbers. 

However, with some care the elemental balances can otten be obtained to within 
1%. A detailed description of these methods is given in reference [28]. 

2.4.12. Examples. 

Examples of growth process equations representing the growth of S. cerevisiae 

anaerobically on glucose and aerobically on glucose, acetate, and ethanol are given 
in Table 2. The only reason for choosing this particular group of growth processes 
as examples is that there is an internal consistency with respect to three of the data 
sets. Each growth process equation may require a number of analyses, any of which 
may be subject to inaccuracies. Except by carrying out these analyses many times, 
it is impossible to know the accuracy of a given growth process equation.Thus, 
any check on this accuracy is useful. The strain of S. cerevisiae used for studying 
these growth processes did not grow aerobically on the glycerol formed during 
anaerobic growth on glucose, but it did grow on the ethanol. Therefore, the addition 
of the MYC for anaerobic growth on glucose (0.590 ICCmol) plus that for aerobic 
growth on the ethanol formed during anaerobic growth [1.300 mol ethanol x 1.030 
ICCmol mol ethanol -~] = 1.339 ICCmol] should equal that for aerobic growth of 
glucose. The addition gives 1.929 ICCmol. This is an agreement of 0.78% with that 
determined experimentally for aerobic growth on glucose (1.914 ICCmol), 
which gives some credence as to the accuracy of the respective growth- 
process equations and makes these useful as examples. Such checks cannot be 
made with respect to the acetic acid growth process equation. 

It is apparent that equations representing the growth of different kinds of 

cells may be different and more complex than those represented here. This is true for 

some animal cell cultures where a minimum of two substrates is required, even 
though the culture medium may be otherwise defined. It is even more complex 

when it is necessary to use a culture medium containing several essential amino 

acids or lipids, or is completely undefined, as in the use of serum for animal cell 
cultures, or coconut milk for plant cell cultures. Here, the representation of the 
components of a growth process in an equation becomes a difficult procedure. The 
only way of solving this problem is to determine individually those substances in the 

initial state that are consumed during growth, and this is usually impractical to do. 
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Table 2 

Equat ions  and thermodynamic changes at 298.15 K and 1 atm representing the growth  o f  

Saccharomyces cerevisiae anaerobically on glucose and aerobically on glucose, ethanol, and acetic 
a 

acid, with ammonia as the nitrogen source 

Anaerobic growth on glucose 

Non-conservat ive  process: 

Alcoholic glucose fermentation: C6Hl206(aq) -"* 2 CO2(aq) + 2 C2H60(aq), A E ~  = 8.000 

ApG~,c = -270 .75  kJ mol -l, ApH~c = - 138.57 kJ mol -~ TApS~c = 132.18 kJ mol -l'b 

Conservative process: 

Anabolism: 0.100 C6Hl206(aq) + 0.093 NHs(aq) + 0.007 H2PO4(aq) + 0.002 SO2-(aq) 

+ 0.013 K+(aq) + 0.002 Mg2+(aq) + 0.001 Ca2+(aq) + 0.008 OH-(aq)  --* 0.012 CO2(aq) 

+ 0.285 H20(I ) + 0.590 CHl.61 s Oo.557Yo.15sPo.ol2go.oosKo.o22Mgo.oosCao.ool(Cells ) 
t t i ApGan = - 11.05 kJ; Ar,Han = - 13.71 kJ; TApS~n = -2 .66  kJ b 

Glycerol formation: 0.252 C6Hl206(aq) + 0.216 H20(I ) -., 0.432 CsHgO3(aq) + 0.216 CO2(aq ) 
t t ! ApGca t = -23 .37  kJ; ApHca t = - 1.62 kJ; TApSc~ t = 21.75 kJ b 

Catabolism: 0.650 C6Hl206(aq) --* 1.300 C2H60(aq) + 1.300 CO2(aq ) 
! i t ApGca t = - 175.99 kJ; ApHca t = -90 .07  kJ; TApSca t = 85.92 kJ b 

Metabolism: C6Hl206(aq) +0.093 NHs(aq) + 0.007 H2PO4(aq) +0 .002  SO2-(aq)+ 0.013K~(aq) 

+ 0.002 Mg2~(aq) + 0.001 Ca2'(aq) + 0.008 OH-(aq) ~ 0.432 CsHsO3(aq) + 1.300 C2H60(aq) 

+ 1.528 CO2(aq) + 0.069 H20(I ) + 0.590 CHi.613Oo.ss7No.15sPo.ol 2 So.oosgo.022Mgo.oosCao.ool(cells) 
l _ _  l I . _ _  . ApGme t - 210.41 kJ mol-1. ApHmet = _ 105.40 kJ mo l - l  TApSme t 105 01 kJ mol-!, b 

Aerobic growth on glucose 

Non-conservat ive process: 

Glucose oxidation: C6H~206(aq) + 6 O2(aq) "* 6 CO 2 (aq) + 6 H20(I), AE,c = 24.000 

ApGNc = - 2905 47 kJ mol-1 ApHNc = - 2862 17 kJ mo l - l  , = ' . " ' . , TApSsc 43.30 kJ mol -i'b 

Conservative process: 

Anabolism 0.325 C6Hl206(aq) + 0.302 NHs(aq) + 0.023 H2PO4(aq) + 0.006 SO~-(aq) 

+ 0.042 K+(aq) + 0.006 Mg2+(aq) + 0.002 Ca2+(aq) + 0.023 OH-(aq) ~ 0.036 CO2(aq) 

+ 0.925 H20(I ) + 1.914 CHi.61sOo.s57No.~ssPo.o~2So.oosKo.o22Mgo.oosCao.ool(cells) 
t t t ApGan = -35 .76  kJ; ApHan = - 4 4 . 3 1  kJ; TApSan = -8 .55  kJ b 

Catabolism: 0.675 C6Hl206(aq) + 4.050 O2(aq) .--, 4.050 CO/(aq) + 4.050 H20(I ) 
l I l . . . _  ApGca t = - 1961.19 kJ; ApHca t = - 1931.96 kJ; TAr,Sea t 29.23 kJ b 

2-(aq) Metabolism: C6Hl206(aq) + 0.302 NH3(aq) + 4.050 O2(aq) + 0.023 H2PO4(aq) + 0.006 SO 4 

+ 0.042 K*(aq) + O.0O6 Mg2*(aq) + 0.002 Ca2*(aq) + 0.023 OH-(aq) --* 4.086 CO2(aq) 

+ 4.975 H20(I ) + 1.914 CH~.613Oo.ssvNo.~sgPo.o~2So.oosgo.o22Mgo.oosCao.ool(cells) 
I 1 i _ _  , ApGme t = - 1996.95 kJ mol -l', ApHme t = - 1976.27 kJ mo1-1 TApSme t 20.68 kJ mo1-1 b 
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Table 2 (cont.) 

Ae rob ic  g r o w t h  on e thanol  

Non-conservative process 

Ethanol oxidation: C2H60(aq)+ 3 O2(aq)'* 2 CO2(aq)+ 3 H20(1), AE~ = 12.000 
ApG~c = -1317.36 kJ mo1-1", ApH~c = -1361 .80 kJ mol -~, TApS~c = -44.44 kJ tool  -~,b 

Conservative process 
Anabolism: 0.350 CEH60(aq) + 0.163 NH3(aq) + 0.330 CO2(aq) + 0.012 HEPO](aq) 
+ 0.003 SO]-(aq) + 0.022 K§ + 0.003 MgE§ + 0.001 CaE§ + 0.012 OH-(aq) --* 

0.490 H20(l ) + 1.030 CHL6~3Oo.557No.~58Po.o~ESo.oo3Ko.oEEMgo.oo3Cao.oo~ 
o _ _  l . _ .  1 ApGan 28.86 kJ; ApHan 1.45 El; TAPS, = -27.41 kJ b 

Catabolism: 0.650 C2H60(aq) + 1.950 O2(aq) "-'* 1.300 CO2(aq).+ 1.950 H20(1) 
ApGca t = -856.28 kJ; Apnea t = -885.17 kJ; TApSea t -28.89 kJ b 

Metabolism: C2H60(aq) + 0.163 NH3(aq) + 1.950 O2(aq) + 0.012 H2PO4(aq) + 0.003 SO2-(aq) 
+ 0.022 K§ + 0.003 Mg2§ + 0.001 Ca2+(aq) + 0.012 OH-(aq) --* 0.970 CO2(aq) 

+ 2.440 H20(1) + 1.030 CHl.613Oo.5~7No.158Po.o~2So.oo3Ko.o22Mgo.oo3Cao.ool(cells ) 
i I I - ApGme t = -827.42 kJ mo1-1 ApHme t = -883.72 kJ mo1-1", TApSme t = -56.30 kJ mol ~,b 

Aerob ic  g rowth  on acet ic  acid 

Non-conservative process: 

Acetic acid oxidation: C2H402(aq) + 20z(aq) "* 2 CO2(aq) + 2 HzO(l), AE~c = 8.000 
ApG~c = -857.84 kJ mol -l, Aortic = -889.82 kJ mol - l  TApS~c = -31.98 kJ mol -~'b 

Conservative process: 
Anabolism 0.316 C2H402(aq) + 0.098 NH3(aq) + 0.007 H2PO4(aq) + 0.002 SO2-(aq) 
+ 0.014 K+(aq) + 0.002 Mg2+(aq) + 0.001 Ca2+(aq) + 0.009 OH-(aq) --* 0.012 CO2(aq) 

+ 0.297 H 20( I  ) + 0.620 CHi.6~3Oo.557No.15sPo.o12So.oo3Ko.o22Mgo.oo3Cao.oo~(cells ) 
i _ _  . t ~ e ApGan 24 10 LI; At,/-/,, n 6.78 kJ; TAPS, = - 17.32 kJ b 

Catabolism: 0.684 C2H402(aq) + 1.368 O2(aq) "-* 1.368 CO2(aq) + 1.368 H20(I) 
! t t ApGca t = -586.76 kJ; ApHcat = -608.64 kJ; TApSea t = -21.88 kJ b 

Metabolism: C2H402(aq) + 0.098 NH3(aq) + 1.368 O2(aq) + 0.007 H2PO4(aq) + 0.002 SO2-(aq) 
+ 0.014 K+(aq) + 0.002 Mg2+(aq) + 0.001 Ca2+(aq) + 0.009 OH-(aq) --* 1.380 CO2(aq) 

+ 1.665 H20(I ) + 0.620 CHI.6~3Oo.ss7No.158Po.o12So.0o3Ko.o22Mgo.oo3Cao.ool(cells ) 
t t ! ApGme t = -562.66 kJ mo1-1' Apnmet = - 6 0 1 . 8 6  kJ mo1-1, WApSme t = -39.20 kJ mol -l'b 

a These equations have been constructed by replacing the original UCFs from Battley [9] with that 

from Table 1. This does not change the carbon balance of these former, and includes a formula 
representing cells for which both Af/-/' and AeS' values have been obtained (see Table 3). 
b These values for TAPS' were calculated using the Gibbs free energy equation and the values 
above for ApG' and ApH' for the respective processes. Slightly different values would be obtained 
if the AvS' values were to be calculated directly, because of carrying the fractional values of 
ApG' and ApH' to only two decimal places. 
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3. THE THERMODYNAMICS OF GROWTH PROCESS SYSTEMS. 

Classical (equilibrium) thermodynamics deals with systems that come to a 

reversible equilibrium condition after the passage from an initial to a final state. This 

implies the existence of a thermodynamic equilibrium constant. And, in general, even 

if the equilibrium is very far to the right, the classical treatment is still thought to be 

valid. In theory, all reactions or processes can be considered to be reversible, 

at least to some extent. Whether this is applicable to cellular growth is dubious 

because, for all practical purposes, growth (anabolism) is a completely irreversible 
phenomenon. This may not be true for the reactions in aqueous solution that 
provide the reactants for anabolism. The biologically acceptable forms of substances 

used as reactants in metabolism that are products of a dissociation in aqueous 

solution become replaced as they are consumed, and these are certainly 

equilibrium phenomena. For anabolism or catabolism there is no equilibrium constant 

that can be calculated, and this suggests that classical equilibrium thermodynamics 

cannot be applied. Cells cannot be "ungrown", and catabolized substrates are never 

reformed. Theoretical attempts have been made to approach the problem of 
irreversibility in the form of"near-equilibrium" or "non-equilibrium" thermodynamics 

[29, 30], but in general these have been applied more in theory than in fact to the 

phenomenon of cellular growth. Whether the energy exchanges accompanying 

growth are better treated using equilibrium, near-equilibrium, or irreversible 

thermodynamics or by any number of theoretical treatments may be irrelevant. 

Provided that the thermodynamic properties of the reactants and products 

participating in anabolism, catabolism, or metabolism are known, the energy changes 

accompanying these processes can always be calculated as the difference between 

the energies of the initial and the final states. This idea was applied in the early 

1900s by Rubner [31] in his classical studies on the heat of microbial growth, long 

before the modem methods of treating thermodynamics came into use. 

3.1. The Gibbs free energy equation. 

Most microbial cells grow under the physical conditions of constant or nearly 

constant temperature and pressure during the time taken to pass through a life cycle, 

or can be caused to do so experimentally. The exchanges of energy that take place 

as a growth process system passes spontaneously from its initial to its final 

state can then be described by the Gibbs free-energy equation, as follows 
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AG = A H -  TAS (8) 

where A G, AH, and AS represent the free energy, enthalpy, and entropy changes, 

respectively, accompanying a reaction or process at a constant temperature and 

pressure. Derivations of these quantities can be found in Volume 1 of this 

Handbook. Equation (8) is valid for many kinds of applications. Values for AG, AH, 

and AS can be calculated for growth process equations only if the values for the 

thermodynamic properties of the reactants and products are known. 

3.2. Thermodynamic properties for substances participating in growth 
processes. 

Cells metabolize in an aqueous environment and, except for those of the cells, 

the thermodynamic properties of the reactants and products of growth-processes are 

those of these substances in aqueous solution. Values for the free energy, enthalpy, 

and entropy of formation of all substances from the elements at 298.15 K and 1 atm 

are referred to as "thermodynamic properties." These can be found in several 

compendia [32-34] listed for quantities of one mol in a given standard state. In 
aqueous solution, all substances are taken to be at a concentration of one mol at unit 
activity for values of Ar G~ and of a hypothetical one mol at infinite dilution for 
AfH ~ Values for AfS ~ can be calculated using the following form of the Gibbs 

free energy equation, where the superscript refers to the aqueous standard state. 

AfG ~ = AfH ~ - TAfS ~ (9) 

However, standard state concentrations are usually osmotically unfavorable for the 
growth of cells and must be reduced to concentrations that are more physiologically 

appropriate for the initial state of a growth process. During the process of cellular 

growth under the kinds of conditions found in nature and in batch cultures, the 

reactants of a growth process become utilized to form the cells and other products. 

This means that the concentrations of all substances participating in a growth process 

will change, those of the reactants decreasing and those of the products rising. There 
is one exception to this in the form of continuous cultures in which, because of the 
way in which continuous culture equipment is designed to work, the 
concentrations of reactants and products are constant at the steady state. This is an 

advantage with regard to being able to establish constant values for thermodynamic 

properties in the aqueous environment of growing cells. On the other hand, except 
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when the dilution rate equals ,/'/max in continuous cultures, the cells are growth-rate 
limited as opposed to being non-limited in batch cultures. Depending on how far 
below /~m~x the growth rate is under continuous culture conditions, it is possible that 
storage products may be formed within the cells during the Gl phase of the cell 
cycle. This is because under conditions in which the rate of growth is lowered 
because of some limiting factor, the cells may store internal substrate until such time 
as enough of the limiting factor has been accumulated to permit cell division. As 
stated in Section 2.3, this can result in apparent cellular yields that are too large, and 
to an inaccurate analysis of the elemental composition of the cellular fabric. 

3.2.1. Values for the enthalpy, free energy, and entropy of formation m aqueous 
solution of substances utilized or produced during growth, excluding cells. 

Values for the enthalpy of formation of substances in aqueous solution at a 
concentration of other than 1 m are designated by the symbol AfH' since these are 
not in the standard state. These do not change as a function of concentration from 
those of AfH ~ because these latter are at hypothetical infinite dilution. What is 
stated above for values of AfH' is not true of values for the free energy of formation 
of substances in aqueous solution at concentrations other than that of the standard 
state. These are designated by the symbol AfG', and do change with concentration. 
Thus, as the reactants of a growth process become utilized during growth, their 
concentration becomes less and the value for AfG' becomes more negative as a 
function of dilution. The reverse is true for products in solution that are formed 
during growth. The free energy change accompanying dilution can be expressed 
as follows, 

- R T  conc. in std. state �9 activity coeff, in std. state 
AdiiG' - In (10) 

1000 lower conc. �9 activity coeff, at lower conc. 

where AdilG' is in kJ mol -~. The standard state is a hypothetical 1 m solution which 
corresponds to the limiting condition implied by Henry's Law, in which the solute 
has an activity of one (unity). The numerator inside the logarithm in equation (10) 
thus equals 1. If the concentration of the solute in the denominator is sufficiently low, 
its activity coefficient also approaches l, and the activity can be taken equal to the 
concentration. Under these conditions at 298.15 K, 

AdilG' = -2.479 In ( 1 )  kJ mol -I (11) 
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where ao represents the activity of the solute at a concentration, c, that is less than 
1 m. The non-standard free energy of formation of a solute under these conditions 
then becomes 

A ~ ' =  AfG ~ + (-2.479 In ~1 ) kJ mol -l (12) 
a~ 

It is apparent from equation (12) that, if ar becomes sufficiently small, AfG' will 
approach minus infinity; and this is what is to be expected theoretically as the 

substrate of a growth process becomes consumed. The same is true but in reverse for 

products formed de novo at the beginning of a growth process. In either case, 
the true value for AfG' can be found only by integration of the successive AfG' 

values as a function of dilution, the graph of either of which deals with minus infinity. 

Obviously, this will not work practically. However, at a concentration of about 

0.001 m solute, molecules or ions are sufficiently isolated from one another that 

further dilution has little effect on their thermodynamic interactions [35]. This has 

been adopted as the basis of a "microbiological" aqueous standard state that would 

be of more practical use than the conventional aqueous standard state [36]. Substrate 
concentrations of 0.001 m are adequate for growing microbial cells and are similar 

to concentrations of intermediary metabolic solutes found inside of cells. At this 
concentration the assumption can be made realistically that the activity is equal to the 
concentration. At 0.001 m the AfG' values for solutes will be more negative than 
those for AfG ~ by - 17.11 kJ tool -~ . The Gibbs free energy equation with respect to 

the energies of formation of solutes at concentrations less than that of the standard 
state then becomes 

AfG ' =  Afn '  - TAfS' (13) 

Because AfH' = AfH ~ when AfG' becomes more negative, AfS'will become more 

positive, as it would be expected to do because of the dilution of the solute. 

Although the use of a "microbiological" (cellular) standard state with respect to 

0.001 m can be considered an improvement over the use of the conventional aqueous 

standard state, it may not represent the final solution to the problem of the changing 

concentrations of soluble reactants and products during growth in a batch culture. 
This is because there is no evidence at present as to the extent to which the energies 
of dilution of soluble reactants as they are utilized during growth, or the energies of 
concentration of soluble products as they are fonned during growth, have anything 
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to do with the growth process itself. 

3.2.2. Values for cellular enthalpy, entropy, and free energy of formation. 
At the present time, values for the thermodynamic properties of cells cannot 

be found in compendia in the literature. Cells are not pure substances. They have 
some of the properties of precipitates in that they are insoluble (i.e., they are 
visible)[37], and do not have standard thermodynamic properties in the usual sense. 
Nevertheless, a unit mass of anything, impure or otherwise, does have a finite 
enthalpy, entropy, and free-energy of formation, and this also applies to cells. The 
unit mass is taken as the ICCmol, represented here by formula (B). Such a formula 
accounts for more than 99% of the total mass, and formulae of this kind are probably 
the best that can be obtained for something as complex and as variable as different 
kinds of cells. 

To obtain a value for cellular enthalpy of formation, AfHoo..~, it is necessary 
to measure the heat of combustion and to construct an equation representing the 
combustion of a unit mass of cells. For the cells represented by formula (B) an 
appropriate combustion equation is as follows. 

CHl.613Oo.557No.~58Po.o~2So.oo3Ko.ozzMgo.oo3Cao.ool(Cells ) + I. 151 Oz(g) "* 1.000 CO2(g) 
+0.806 H20(I ) +0.079 N2(g ) + 0.003 P40~o(Cr) + 0.003 KzSO4(cr ) + 0.008 K20(cr ) 
+ 0.003 MgO(cr) + 0.001 CaO(cr) (14) 

Larsson [38] has determined the heat of combustion, A~H, of S. cerevisiae cells 
to be -19.44 + 0.17 ( n = 7) kJ (g of whole cells) -~. By "whole cells" is meant 

living cells that have been dried, and not the usual method of cellular 
representation in terms of kJ (g ash-free dry wt)-'. Multiplying this by 26.202 g 
ICCmol-' for the mass of cells represented by formula (B) gives -509.37 kJ 
ICCmol-' as the heat of combustion for the oxidation represented by equation (l 4). 
Using this and the appropriate values from Table 3, AfHoo,~ is calculated to be 
- 133.13 kJ ICCmol ~. The accuracy of this value is a function of the correctness of 

the combustion equation and the accuracy of the heat determination. Equation (14) 
represents that the K +, Mg 2+, and Ca 2+ that were present as ions in the cell are 
present at the end of the combustion as K2SO4(cr ), KzO(cr ), MgO(cr), and CaO(cr). 

This may or may not be true. It has been shown [13] that yeast cells combusted in 
a muffle furnace at 600 ~ give an ash that contains little or no carbon, but that 

cellular combustion at lower temperatures does result in carbon-containing ash. This 
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Table 3 
Thermodynamic properties at 298.15 K and 1 atm. 

Substance Formula State 

AfG ~ AfG" b 

(kJ mol-l) (kJ mol-1) 

AfH ~ AfS' 

(kJ mol-l) (j K-1 mol-1) 

Acetic acid C2H402 aq 
Ammonia NHs aq 

Biphosphate ion H2PO 4- aq 
Calcium ion Ca 2+ aq 

Calcium oxide CaO cr -604.04 

Carbon dioxide CO2 g - 394.36 
aq 

Yeast cells ICUCF s 

IFUCF s 

KCUCF s 

Ethanol C2H60 aq 

Glucose C6H1206 aq 
Glycerol CsHsOs aq 
Hydrogen ion H + aq 

Hydroxyl ion OH- aq 

Magnesium ion Mg 2+ aq 

Magnesium oxide MgO cr - 569.44 

Nitrogen N 2 g 0 

Oxygen O2 g 0 
aq 

Potassium ion K + aq 

Potassium oxide K20 cr -321.84 

Potassium sulfate K2SO4 cr - 1319.59 

Phosphorous decoxide P40~0 cr -2697.84 
Sulfur trioxide SOs g - 371.08 

Sulfate ion SO42- aq 

Water H20 1 - 237.18 

-421.20 

-43.68 
- 1105.66 

-570.65 

-403.13 

- 88.00 

-98.91 

- 86 62 

- 1 9 8 . 0 7  

-931.65 

-514 59 

-17.11 
- 174.40 

-471.91 

-0 .79 

-300.37 

-761.74 

-485.26 

-80.29 
- 1296.29 

-542.83 

-635.09 

-393 51 

-413.80 

-133.13 

- 1 4 3  58 

-131 75 

- 287 02 

- 1263.07 

-676.55 

0 
-229.99 

-466.85 

-601.70 

0 

0 

- 12.09 

-252.38 

-363.15 

-1437.70 

-2984.03 

-395.72 

-909.27 

-285.83 

-151.37 

- 149.82 

-151.36 

a The data for inorganic substances except for oxygen were taken from reference [32], those for 

the organic substances and for oxygen from reference [33], and for K20 and K2SO 4 from reference 

[34]. The methods for calculating the thermodynamic properties of yeast cells are found in Section 
3. 2.2 of the text. 

b It has been recommended [35,36] that AfG'values calculated on the basis of a 0.001 m real 

concentration are more closely representative of the thermodynamic properties of biological 

systems than conventional AfG ~ values. This has been adopted here, and the values in this 

column are therefore 17.11 kJ more negative than those of the aqueous standard state. 
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latter is presumably in the form of carbonates, since potassium carbonate (potash) 
is the major product of the burning of plant materials in a conventional combustion 
using atmospheric oxygen. If combustion in a calorimeter takes place at a 
temperature appreciably lower than 600 ~ the ash may include or consist mostly 
of K, Mg, and Ca carbonates, which is going to give a slightly different heat of 
combustion, even if all the organic carbon has become completely oxidized. The 
organic stflfia" in the cells may be oxidized to gaseous oxides, or may form sulfates. 
In addition, the P4Ol0(cr), which is highly deliquescent, may absorb water as the 
calorimeter comes to a temperature equilibrium after a combustion experiment with 
dried cells, with the formation of H3PO4(cr), H3PO4(1), or a salt of potassium 
phosphate. It is apparent that there is some uncertainty with respect to what goes on 
within a bomb calorimeter during and immediately after the combustion of cellular 
material. The use of a rotating bomb calorimeter would be preferable in this respect, 
but has not been used as yet for this purpose. 

On the other hand, calculations using equations similar to (14) but with carbonates 
rather than oxides have relatively little effect on the heat of formation per unit 
mass of cells. The value for AfH o f -  509.37 kJ ICCmol -~ applies to lyophilized 
cells, and not to cells in their hydrated state as represented in Table 2. It has been 
determined experimentally that the hydration of lyophilized yeast cells results 
in an enthalpy change of less than 90 J g-~ [39]. At the most, this is about 
2.36 kJ ICCmol-~ of yeast cells as represented by formula (B), which is only 0.46 
% of the enthalpy change accompanying combustion and well within the 
standard error of Larsson's [38] analyses. For this reason and as a first 
approximation, the enthalpy change accompanying cellular hydration is neglected, 
although the idea of energies being involved in hydration should not be forgotten. 

The physical entropy of any mass is a function of the quantity of thermal 
energy it must absorb in order to exist at a given temperature above absolute zero, 
the standard temperature usually being taken at 298.15 K for biological purposes, as 
represented by the following equation. 

298.15 

s =  d In T (15) 
0 

where Cp is the heat capacity at a constant pressure of 1 bar of a given mass of 
substance. To obtain a value for cellular entropy, S~,~, it is necessary to use a low- 

temperature calorimeter to measure the heat capacities of a mass of dried cells as a 

function of temperature from the practical lower limit of about 7 K up to slightly 
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more than 298.15 K. An extrapolation of the data to 0 K using the Debye equation 

and a subsequent total integration of the heat capacity data gives the entropy for the 

cellular mass used in the determination. Details of this procedure can be found in 

Volume 1 of this Handbook. Low-temperature calorimeters are intricate and 

expensive, and there are not many of them compared to conventional combustion 

calorimeters. Measurements of complex biological materials have seldom been made 

by the physical chemists who use these instrtnnents. This is largely because 

substances such as cells, proteins, nucleic acids, etc., usually do not occur in the 

form of pure, crystalline solids. Nevertheless, everything has an entropy. At the 

present time, only one cellular entropy detennination has been made, using the yeast 

cells represented by formula (B) [40]. The value measured was 1.304 J K-lg -~ at 

298.15 K which, when multiplied by one ICCmol of 26.202 g, gives a total entropy 
of 34.167 J K -~ ICCmol -l. However, this value is that of the "absolute" entropy 
of this mass of cells, and not of the entropy of formation, AfSr This latter is 

necessary to calculate a value for the free energy of formation, ArGolis. A value for 
AfSr is obtained by means of the following equation, 

AfScens = Sccus - 5.740 nC - 65.34 nH-  102.57 nO - 95.81 nN - 41.09 nP - 31.80 nS 
- 64.18 nK - 32.68nMg - 41.42 nCa (16) 

where S is the entropy of one ICCmol of dried S. cerevisiae cells, and n is the 
subscript for each atom in formula [B] for the cells. The constants 65.34, 102.57, 
and 95.81 are one half the standard entropies of H2(g), O2(g), and NE(g), 
respectively. The other constants are the standard entropies of solid graphite, white 
phosphorous, rhombic sulfur, potassium, magnesium, and calcium. All constants 
have the dimensions of J K-~g at -~. The terms A f S  and S have no superscripts in 
that they represent an impure, solid substance. Using equation (16), AfS~lls is 
calculated to be - 151.37 J K-1 ICCmol-~ The cells to which these entropies 
apply were lyophilized, and there are no experimental data with respect to entropy 
changes accompanying cellular hydration. Just as with the enthalpy of hydration, 
the entropy of hydration is taken to be small, and as a first approximation can be 
neglected. 

It is apparent from the descriptions above that both AfHeell s and AfSeell s a r e  thermal 
quantifies that can be calculated as a result of calorimetric determinations. This is not 
true of the cellular free energy of formation, A f G ~ ,  which is not a thermal 
quantity. However, because of the equivalence of all forms of energy, the free 
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energy of formation of cells can be calculated by means of equation (8) as follows. 

AfG~,,s = -133.13 kJ'ICCmol -I - (298.15 K X -0.15137 kJ'K-l-ICCmo1-1) 
- - 88.00 kJ'ICCmol-I (17) 

The above values for mfGcells, ~kfneells, and AfS~ns are entered into Table 3, along with 

the thermodynamic properties of other substances participating in growth processes. 

3.2. 3. Examples of thermodynamic changes accompanying growth processes. 

Calculations of the thermodynamic changes accompanying the growth processes 

in Table 2 can be made using the appropriate thermodynamic properties in Table 3. 

Values for these changes are also included in Table 2, using the symbols ApG', ApH', 
and Ar,S', where the subscript "p" refers to "process", in recognition that growth is 

a process consisting of a great many reactions, and not a simple reaction. These 

symbols represent what can be regarded as the "true" thermodynamic changes, 
i.e., those occurring within the immediate aqueous environment of the cell 
suspension. The "observed" values would be expected to be slightly different 

because of side reactions that take place within the aqueous environment as the 

reactants are utilized and the products are synthesized. These side reactions also 
include the thermodynamic changes accompanying the reactions O2(g ) ~ O2(aq) 
and CO2(aq) "* CO2(g ) as gas exchanges occur within the culture vessel. Thus, the 

observed enthalpy of growth would be that actually measured if the growth process 

were carried out inside a calorimeter. A close estimate of the observed 
thermodynamic changes can be obtained by using the thermodynamic properties of 
O2(g) and CO2(g) in the equations in Table 2, rather than those for O2(aq)and 
CO2(aq). Of the thermodynamic changes represented in Table 2, it is only ApHm~ t that 

can be measured experimentally. This was done with respect to the growth of S. 
cerevisiae on the four substrates for which growth process equations are shown. 
The average agreement of the calculated values of Ap//m~ t in Table 2 for 

these four growth processes is 1.17 % lower than those that were measured 

experimentally [41]. However, the experimental data show a wide variation, 

possibly because of the use of primitive calorimetric equipment at the time of 

measurement. In the forty years since then the technical aspects of biological 

calorimetry have improved enormously, largely due to the use of solid state circuitry 

which has resulted in a remarkable stability for calorimetric instruments. 
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3.3. Alternate ways of representing cellular substance. 
A careful analysis of the percentages of C, H, O, N, P, and S is absolutely essential 

for accurate thermodynamic studies in that the cellular fabric comprises these 
elements. However, an equally careful analysis of the ions comprising the 
residuum of the cellular dry weight may constitute an unnecessary tedium. 

3.3.1. Values for the enthalpy, entropy, and free energy of formation of  cells from 
which the ions have been theoretically removed 

Although the data in Table 2 represent most closely the mass and energy changes 
that take place during cellular growth using S. cerevisiae as an example, it can be 
argued that the inorganic substances that are present in the cells do not contribute to 
the thermodynamics of growth to any great extent. Because inorganic ions exist in 
solution within the cells as well as outside them in the environment, they can be 
considered to contribute little to overall cellular thermodynamics, even though they 
do contribute to the measured cellular dry weight and entropy. Theoretically 
removing the ions from an ICUCF would leave a formula representing only the 
organic cellular fabric. The ICUCF for S. cerevisiae would then become 

CH 1.61300. 557No. 158P0.012 S 0.003 (c) 

This is an ion-free unit carbon formula (IFUCF) representing an ion-free 

carbon mol (IFCmol) having a corresponding wt of 25.229 g. 
A value for AfH of the cellular fabric represented by formula (C) can be obtained 

by a theoretical oxidation of the cellular fabric using the following equation. 

CHl.6,300.557N0.158P0.012S0.003(cells ) + 1.144 O2(g) ~ 1.000 CO2(g ) + 0.806 H20(1 ) 
+ 0.079 N2(g ) + 0.003 PaO~0(cr) + 0.003 SO3(g ) (18) 

Assuming that the heat of combustion o f -  19.44 + 0.17 (n = 7) kJ (g of whole, 
dry cells) -l (i.e., on a not-ash-flee, dry wt basis) [38] is due only to the organic 

part of the cells, the heat of combustion for one IFCmol of cells would then 
become -19.44 kJ g-l 25.229 g IFCmol -l = -490.45 kJ IFCmol -l. When this value 

is used in equation (18) together with other appropriate values from Table 3, the 
value for AfHIFcxll s becomes -143.58 kJ. It is apparent that this value is significantly 
larger than that calculated using the full ICUCF. 

A value for mfSlFeell s of -149 .82  j K-ICmol -l is obtained using formula (C) 
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and equation (16) but deleting the terms for K, Mg, and Ca. Using equation (8), the 
value for A~Grvc, H~ then becomes -98.91 kJ IFCmol -~. Thermodynamic properties 
of the ion-flee cells are therefore different from those of ion-containing cells, 
because of the use of a different UCF. 

3.3.2. Values for the enthalpy, entropy, and free energy of formation of cells, 
assuming that all ions can be represented by potassium ion. 

Attempting to eliminate the ions theoretically, as in section 3.2.1, requires knowing 
what they are. However, another simplifying assumption can be made that the 
difference between the percentages of C, H, O, N, P, and S as determined directly, 
and the total dry weight is due entirely to potassium ion. This is justified in that, as 
shown in Table 1, potassium constitutes 90% by weight of the cellular ions. If 
potassium ion is taken to be the only ion present, the cellular mass can be 
represented by the following formula. 

CH1.61300.557N0.158P0.012 S 0.003K0.024 (D) 

Formula (D) can be called a potassium-containing unit-carbon formula (KCUCF). 
One potassium-containing carbon mol (KCCmol) is then 26.166 g, as opposed to 
26.202 g for an ICCmol as shown in Table 1, a difference of only 0.13%. A 
value for AfH of one KCCmol can be obtained by a theoretical oxidation of the 
cellular fabric using the following equation. 

CH,.613Oo.557No.158Po.o,2 So.oo 3 Ko.o24 (cells) + 1.150 02 (g) --* 1.000 CO 2 (g) + 0.079 N 2 (g) 
+ 0.806 H20(l) + 0.003 P4Olo(Cr) + 0.003 KESO4(cr) + 0.009 K20(cr ) (19) 

Again using the value of - 19.44 + 0.17 (n=7) kJ (g ofwhole, dry cells) ~ [38], the 
heat of combustion of the cells as represented by equation (19)becomes-  19.44 
kJ g-l 26.166 g KCCmol -~ = -508.67 kJ KCCmol -~. When this value is used in 
equation (19) together with other appropriate values from Table 3, the value 
for AfHKcccn~ becomes - 131.75 kJ KCCmol- ~. 

A value for AfSKccell s o f -  151.36 J K-1 KCCmol-l is obtained using formula (D) and 
equation (16), but deleting the terms for Mg and Ca. Using equation (17), the value 
for AfGKc~ is calculated to be -86.62 kJ KCCmol -l 

Whether approximations such as these can be used to calculate thermodynamic 

changes is purely a matter of the accuracy desired. 



249 

3.3.3. Comparative values for dpG~, and AtrH~t using different representations 
of the unit carbon formula. 

Growth process equations can be written that are similar to those in Table 2, but 
which make use of the modifications in the composition of the cells as described in 
Sections 3.3.1 and 3.3.2. For the IFUCF represented by formula (C) the reactants 
K+(aq), Mg2+(aq), and Ca2+(aq) are omitted from the equations and the 
thermodynamic properties of ion-flee cells are used together with other 
appropriate values from Table 3. For the KCUCF represented by formula (D) 
the simplifying assumption is made that only a small error will be introduced 
if all ions are taken to be K+(aq), and the thermodynamic properties of the K- 
containing cells are used together with other appropriate values from Table 3. The 
results are given in Table 4. It is apparent that directly measuring the percentages of 
C, H, O, N, P, and S (which should be done in any case), and then taking the 
difference between the sum of these percentages and the total dry weight to be K 
to give a KCUCF, gives values that are very close to those obtained knowing more 
about the kind and quantity of other ions with respect to aerobic growth. Of these, 
AfHKccmo, is the most important because of its potential practical use in 
biotechnology in determining the heats of growth of micro-organisms in bioreactors 

and the quantity of energy required to remove it. Values for AfGKccmol and 
AfSKccmo~ have more interest academically with respect to an understanding of 
what is going on thermodynamically during growth processes. As shown in Table 
4, the values obtained with an IFUCF in general deviate more from those obtained 

with an ICUCF than do those obtained with a KCUCF. They are therefore not as 
useful as this last in making thermodynamic interpretations. 

3.4. Other methods of calculating thermodynamic changes accompanying 
growth. 

If they happen to be available, it is always best to use calorimetric instruments to 
measure the thermal exchanges accompanying microbial growth, the combustion of 

dried cells, or entropy determinations. These sorts of procedures have been described 

above. On the other hand, if calorimetric instnunents are not available, there are 

indirect ways of calculating thermodynamic changes that do not require direct 

thermal measurements. These methods constitute what has come to be called 
"indirect calorimetry." Indirect calorimetry does not require the expensive 
calorimetric devices required for direct measurement. Even if calorimeters are 
available, the measurements may not mean a great deal if it is not known 
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Table 4 
Comparison of the calculated thermodynamic changes accompanying growth using an ion- 
containing unit carbon formula (ICUCF), an ion-free unit carbon formula (IFUCF), and a 
potassium-containing unit carbon formula (KCUCF) for the cells. 

Growth on: 
ICUCF IFUCF KCUCF 

A G' Ad-/' A G' Aeq' A G' A:/' met met met met  met  met  

(kJ mol-l) (kJ mol-l) (kJ mol-1) (kJ mol- 1) (kJ mol-1) (kJ mol-l) 

glucose anaerobically 

glucose aerobically 

ethanol 

acetic acid 

-210.41 - 105.40 -216.84 - 111.56 -209.59 - 104.58 

- 1996.95 - 1976.27 -2017.83 - 1996.27 - 1994.31 -1973.62 

-827.42 -883.72 -838.66 -894.48 -826.00 -882.29 

-562.67 -601.86 -569.43 -608.13 -561.81 -601.00 

what is generating the heat and what side effects are affecting the observed 

measurements. Knowing what contributes to the total observed heat exchange is 

useful in this respect. 

3.4.1. Thomton's Rule. 
In 1917 Thornton [42] published the generalization that ACH ~ for many 

organic substances is directly proportional to the number of atoms of O consumed 

during a combustion. This, in various forms, has come to be called "Thornton's 

Rule." Shortly thereafter [43] the same idea was extended to correlate the heat of 

combustion with the number of electrons transferred to oxygen, with the finding that 

Adr-/could be approximated closely by multiplying this number by 108.99 kJ. More 

recently, Thornton's Rule was reviewed and calculations made with 488 
substances of all kinds containing C, H, O, and N for which Adr-/~ is known [44]. 

An average of these data gave a value o f -  111.40 kJ eq-l and a linear regression 

a value of - 110.88 kJ eq-i. Since there was no reason to believe that one of these 

results was "better" than the other, these values were averaged to give - 1 1 1 . 1 4  kJ 

eq -1 as a general value that could be used for organic substances of all kinds [8]. 

Cellular fabric contains P and S in addition to C, H, O, and N, but P is present in 

its highest oxidation state and the quantity of S is always very small, even though 

it is oxidized during combustion. The ions in cells are not fu~her oxidized. When 
- 111.14 kJ eq-1 is multiplied by four electrons required to reduce O2(g) to H20(1), 

a value o f - 4 4 4 . 5 6  kJ mol -l O2(g) consumed during combustion is obtained, 

called the oxycaloric equivalent, (Aj-/~2), where the subscript "c" indicates that 

the value came from bomb calorimetric combustion. It is important to distinguish 
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distinguish between bomb calorimetric and biological oxidations, as pointed out in 
Section 2.4.5., because of the greater number of electrons transferred to oxygen 
during a bomb calorimetric oxidation. 

3.4.2. Using Thornton's Rule to calculate AfHcxus. 
Multiplying the AoHvalue for the combustion of dried S. cerevisiae cells 

o f -  19.44 kJ g-~ [38] by the mass of one ICCmol of cells from Table 1 gives a value 
of-509.37 kJ ICCmol -~. Using equation (2), 4.577 eq are transferred to O2(g) 
during the bomb calorimetric combustion of one ICCmol of cells. Dividing 
-509.37 kJ ICCmo1-1 by 4.577 eq ICCmol -~ gives - 111.29 kJ eq -~. This is within 
0.13 per cent of the value o f -  111.14 kJ eq-~ from Section 3.4.1, indicating that this 
latter can be used to calculate a A j-/value for one ICCmol of whole, dried cells in 
general. When this is used with the appropriate data from Table 3 in an equation 
similar to equation (19), a value can be calculated for AfHr162 This latter value can 
then be used together with appropriate values from Table 3 in process equations such 
as those in Table 2 to calculate values for ApHan or ApHmo t for aerobic or anaerobic 
growth processes without the necessity of using a calorimeter. If it is accuracy that 
is desired, these are the methods of choice. 

3.4.3. Another way to calculate ApHme t. 
Although it is best to pay attention to all possible detail in comprehending the 

various aspects of the thermodynamics of microbial growth, this is not always 
practical to do. If maximum accuracy is not required and only a close approximation 
is needed, it is more convenient to obtain an estimate of ArJ-/mo t directly, rather than 
to go through the steps outlined in Section 3.4.2. This is to measure the oxygen 
consumption of a microbial culture directly and to use an oxycaloric equivalent, 
AkH ~,  to calculate the quantity of heat produced [45], where the subscript "k" 
indicates that this heat exchange is the result only of the catabolism that takes place 
during metabolism. The assumption is made that the contribution of Adr-/'a, to ApHmo t 
is negligible, and this is true within about two per cent for most aerobic growth 
processes. The value used for Ak/-/~2 can be obtained most accurately by writing the 
equation representing the oxidation in the aqueous state of the substrate being 
utilized, calculating the accompanying non-conservative heat production using 
appropriate values from Table 3, and dividing this value by the number of 02 
molecules participating in the oxidation. For example, in Table 2, Aj-/~c for 
glucose oxidation is -2862.17 kJ tool -1 which, when divided by 6 molecules of 
O2(aq) utilized in the oxidation gives a value for A/-/' of -477.03 kJ tool -l of 
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O2(aq). If this is equated with AkH~2 and multiplied by 4.050 mol of O2(aq) 

consumed during metabolism, the value for AkHt~ 2 becomes - 1931.97 kJ. The same 
value is obtained for aerobic glucose catabolism in Table 2. On the other hand, the 
value of Ap/-/mr for aerobic growth on glucose from Table 2 is -1972.94 kJ. The 
value for AkH~2 is thus about 2% too low if this is going to approximate that of 

metabolism, which is not at all unreasonable, considering the ease with which it 

A ' can be obtained. Values for kilo2 obtained by calculation using equations 

representing oxidation do vary, those for ethanol and acetic acid being-453.93 

kJ and-444.91 kJ, respectively. These procedures work well when the nature 
of the substrate is known and values for thermodynamic properties are 
available. If a complex rather than a defined culture medium is used and the 
nature of the substrate is not known, as with nutrient broth, yeast extract, blood, 

, H f  coconut milk, etc. a reasonable estimate for A k 02 must be used. The value 
for Ae/t-/c~ 2 of-444.56 kJ from Section 3.4.1 is not suitable in that it represents 
a bomb calorimetric rather than a biological oxidation, which would give a 
more negative value. The AkH~32 value o f - 4 7 7  kJ obtained for glucose is high 
compared to that of other common substrates such as those above for ethanol and 

acetic acid as representatives of more reduced and more oxidized substrates. 

Simply averaging the highest (glucose) and the lowest (acetic acid) in this case would 
give a reasonable value for Ak/~2 o f -  460 kJ that could be applied without an error 

of more than 4 per cent to most culture conditions involving undefined substrates. 
On the other hand, a AkHo2 value o f -450  kJ + 22 kJ Cmol-1 has been calculated 
for protein [45], and a Adtto2 value of-455 + 15 kJ mo1-1 for the bomb calorimetric 

combustion of the major compounds in plant metabolism [46]. 

3.4.4. Calculating values for AfGr162 , AoG'~, and ApGm~t. 
These values are not thermal quantities and cannot be measured calorimetrically. 

They can be determined experimentally only by measuring the heat of combustion 

and the entropy of one ICCmol of cells, and using the Gibbs free energy equation to 

calculate values for AfG~r A pG'an , and A pGme t. On the other hand, the same 
methods used for determining the value of Aj-/r to b e -  111.14 kJ eq -~ can 
be used for determining a value for A,Gr where the subscript "c" indicates 

that this value came from bomb calorimetric combustion. This was done with 
respect to 288 pure substances containing C, H, O, and N for which A~G ~ is known 
[47]. The average value of Ar ~ was -108.74 kJ eq -1 and a linear regression run 
through these data gave - 107.06 kJ eq -1. As with AcH eq -1, one of these values is 
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no "better" than the other, and these were averaged to give a general value of 

-107.90 kJ eq -~ [48]. It might seem that because this technique appears to 

work well for determining values for AfHoo,~ using equation (18) and appropriate 
values from Table 3, it would also work for determining values for AfG~o,s. It 
doesn't! The value for AfG~ns from Table 3 was calculated with the Gibbs free 

energy equation using values for AfHcxHs and A f S c e l l  s that were calculated from 
experimental thermal measurements. On the other hand, multiplying - 107.90 kJ 
eq -~ by 4.577 eq ICCmol -~ gives a value for ACGr162 of-493.96 kJ ICCmol ~ . Using 

this value and other appropriate values from Table 3, AfGr is calculated to be 

- 108.61 kJ ICCmol-~, which is high compared with similar values in Table 3. Using 

this and the value for AfHr of-133.09 kJ ICCmol -~ from Table 3, AfSr162 is 
calculated as follows. 

A f G e e i l  s = AfHce l i  s - TAfSce l l  s (20) 

- 108.61 kJ ICCmol -~ - - 133.09 kJ ICCmol -~ - 298.15 K A f S c e l l s  , from which 

m f a c e l l  s - -  - 82.11 J K-l ICCmol-I 

In equation (20) superscripts are not used because cells have no standard state. The 
value for AfS calculated above is about half of that obtained from experimental 

measurements, which are taken to be correct. The reason for the failure of this 

calculation is uncertain. The experimental measurements of cellular entropy were of 

polymerized cellular fabric (i.e. proteins, phospholipids, nucleic acids, cell wall 

material, etc.), whereas the value found with equation (19) made use of ACG ~ values 

for small molecular weight molecules to obtain a general value for Ar eq -~ that 
could be used to calculate a value for AfGo~,~. Adding the free energy of 
polymerization would increase the value for ACG ~ and would lower the value for 

AfGr On the other hand, there was no need to do this when calculations 
were made using the methods described in Section 3.4.2. 

3.5. The efficiency of growth. 
The quantity of biomass or other organic substance produced during growth 

is more or less proportional to metabolic or catabolic free energy change, or 

metabolic or catabolic enthalpy change. Entropy changes have never been 

considered in this respect. Efficiency can be expressed as the fraction of energy 
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initially available that becomes conserved within the substance of a biomass 
and/or organic product. Thus, for the conservation of energy in a growth process 

7 6  ~ 

A G '  - A G '  p NC p met 

A p G N c  
(21) 

where r/~ represents the efficiency of free energy conservation within the biomass 
and other organic products [49]. Similarly, 

ZXd-/mo, 
(22) 

where r/n represents the efficiency of enthalpy conservation within the biomass 
and other organic products [41 ]. Other types of efficiencies are also possible, and a 
description of these can be found in reference [19]. Efficiencies of entropy 
conservation have not been dealt with largely because their units are three orders of 
magnitude smaller than those of free energy or enthalpy, and small inaccuracies in 
either of these latter cause large inaccuracies in the calculation of entropy changes. 

3.5.1. Calculating electron conservation efficiencies for aerobic growth processes. 
The difficulty with efficiencies as represented by equations (21) and (22)is 

that they have different values, whereas it would be expected that some form of 
energy conservation efficiency exists having one value from which all other 
efficiencies can be derived by using appropriate constants. The answer to this 
appears to be the electron conservation efficiency [50-55]. This is the number of 
electrons conserved within a biomass or other organic product during a growth 
process. The transfer of electrons from electron donor to electron acceptor is the 
common denominator for all O-R reactions, including the growth of microorganisms. 
If cells are the only product, as otten happens in aerobic growth, the electron 
efficiency can be represented as follows. 

~TAEcells - -  

M YC r AlZr 

AEsub (23) 

where r/A E is the efficiency of electron conservation within the cellular fabric formed 
during a growth process. A similar equation would apply to the efficiency of electron 
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Figure 2. A linear regression in which the number of electrons conserved in the fabric of the cells 
is plotted against the number of available electrons per mol of substrate for the growth 
of S. cerevisiae anaerobically on glucose [A] and aerobically on acetic acid [B], ethanol [C], and 
glucose [D]. The slope of the line is 0.331, the Y-intercept is -0.072, and the correlation 
coefficient is 0.997. Note that points A and B are almost identical. This is because the respective 
non-conservative processes both transfer eight available electrons, and because the composition 
of the cells is the same for both growth processes. 

conservation within the substance of other organic products. 

3.5.2. Calculating free energy conservation efficiencies for  aerobic growth 
processes. 

For the aerobic growth of S. cerevisiae on glucose as represented in Table 2 

MYC~, ,  AE~,~ 1.914 (4.079 AE ) 
r/AE~,~ = = = 0.325 (24) 

AEsu b 24 

It is apparent that this is numerically the same value as San, which is to be expected 

in that 0.325 mol of glucose contains 0.325 of the number of electrons in one mol of 

glucose. Figure 2 shows that the conservation of AE within cellular fabric is 

independent of  the nature and of  the overall metabolism of the electron donor. 

This is true even during autotrophic growth when the electron donor is an inorganic 

substance such as H2(aq) and the carbon source is CO2(aq), so that there is 
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no substrate performing the functions of electron donor and carbon source in the 
usual sense [56]. However, equation (23) will not by itself enable a calculation to 
be made of the free energy and enthalpy conserved because it does not take 
into account the energy charges per electron of different electron donors. 

The equations in Table 2 representing anabolism are constructed so that the 
quantity of anabolic substrate and the quantity of cells produced are electron 
equivalent. This means that if all electrons have the same energy charge, there would 
be no thermodynamic changes accompanying anabolism, and ApG'~., ArJ/'an, and 
ApS'~. would all be zero. This is not the case because the energy charge of the 
electrons within a substance is different, depending on the substrate [55]. For 
example, in the biological oxidation of glucose 24 electrons are transferred to O2(g) 
with an accompanying ACG' of-2905.47 kJ mol -~. The average free energy charge 
of each electron is therefore - 121.06 kJ eq-i. For the biological oxidation of ethanol 
and acetic acid these values are - 109.78 kJ eq -~ and - 107.23 kJ eq -l, respectively. 
These differences are reflected in the sign of the energy changes accompanying 
anabolism. The following equation represents the biological oxidation of one 
ICCmol of cells represented by formula (B). 

CHl.6,3Oo.557No.,58Po.o,2 8o.oo3 Ko.o22 Mgo.oo 3 Cao.oo,(cells ) + 1.02602(aq) ~ 1.000 CO2(aq) 
+ 0.547 H20(I ) + 0.158 NH3(aq) + 0.012 H2POg(aq) + 0.003 HS- (aq) + 0.022 K+(aq) 
+ 0.003 Mg2+(aq) + 0.001 Ca2+(aq) + 0.015 OH-(aq) (25) 

With the appropriate data from Table 3, the free energy change (A~G',~,s) 
accompanying the process represented by equation (25)is  calculated to be 
-475.44 kJICCmol -~ Using equation (1) the biomass represented in equation 
(25) contains 4.079 AE. The average free energy charge for this biomass is then 
-475.44 kJ ICCmol -l + 4.079 AE ICCmo1-1 = - 116.56 kJ AE -l IfAcG'AE -I for 

the substrate is less than that of the biomass, free energy will be required for 
anabolism and the sign of ApG~ will be positive. If A~G' AE -~ for the substrate 

is greater than that of the biomass, free energy will be lost as heat and entropy 
during anabolism and the sign of ApG'an will be negative. These relationships will 

also apply to the production of an organic product during metabolism. The quantity 
ACG'AE-l is a constant for any given substance, as is ACH'AE -~ . A calculation of rig 
can be made using equation (23) if AEr162 s is multiplied by A,G'r AE -l and if mEsu b 

is multiplied by ACG'~,b AE-I. For the aerobic growth of S. cerevisiae on glucose 

as shown in Table 2 
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' m E  cells) MYC~,,~ AEo~,~ (ACGr162 -1 
r/~=,~ = �9 (26) 

t -1 
g E s u  b (AcG~u b m E  sub) 

This reduces to 

MYC~nsA~G~,~ 1.914 (-475.44 kJ ICCmol -l) 
r]Gcells "- -- "-- 0.313 (27) 

AoG'~ub -2905.47 kJ mol -~ 

Because r/o represents the fraction of the free energy from one mol of substrate that 

is conserved within the structure of the cells, if there are no other organic products 

of the growth process the fraction (1-r /~)  must be that of the free energy 

that is lost during metabolism. Thus 

ApGmr = (1 - r/~) ApG~c = (1- 0.313)(-2905.47 kJ mol-') 

= - 1996.06 kJ mol-~ of glucose consumed. (28) 

This value is nearly identical to that of -1996.95 kJ m o l  -I in Table 2. It should 

be the same and probably differs because of the use of fractional numbers 

rather than small whole numbers in the calculations. 

3.5.3. Calculation of enthalpy conservation efficiencies for aerobic growth 
processes. 

The same methods used above in Section 3.5.2. for calculating free energy 

conservation efficiencies can be used to calculate enthalpy conservation efficiencies. 

Using appropriate data from Table 3, the enthalpy change (Ad-/'r162 accompanying 

the process represented by equation (25) is calculated to b e - 4 6 3 . 8 9  kJ 

ICCmol -l. For the growth of S. cerevisiae aerobically on glucose as represented in 

Table 2: 

MYC~r A~/'r162 1.914(-463.89 kJ ICCmo1-1) 
rlmr = = = 0.310 ; and (29) 

A~-/'su b - 2862.17 kJ mol-l 

ApHme t = ( l  - r]H)ApHNc -- ( l  - 0 . 3 1 0 ) ( -  2862.17 kJ mol-1) 

= - 1974.89 kJ mol -I of glucose consumed. (30) 
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This value is nearly identical to that o f -  1976.27 kJ mol-1 in Table 2. 
It is evident from equations (23), (26), and (29) that there are three different values 

for efficiency with respect to the aerobic growth of S. cerevisiae on glucose. 
However, both r/~ and r/H can be derived from r/A E through the use of the appropriate 
constants and therefore r/AE must be considered the most basic efficiency of the 
three. It can be asked, even if this is true, what good is it? The answer can only be 
that for one purpose or another, it may be useful, and at the least, dealing with this 
concept will increase our general comprehension. 

3.5.4. Calculating electron conservation efficiencies for anaerobic growth 
processes. 

For anaerobic growth processes no AE are transferred to O2(aq) as a result of a 
biological oxidation, even though a biological oxidation does occur. Nevertheless, 
AE can be used to indicate the relative energies in substances. This can be 
demonstrated using as an example the anaerobic growth of S. cerevisiae on 

glucose which is represented in Table 2. Here, all the organic substances formed 
during growth must be considered products. The efficiencies of electron 
conservation for anaerobic growth are calculated just as for aerobic growth 

processes. 

MYCr162 AEr 0.590 (4.079 kJ ICCmol-l) 
q~r162 = = = 0.100 

AE~u b 24 
(31) 

MYCgly Aggly 0.432 (14.000 kJ ICCmol-1) 
~TAEgly-- = -- 0.252 (32) 

AEsu b 24 

MYC~t h AE~t h 1.300 (12.000 kJ ICCmo1-1) 
qAV_~th = = = 0.650 (33) 

AEsu b 24 

Total qAE 
= 1.002 

The total electron conservation efficiency equals 100 per cent (or should) because 

no AE have been lost from the system. The efficiency comparable to that for the 

aerobic growth of S. cerevisiae on glucose would be expected to reside in those 
organic products of the growth process that are different from that produced in the 
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anaerobic catabolic process, which in this case is ethanol. Thus, the sum of 0.100 

and 0.252 as the efficiencies calculated with equations (31) and (32), respectively, 

gives 0.352, which is reasonably close to that of 0.325 from equation (24). Here, the 

same substrate is being used to form cells with the same composition both 
aerobically and anaerobically. Theoretically the two values might be expected to be 

the same. That they are not is because only a part of the electrons is conserved in the 

cells. The rest is conserved in another product, glycerol, which is much more reduced 
than the cells ( y =  4.666), which raises the value of the total electron conservation 
efficiency. Or, it may be due to an inaccurate analysis either in the quantity of 
glycerol, or in failing to find small quantities of other products. 

3.5.5. Calculating free energy conservation efficiencies for anaerobic growth 
processes. 

Values for the free energy and enthalpy conservation efficiency during anaerobic 
growth can also be calculated using the same methods as for aerobic growth. To 
calculate free energy conservation efficiencies 

For the cells produced during growth 

MYC~lls A,G'~ll~ 0.590 (-475.44 kJ ICCmol-1) 
qC~ll~ = = = 0.097 (34) 

AcG'sub -2905.47 kJ mol -~ 

For the glycerol produced during growth 

! MYCgly Ar 0.432 (-1640.75 kJ mol -l) 
r ] G g l y  = - -  = 0.244 (35) 

A~G'su b - 2905.47 kJ mol-1 

For the ethanol produced during growth 

! MYCeth AcGeth 1.300 (- 1317.36 kJ mol-1) 
r/~th = = = 0.589 (36) 

Ar b -2905.47 kJ mol -I 

Total r/~ 0.930 

The sum of the above values represents the total free energy conservation 
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efficiency. The fraction of the free energy that is lost during metabolism must then 

be (1 - 0.930). From this 

ApG'et = (1 - 0.930) A~G~c = 0.070 (-2905.47 kJ mo1-1) 

= -203.38 kJ mol -l of glucose consumed. (37) 

This value agrees satisfactorily with that for ApG~c o f -  210.41 kJ mol-1 in Table 2. 

3.5.6. Calculating enthalpy conservation efficiencies for anaerobic growth 
processes. 

For the cells produced during growth 

MYC~,s AoH~l~s 0.590 (-463.89 kJ ICCmol -~) 
r&~ll~ = = = 0.095 (38) 

Aeq'sub - 2862.17 kJ'mol-' 

For the glycerol produced during growth 

MYCg,y Ac//tgly 0.432 (-1665.85 kJ mol -l) 
T]Hgly = i --- 0.251 (39) 

Aff-/'~u b - 2862.17 kJ mol-t 

For the ethanol produced during growth 

M Y C e t  h A e/- / ; t  h 1.300 (- 1361.80 kJ mol-l) 
r/ruth = = = 0.618 (40) 

Acm'su b - 2862.17 kJ mol-l 

Total r& 0.964 

The sum of the efficiency values above represents the total enthalpy conservation 
efficiency. The fraction of the enthalpy that is lost during metabolism must then 
be (1 - 0.964). From this 

A p H m e  t - (1 - 0.964) Ar = 0.036 (- 2862.17 kJ mol-') (41) 

- - 103.04 kJ mol-~ of glucose consumed. 
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This value agrees satisfactorily with that o f -  105.40 kJ mol-1 from Table 2. 

3.5. 7. Why calculate efficiencies? 
The calculation of efficiencies is largely of academic interest, although this can 

have a practical application. It is apparent from this section that there are several 
types of efficiencies that are useful, depending on what one wants to do with them. 
The electron conservation efficiency is certainly the most basic in that the 
other efficiencies can be derived from this using the appropriate constants. The 
very high correlation coefficient with respect to the data in Figure 2 indicates a 
strong relationship between the number of AE in the substrate and that in the cells 
that are grown. This suggests that at least for microorganisms different organic 
substrates become converted to one or a few common forms of about the same level 
of reduction, which then enter into anabolism. Biochemists have known this for 
years, but have not applied it to the overall synthesis of cellular fabric. 
Calculating the efficiency of free energy conservation focuses on the idea that during 
a growth process non-thermal energy becomes converted into thermal energy, and 
the available free energy is the only source of this heat. But, the free energy changes 
accompanying anabolism can be either plus or minus a certain amount, and it is 
not the absolute value of the free energy change that is important. Calculating 
the efficiency of enthalpy conservation or loss has obvious practical advantages with 
respect to the quantity of heat given off during growth in a culture vessel or a 
bioreactor. 

3.6. A comment  on entropy. 

Recently there has been a resurgence of interest in the function of entropy in living 

systems, initiated by the fi~ieth anniversary of the publication by Schrrdinger of his 
well known book entitled "What is Life" [57]. 

In the process equations in Table 2 an attempt has been made to present the 

changes both in substance and in energy that accompany the growth of S. cerevisiae 

as a representative micro-organism. One of these energy changes is that of entropy 

and it is evident that, as with any closed system, the entropy changes that occur as 

a growth process system proceeds from its initial to its final state can be plus, minus, 
or zero, although this last is not seen here. 

For better or worse, many meanings have arisen as to the concept of"entropy." 

The principal idea that is usually expressed is that entropy represents a degree 

of "randomness," or "probability" with respect to something being studied. This 
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idea presents the problem of comprehension that neither randomness nor probability 

has dimensions, and no obvious connection with the values of TAS found in 

Table 2. In statistical mechanics the dimensions of J K -~ mol -~ (of whatever 

mass) are introduced into equations having probabilities through the use of the 

Boltzman constant. But, it is difficult even to conceive of what the probability 

states of a cell might be. That physical entropy is a quantity of heat is often not 

emphasized. Heat is thermal energy that is exchanged between two masses because 

of a temperature difference between them. It is also the form of energy that must be 
absorbed by a given mass in order for it to exist at a given temperature above 

absolute zero, as mentioned in Section 3.2.2. At any temperature above 0 K 

everything has an entropy that is a function of its heat capacity. Thus, entropy is 

absorbed thermal energy. If it isn't absorbed, it is heat. Entropy can be acquired 
by a mass or lost from it as a result of a temperature change. This phenomenon is one 
of the few, perhaps the only one, that can be considered completely reversible. 
Exactly the same quantity of heat is always required to be absorbed by a given mass 
in order to raise it by a given temperature increment, or is lost from it if the 
temperature of the mass is lowered by a given increment. Entropy cannot be 

considered to be "bound" energy in the sense that chemical energy is. Entropy is 

thermal energy. Chemical energy is non-thermal energy. If work can be defined 

as non-thermal energy that is exchanged between two masses because of a force 
exerted between them, then no work is required when a mass acquires entropy, or 
when entropy is lost from a mass. At a constant temperature, growth process system 

entropy changes do occur, as seen in Table 2. This is not because of temperature 

differences, but because of a change in the physical nature of the system. If a given 

quantity of a substrate such as glucose disappears from a growth process system 

because it is metabolized at a given temperature, an exact quantity of entropy is lost 

into the system as heat. If organic substances are produced during metabolism, such 

as cells, in order for these to exist at the constant temperature of the system heat 

must be absorbed, and this thermal energy becomes an exact quantity of entropy. 

The overall change in entropy of a growth process system as it proceeds from an 

initial to a final state is because of the disappearance of reactants and the formation 

of products, all of which have their own specific physical and thermodynamic 

properties. Thus, if more entropic heat were to be lost from the reactants than was 

absorbed by the products, there would be a quantity of heat contributing to the 

enthalpy change in addition to that due to the change in free energy, and the total 
quantity of heat transferred would be greater than the quantity of free energy 
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degraded into heat. The reverse would be true if less entropic heat were to be lost 
from the reactants than absorbed by the products at the given temperature. This is 
expressed by ttmfing around the Gibbs free energy equation. 

(42) 

If TApS is negative, ApH > ApG, if TApS is positive, Ap/-/< ApG. This is simply 
to point out that there are two components to the enthalpy change. If the sign 

of ApG is negative all of this non-thermal energy becomes converted into thermal 

energy. For growth processes this quantity of heat is always large enough that 

a positive TApS will not cause ApH also to become positive. For example, in the 

case of anaerobic growth on glucose in Table 2 the enthalpy change is only 
about half that of the free energy change because of a large, positive entropy 
change. 

It is important to realize that the physical entropy considered here is not something 
that is consumed or produced. Entropy can only exist as absorbed  thermal energy. 

Lost entropy is heat. As entropy, it cannot be transported across the limiting 

boundaries of a closed system. If entropy is transported, it can only be as thermal 

energy absorbed by a given mass at a given T. If the mass cannot be transported 
across a limiting boundary, neither can the entropy associated with it What is 

transported across this limiting boundary is heat, because of a transient temperature 

difference between a growth process system and the environment. This continues 

until the final state, after which temperature equilibrium with the environment 

becomes re-established. 

What happens to the thermal energy when it enters the environment is anyone's 

guess. Conventional theory maintains that it heats up the universe, thereby increasing 

its entropy. However, this could only happen if the heat energy lost from the system 

is absorbed; otherwise, it remains as radiant energy. Another question is whether or 

not the entropy change of a spontaneous process taking place within a system must 

be negative, in order that the entropy of the universe will increase and, as a result, 

become more random. This does not happen in the case of yeast cells growing on 

glucose, in which the entropy changes accompanying metabolism are positive, as 

shown in Table 2. On the other hand, they are negative for growth on ethanol and 

acetic acid. This indicates that the passage of a growth process system from its 

initial state to its final state is not dependent on the sign of the entropy change of 
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the system. What is more likely is that growth is dependent on the tendency of 
electrons in the outer orbitals of the atoms in a growth process system to become 
rearranged or transferred from a less probable to a more probable condition (state), 
irrespective of the entropies and the related entropies of formation of the reactants 
and products, including cells [55]. The question then becomes whether the less 
probable electron configuration in the initial state represents a greater organization 
than the more probable electron configuration in the final state. 
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1. INTRODIICTION: I~PPI,ICATIONS OF CA1,ORIMETRY IN 
BIOCHEMICAL ENGINEERING 

1 . 1 .  Cooling requirements 
Heat production by inicroorganisins addresses the iniportaiit problem of heat 

removal in industrial large scale bioreactors. In fact, tlie lieat flow rate increases 
with the reactor volume, whereas transfer of heat to tlie environment increases 
only with tlie surface. The voluine/surface ratio decreases with increasing re- 
actor size, and may even be limiting. Adeqiinte lieat reinoval requires the in-  
stallation of lai-ge cooliiig coils in industrial systeins. 

A yeast cuntinuous cultru-e gi-owing aerobically on glricose (feed concentra- 
tion of 20 g produces 3.4 W din-' at a dilution rate of 0.10 11-' (for a heat 
yield on substrate of 185 kJ C-inol-I). If the heat is not reinoved (adiabatic re- 
actor), the temperature of the reactor will increase by as inuch as 2.6"C 1i-I. 

These figures show the nec.essity to remove efficiently heal in aerobic processes 
[ I  I ] .  If the same culture is gruwn anaerubically, the heat fluw rate will signifi- 
cantly decrease due to the low lieat yield on glucose. However, the rate of tcm- 
peratiire increase is about 2.5"C 11.' for a feed concentration of 700 g d i i 3  ( e . g  
inolasses), iiidicatirig (hat aiiaei-obic processes 011 glucose are shiected to heal 

*present address Center for Process Biotechnoloyy. Denmark Technical University. DK2800 

Lyngby, Denmark 
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removal problems as soon as the substrate concentration is high. An example is 
“heat accident” in wine making when adiabatic fermentor temperature in- 
creases above an unfavorable value for fermenting yeast. 

1.2. Data consistency 
Gross measurement errors are easier to detect when several elemental bal- 

ances (for carbon, nitrogen, degree of reduction) can be checked. Because heat 
(enthalpy) is an extensive variable, an energy balance can be set-up around the 
reactor boundary considered as an open system. Therefore heat can be used to 
check that no major substrate or product has been neglected. 

1.3. On-line monitoring and control of bioreactors 

The heat flow rate corresponds to the heat released by the growth reaction. 
By analogy with chemical processes, heat flow rate is used to monitor [2,3] or 
control [4] biotechnological processes, and is of special interest as few other 
on-line measurements are available (e.g. during methanogenesis). 

1.4. Thermodynamics of living systems: What is measurable ? 

Biological activity is the result of the coupling between fueling reactions 
(catabolism) which are exergonic and biosynthetic reactions (anabolism) which 
are endergonic. The Gibbs energy function, A r c ,  is the respective driving force 
generated and dissipated by these reactions. Although ArG is the fundamental 
thermodynamic variable sustaining growth, only enthalpy change of reaction 
( A f l  is measurable by calorimetry (temperature change or heat flow). The fun- 
damental relation between ArG and AJ is, 

ArG = AJ - TAJ 

where T is the system temperature and AJ the entropy change of the reaction. 
Growth is a redox process associated with Gibbs energy dissipation [ 5 ] .  In 

general, negative ArG changes are associated with negative A , H  measurements 
and thus with heat flow rate (if no work is performed). Heat is released by al- 
most all biological processes as a consequence of Gibbs energy dissipation to 
sustain thermodynamically unfavorable reactions. Dissipation is the cost to per- 
form non-spontaneous redox reactions. However, thermodynamic analysis of 
growth concerns only Gibbs energy, the driving force of chemical reactions. 

Historically, Lavoisier was the first who related respiration to combustion, a 
famous picture being his experiment of placing a bird under a glass bell. After a 
couple of minutes the bird died under the sorry eyes of the assistant, as a candle 
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stops to burn. Similarly, he reported the relation between heat generation and 
metabolic activity. In fact, heat flow rate provides an estimator of the biological 
activity. 

The aim of this contribution is to show the application of fundamentals of 
thermodynamics to biochemical engineering. The connection between different 
measurements is inspected at the reactor scale. The reader is referred to refer- 
ences [6,7] for a discussion of notations and terminology. 

2. HEAT FLOW RATE MEASUREMENT 

Only the enthalpy of reaction is measurable in calorimeters by measuring the 
energetic change in the reaction broth. A review of the different types of calo- 
rimeters is available in [S-101 and in this Volume. Some types of calorimeters 
used for biotechnological applications will be briefly described. 

2.1. Heat conduction calorimeters 

In heat conduction calorimeters, the heat flow rate produced inside the reac- 
tor is transferred to the surrounding thermopile wall [ l  1-13], leading to a volt- 
age signal (V) proportional to the heat flow rate (dQ/dt), 

dQ V = k -  
dt 

where the proportionality constant k can be experimentally determined by cal i- 
bration. Heat conduction calorimeters have a low detection limit, but identifi- 
cation of any change in the heat flow rate is slow. Therefore this type of calo- 
rimeter is suited to slow processes producing low amounts of heat. 
In order to circumvent the low flexibility of use of the heat conduction calo- 
rimeters, a conventionally equipped bioreactor is coupled to a small heat con- 
duction calorimeter [ 141. The by-pass enters the calorimeter and heat produc- 
tion is measured by the difference between the voltage signal measured be- 
tween the reaction chamber and the reference vessel. The advantage of this con- 
figuration is the concurrent operation of the bioreactor in a classical fashion and 
the measurement the heat flow rate with a low detection limit (2-3 mW dm-’). 
However, the by-pass leads to a time delay, heat losses are possible and there is 
no proof that environment conditions in the calorimetric chamber are those in 
the bioreactor. In particular, pH and substrate concentrations are certainly dif- 
ferent. 
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2.2. Heat accumulation calorimeters 

Heat accumulation calorimeters are based on a precise evaluation of all the 
heat exchange terms between the reactor and its environment [ 15- 171. For ex- 
ample, Cooney et al. [ 181 measured the temperature increase of an insulated re- 
actor at regular intervals while the cooling system was switched off. The tem- 
perature increase is due to the heat production of growth. Constant contribu- 
tions (e.g., heat losses, feed, . . .) were calibrated before inoculation. Improve- 
ments and modifications by accurate estimation and modeling of all heat fluxes 
were proposed by References [ 19,201. 

2.3. Heat compensation calorimeters 

Heat measurement is based on a enthalpy balance around the reaction vessel 
run at constant temperature. The first application to calorimetry of living or- 
ganisms is certainly the measurement of the heat generated by a Guinea pig re- 
ported in 1780 by Lavoisier and de Laplace [2 I] .  They placed the animal in a 
chamber surrounded by ice and an insulation layer (Figure 1) .  It was assumed 
that ice was the only heat sink and the metabolic activity of the animal the only 
heat source. Therefore, the amount of water collected was proportional to the 
heat produced by the Guinea pig. 

An example of an heat compensation calorimeter is the “reaction calorime- 
ter” RC-I developed by Mettler-Toledo (Greifensee, CH). It consists of a 2 dm’ 
glass reactor surrounded by a double jacket through which oil circulates at high 
flow rate (2 dm3 s-I). The temperature of the oil (T,) is controlled by a PI con- 
troller so that the reactor temperature is maintained at its set-point. The 
TJ-controller regulates an electronic valve mixing warm and cold oil. The dif- 
ference between the measured reactor temperature and the reactor temperature 
set-point determines the jacket temperature set-point by a proportional control- 
ler. Therefore, heat production in the reaction broth leads to an immediate re- 
actor temperature increase which is compensated for by a decrease in the jacket 
temperature. The two control loops are shown in Figure 2, as is the working 
principle of the biocalorimeter [9,10]. The large flow rate and high heat capac- 
ity of the oil circulating ensure that the temperature difference between incom- 
ing and outgoing oil (due to heat removal) is negligible. The difference TR - T,  
is proportional to the heat flow rate through the exchange surface: 

where U is the heat transmission coefficient (W m-2 K-’) and A the effective 
heat transfer area (m2). The coefficient UA can be experimentally determined 
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Figure 1 : The first isothermal reaction calorimeter developed by Lavoisier and 
de Laplace in I780 [2 I ] .  

by monitoring the temperature difference necessary to compensate for a given 
heat output generated by an internal calibration heater. 

If there is no heat accumulation in the liquid phase (T ,  constant), the meas- 
ured flow rate ( QQ) is equal to the heat generated by the microbial growth reac- 
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(Or) plus constant contributions (aase-iine = stirring, losses, ...) that can be 
measured under working conditions before the inoculation. 

The advantage of this type of reaction calorimeter is that it is run exactly as i f  
it were a bioreactor with the constraint that all incoming and outgoing thermal 
flows are monitored or constant (and determined during calibration procedure). 
The set-up shown in Figure 3 includes heating of the top plate to avoid water 
and ethanol condensation, heating and saturation with water of the gas by a 
simple bubble column, thermostating incoming medium flow in continuous 
culture. In addition, torque measurement is possible to correct the base line for 
viscosity change during the culture. 

Figure 2: Principle of the two control loops for the reactor and the jacket oil 
temperature. 

2.4. Dynamic response of the calorimetric measurements 

2.4.  I .  Comparison of the dynamic response of various on-line measurements 

Heat flow measurement can be performed at steady state growth conditions 
(in that case the heat flow signal does not vary with time and is not affected by 
the dynamics of the measurements) or under dynamic growth conditions, for 
example after a pulse of substrate or during a batch experiment. Under dynamic 
growth conditions, an important characteristics of the calorimeter is to provide 
at a given time a signal representing the actual metabolic activity of the culture. 
The heat flow rate indicated by the Calorimeter should change as fast as the heat 
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flow rate of the culture. The difference between the measured heat flow rate and 
the heat production rate of growth reaction is due to the dynamic of energy 
transfer through the inner wall of the calorimeter, the dynamics of oil circula- 
tion, the dynamics of the temperature probes etc. It was shown in references 
[22,23] that the time constants of these phenomena are small. It is therefore not 
a problem to assimilate the measured heat flow rate with the true one. 

The response of the ro2, rco2, pO2, ~r, and YE (ethanol in gaseous phase) 
measured in an aerobic continuous culture of S. cerevisiae subjected to a sud- 
den increase in the dilution rate is shown in Figure 4 for an isothermal reaction 
calorimeter (RC-1, Mettler Toledo) [24]. The rapid increase of the metabolic 
activity should be detected by all the variables. For simplicity of interpretation, 
the measurements were scaled between 0, the steady state level at low dilution 
rate, and 1, the level reached 30 rain after the shift-up. The pO2 profile is paral- 
lel to the ro2 profile. It is clear that the heat measurements give the fastest re- 
sponse: transient response lasted less than 4 min., about half that of the oxygen 
measurements. In fact, heat measurements are affected by the heat transfer 
through the wall and the temperature controller, whereas measurements based 
on gas phase analysis are affected by the time delay until the detection cell, 
mixing in the reactor and mixing in the head space. Dissolved oxygen meas- 
urements are affected by bubble mixing and gas-liquid transfer. 

2.4.2. Time constant of  heat transfer 

The time constant of the heat transfer through the glass wall is calculated 
from the physical properties of the wall [25], 

Z" W = 

L2wPwCp.w (4) 

2w 

where Lw is the reactor wall thickness (m), Pw the density of the reactor wall 

(kg m-~), Cp,w the heat capacity (J kg -~ K -~) and Aw the heat conductivity of the 
reactor wall (W K -~ m-~). For the RC-1 calorimeter, a typical value is 

rw = 0.82 min. 
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Figure 4" Dynamic response of a continuous culture of S. cerevisiae after a sud- 
den increase of  the dilution rate from 0.05 to 0.18 h -~. (11) CO2 production rate; 
( 0 )  02 consumption rate; (A) ethanol vapor content; ( - )  dissolved oxygen; (+) 
heat flow rate, which gives the fastest response [24]. 

2.4.3. Time constant of  temperature control 

The operating principle of the RC-1 has already been presented. The jacket 
set-point temperature is controlled by a proportional controller by the reactor 
temperature. In turn, the jacket temperature is controlled by a PI controller by 
mixing warm and cold oil together. 

The proportional controller affects the estimation of the heat flow rate from 
the temperature measurements during dynamic experiments, i.e. when some 
heat may be accumulated. In fact, the accumulation term in the heat equation is 
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negligible as soon as the system evolves smoothly. However, it may be impor- 
tant during rapid changes in the metabolic activity, for example a fast growing 
batch culture or during transient continuous culture. The energy balance equa- 
tion reads: 

dT R (5) 
4) 0 - UA(TR - Tj) + m Cp dt - qSr + ~basc-line 

The question is to know whether the term UA(TR -T~) gives a good estima- 

tion of the term @Q, and therefore any change in @r provokes a rapid change in 
TR and all the heat is evacuated by the wall and not accumulated. The control of 
Tj reads" 

Tj,sp = TR,sp -+- p ( TR,sp - TR ) (6)  

where p is the gain of the proportional controller. Equations (5) and (6) lead to 
the following solution, 

dTi~ (7) 
(Do - UA(I + p)(  ~, - ~:,sp ) + mCp dt 

Thus, the time constant of the TR control loop is �9 

7s = 
m C p  

UA(I+ p) 

(8) 

A p p l i c a t i o n  with" m -  1600 g ; Cp 

r = 7 7 s  

- 4 . 18  J g-i K-i  ; p -  10 ; UA - 7.9 W K -~ 

The low time constant of the control loop shows that rapid changes in qs~ 

cause rapid changes in TR: qsQ can be estimated from the difference between TR 
and Tj, and the heat accumulation term will be negligible. 

For a constant {/5o the temperature tends to the following steady state value: 

T R ---) TR,sp 
+ r (9) 

UA( l + p)  
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qSQ p (10) r, Yp.,sp 
UA ( l+p )  

TR is not equal to its set-point even in TR-mode. An offset is introduced by 
the proportional controller. The higher the value of p, the lower the difference 
between set-point and the measured value. The difference in Tj is p times higher 
than the difference in TR. 

A p p l i c a t i o n . "  during calibration, r = ~calibration = 9.7 W 
for U A  = 7.9 W K -l andp  = 10 
TR ~ TR,sp + 0 . 1 1 2  

Tj ~ TR,sp- 1.116 

The reactor can also be run in Tj-mode, i.e. the jacket temperature is kept 
constant. This limits the heat evacuation and the reactor temperature will cer- 
tainly increase more than observed in TR-mode. The heat equation reads as 

Equation (5), but the jacket temperature Tj is constant. If Tj and q~o are con- 
stant, the solution of the heat equation reads, 

(1) ~ > _ m c p d T R 
- + Tj + ( 1 1 )  

UA U A  d t  

The time constant of the system is �9 

mct ,  (12) Z'-- 

UA 

TR tends to the limit �9 

T R ~ TR,sp 
qSQ (13) 
U A  

A p p l i c a t i o n "  m - 1600 g ; c v -  4.18 J g-~ K-~'p, - 10", U A  - 7.9 W K -~ 

r -  845.5 s 

The high time constant of the system shows that a rapid change in q5 o will 

give a slow change in TR" heat accumulates and q5 o cannot be immediately es- 
timated from U A ( T R - T j ) .  
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In conclusion, the heat compensation calorimeter RC-1 run in TR-mode pro- 
vides an excellent on-line signal to monitor rapid changes in the metabolic ac- 
tivity. Especially, it is faster than the gas analyses. 

3. MOLE AND ENTHALPY BALANCES IN OPEN SYSTEMS 

Heat flow rate does not only addresses the important problem of heat re- 
moval in industrial large scale bioreactors, it also provides an estimate of the 
biological activity. The objective of setting-up balances is to measure accu- 
rately any flow in order to quantify the growth reaction rate. 

3.1. System boundary 

Mass and energy balances hold only around the boundary of a system, which 
is normally defined as one microorganism or the bioreactor [6]. Clearly, heat 
flow rate can only be measured for a bioreactor, not for a single microorganism. 
Therefore, molar and energy balances will be measured only for reactors for 
which both matter and energy flow in and out. By comparison, a single micro- 
organism is also an open system and energy flow can be calculated. Figure 5 
depicts the boundary around the reaction vessel considered as an open system 
exchanging matter and energy with its surroundings. The state of the feed is 
liquid for the medium feed and gaseous for the oxygen and CO2. Biomass flows 
out suspended in the liquid phase. 

By comparison, all nutrients are taken up in the liquid state by biomass, as 
are the products released (Figure 6). The gas-liquid transfer as well as the acid- 
basic equilibrium of CO2,1iq/HCO3-,liq does not take place inside the cell but at 
the interface of the liquid and gaseous phases in the reactor. The heat related to 
these transfer phenomena is produced outside the cells but inside the reactor 
boundary. The uptake or release of species in the liquid phase (in dynamic 
equilibrium with the gaseous phase) is due to the cellular metabolism. 

The bioreactor is usually at non-steady-state since accumulation of extensive 
quantities occurs. The fundamental relation for any conserved species (atoms or 
energy) in one phase is: 

ACCUMULATION = INPUT- OUTPUT + REACTION + TRANSFER (14) 

The system is assumed to be well mixed so that no gradients exist inside the 
reactor broth. Mole and energy balance can also be considered around a single 
cell. In this case, the reference state as well as the concentration change for the 
species supplied in gaseous form to the reactor. 



279 

Glucose 
NH4 + 
OH- 
02 

constant energetic 
contributions 

Boundary 

T ; Glucose 
i liquid phase, i Biomass 
'd ...- aaseous phase, , ~ Ethanol 
f " -  microorganisms i v -  NH4+ Acetate contained in the reactor ! 

base-line Heat of reaction 

Figure 5" Boundary around the bioreactor for the set-up of molar and energy 
balances. 

Figure 6" Change of phase for substrates entering the reactor in gaseous phase 
and consumed in liquid phase by the microorganism (gray ellipsis), aq = aque- 
ous; gas = gaseous. 
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3.2. Molar balance 

The relation (14) holds for molar balances expressed in rates (tool s -~) or 
quantities (mol). Reaction and transfer terms are positive (for products) or 
negative (reactants). For example, the reaction rate r, of  a species i found in the 
liquid phase is calculated from Equation (14) as: 

r i -= - F l iq ,  in Ci,liq,in -+- F l iq ,out  Ci,liq - -  k i , l i  q 
d(VliqCi'liq) ( 1 5 )  (' ) a V  1 Ci,li q - -  Ci,li q n t- 

dt 

and 

d V l i q  

dt 
- -  = Fl iq ,  in - F l iq ,ou  t (16) 

The accumulation term cancels at steady state and in the case of  a batch re- 
actor the volume change is negligible. The mass balance for biomass, glucose, 
oxygen in the liquid and in the gaseous phase for a continuous culture at steady 
state are listed in Table 1. No oxygen is consumed in the gaseous phase, since 
only the transfer to liquid phase occurs so that r ( ) > g  = 0. 

The difference between the incoming and the outgoing liquid flow rate is due to 
base and acid adjunction for pH correction, metabolic water production and 
water vaporization. Let us consider a continuous culture of yeast 
(Saccharomyces cerevisiae for example) growing aerobically on glucose (20 
g dm -3) at a dilution rate of 0.10 h -~. If one mole of water is produced per 
C-mol glucose consumed, the metabolic water volumetric production rate will 
be 1.2 ml dm -3 h -l, i.e. 1.2 % of the incoming flow. For base addition compen- 
sating ammonium consumption due to biomass formation, a biomass yield of 
0.6 C-tool C-mol -~ and a biomass nitrogen content of 0.15 mol C-mol -~ are 
used. Thus, the base consumption rate is 6 mmol dm -3 h -~, corresponding to 3 
ml dm -3 h -~ for a base stock solution of 2 M. Water vaporization is normally not 
a problem if the reactor is equipped with a condenser and if the water reflux is 
total. Nevertheless, in the worst case off-gases are not condensed and the water 
vapor content at 30~ is 4.2%, corresponding to an outflow of 2.03 ml dm -3 h -~ 
for a volumetric aeration rate of 1 vvm. Therefore, the liquid outflow rate will 
vary between 107.2 and 105.2 ml h -l for an inflow rate of 100 ml h -~ depending 
upon the water reflux to the reactor. The difference between inflow and outflow 
terms is therefore relatively important. 
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Table 1: Dynamic mass and energy balances of  the process variables in steady 

state continuous culture. 

�9 Glucose r G (t) - --Fliq, inCG, in "+- Fl iq,outC G (t) 

�9 Biomass" rx(t ) - F l i q , o u t C x ( t  ) 

�9 02 in gaseous phase: (" ) FO2,g ( t )  -- - - fg ,  inCO2,g, in -+- fg,out (t)Co2,g (t) -Jr ko2,1iqaVli q c02,1iq - c02,1iq ( t )  

�9 02 in liquid phase: 
(' ) FO2,1iq ( t )  -- -F l iq ,  inCO2,1iq, in "4- Fliq,outCo2,1iq ( t )  - ko2,1inaVti q Co2,1in - Co2,1iq ( t )  

3.3. Enthaipy balance 

Since enthalpy change is measurable by direct calorimetry, a balance can be 
set-up and verified with the experimentally determined reaction rates. At con- 
stant pressure (which is the case of bioreactors) and if no work is performed, 
the energy balance reads: 

o 
m c p  - q5 o + ~ r, A c ,q H i (17) 

dt - ; ' 

where ~Q is the measured heat flow rate and Ac.~qH,!' is the standard enthalpy of 

combustion of the species i in aqueous state. 
The correct choice of  the state of the compounds is crucial to obtain a correct 

enthalpy balance [6]. For the energy balance around the reactor depicted in 
Figure 5, the following state of the carrier flow of each species must be as listed 
in Table 2 and the modified enthalpy of combustion is listed for some com- 
pounds in Table 3. 

For biomass, the enthalpy of hydration is about 0.05-0.10 J g-~, i.e. about 
1.3-2.8 kJ C-mol -l, proving that the enthalpy of combustion determined for dry 
biomass can be used without further correction to calculate the enthalpy bal- 

ance for wet biomass. 
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Table 2: State of  substrates for energy balance around the bioreactor. 

Species State 

Glucose in or out aqueous 

Oxygen in or out gaseous 

CO2 in or out gaseous 

Aqueous ethanol out aqueous 

Gaseous ethanol gaseous 

(stripping) 

Table 3: Enthalpy of combustion of  various substrates and products. Repro- 
duced from reference [6] with permission from the author and publisher. 

Species state AcH* (kJ (C)-mol -I) 7' 

0 2 gaseous 0 - 4 

H20  aqueous 0 0 

C O  2 gaseous 0 0 

NH 3 aqueous - 348 0 

NH 4 aqueous - 296 + 1 

glucose aqueous - 469 + 4 

ethanol aqueous - 678 + 6 

glycerol aqueous - 550 + 4.67 

acetic acid aqueous - 437 + 4 

CH 4 (1 bar) aqueous - 892 + 8 

H 2 (1 bar) aqueous - 286 + 2 

biomass ~ - 456.7 +4.31 

# see Table 11 and Table 17 

Enthalpy balance calculation require the choice of  a reference state. For con- 

venience we choose to work with enthalpy of  combustion rather than with en- 

thalpy of  formation. Thus, terms concerning water, 02 and CO2 disappear be- 
cause they flow as gas through the system boundary (cf. Figure 5). The refer- 

ence state of  the substances in solution is aqueous, infinitely diluted at 30~ 

The thermal effect of  CO2 hydration is discussed in [26]. 
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3.4. Growth reaction stoichiometry 

The reaction rate r i of a species i has been defined in Equation (15). The rate 
at which a given reaction proceeds, called the advancement rate, is defined as: 

--r,. (18) 
v,. 

where v,- is the stoichiometric coefficient of i. 
The molar yield of./" on i is calculated as: 

(19) 

and the enthalpy yield of the reaction is defined per C-mol of substrate as: 

(20) 

Growth is the result of a large network of biochemical reactions that can be 
brought together because the reaction rate of the individual biochemical reac- 
tion remains proportional one to another. However, the overall growth reaction 
may change when the environmental conditions are changed, for example as the 
supply rate of any substrate is changed. A typical growth reaction under aerobic 
conditions with biomass and product formation is written on a C-molar basis as, 

O N - C H 2 0 -  YO2/GO2 - YN[13/GNH3 +Yx/GCIHx,, xo XN 

+Yco2/GCO2 + Y p / G C l H p . O p o N p s  + Yw/GH20-0  
(21) 

There are 6 yields in this stoichiometry in addition to the enthalpy yield, 
which are subjected to 5 conservation balance constraints (for the atoms C, H, 
O, N, and for energy). Therefore, the degree of freedom of the system is 7 - 5 = 
2. Experimental determination of two yields is required to calculate any other 
yield. However, water production cannot be monitored so that the balances on 
C, H, O and N are linearly combined to define the degree of reduction 7 in a 
way such that the degree of reduction of water is zero. 

The degree of reduction of a compound i of elemental formula 

CiHeH OeoNeNSesPep is equal to the number of electrons exchanged during its 
oxidation ( a v a i l a b l e  e l ec t rons ) .  By definition, the degree of reduction of the fi- 
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nal products of combustion is zero. Therefore, the degree of reduction is calcu- 
lated by difference with the final products of combustion, and several reference 
states are conceivable. The thermodynamic combustion reference state is �9 H20, 
C02, N2, SO3 and P205 (Table 4) and corresponds to the thermodynamically 
most favored products [27]. Consequently, the valence of C, H, O, N, S and P 
are +4, + 1 , - 2 ,  0, +6 and +5, respectively [28]. This combustion state defines 
the Kharasch degree of reduction of i, 

7~. = 4 + e n - 2% + 6e s + 5ep (22) 

If the compound does not contain carbon, the degree of reduction is defined 
per mole as: 

7~. = e H - 2% + 6e s + 5ep (23) 

The degree of reduction of ash is obviously zero, since ash is the solid resi- 
due of combustion of biomass. This simple observation will be helpful to dis- 
cuss the degree of reduction of biomass. 

y,,.~h = 0 (24) 

Nevertheless, other references are possible, and in particular the commonly 
named generalized degree of reduction [29,30] uses NH3 as the reference of ni- 
trogenous compounds combustion (the valence of nitrogen is set to -3). Strictly 
speaking, this is a degree of hypothetical reduction, which corresponds to the 
hypothetical combustion to CO2, H20 and NH3 (Table 4) with an enthalpy of 
hypothetical combustion A~H ~ and free energy change of hypothetical com- 
bustion A~G ~ The superscript * on 3' is preferred to the common prime in order 
to have an homogenous notation for y*, A~H ~ and A~G* without confusion with 
the standard thermodynamic reference at pH = 7. With this reference, the gen- 
eralized degree of reduction is calculated as follows, 

Table 4" Kharasch and generalized degree of reduction definition for ammonia 
and biomass. 

reference s t a t e  combustion products NH3 biomass 

Kharasch (7) H20, CO2, N2, 803 and P205 - 3 4 + x~ 

generalized (7') H20, CO2, NH3, SO 3 and P205 0 4 + x~! 

- 2x~ + 6x s + 5Xp 

-2x  o - 3 x  N +6x s+5xp 
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7'; - 4 + e H - 2e o - 3e N + 6e s + 5ep (25) 

Any reference state can be used as long as the same calculation procedure is 
applied to all the species involved in the reaction (Table 4). The choice of the 
reference state determines if ammonia consumption has to be monitored (with 
the choice of 3') or the biomass nitrogen content determined (with the choice of 
y*). Table 4 summarizes the application of the degree of reduction calculation 
when the value of the nitrogen valence is changed from 0 to - 3. If nitrate is the 
nitrogen source, another generalized degree of reduction can be defined with 
the valence of nitrogen set to + 5 so that the degree of reduction of the nitrogen 
source will be zero [30]. However, the value of the degree of reduction of bio- 
mass is affected by this reference change [31]. 

The calculation of the degree of reduction has two main applications. First, to 
predict the enthalpy of combustion (and compare different compounds more or 
less reduced), and second, to calculate elemental balances. 

After introduction of the degree of reduction, there remain 6 molar yields 
(Yo2/G, YNlt3/r Yx/~;, YP/G, YCO2/G and Yo/r which are subjected to 4 conservation 
constraints (on C, N, 7' and energy). The balances on yields for carbon, nitro- 
gen, available electrons and energy read: 

1 = Yx/c; + Yp/c; + Yc%/c; (26) 

YNII3/~; = Yx/GXN + YP/GPN (27) 

Y ( J -  Y ()2 Y()2/r x YX/G + 7 P YP/r 

AcH~ Yx/GAcH~ + YP/GAcH~ + YQ/G 

(28) 

(29) 

3.5. Cumulated quantities 

The reaction rate of a species is simply calculated by monitoring the input 
and output rates at steady state in Equation (14). Estimation of the reaction rate 
during transient experiments is however more difficult since the accumulation 
rate, which might not be negligible, is difficult to estimate because it requires 
the calculation of a time derivative. A method was presented by [32,33] to cir- 
cumvent this problem: Equation (14) is integrated to determine the cumulated 



286 

amount of moles of the species i that have been consumed or produced. In fact, 
the reaction rate of i is related to the cumulated quantity by derivation" 

d n  i (30) 
dt 

Note the n, does not represent the number of moles present in the reactor but 
the variation of mole number due to the reaction since the reference observation 
at time tl. The mass balance Equation (15) can be integrated between two ob- 
servations at times tj_~ and tj �9 

t.j 
ni(tj_ , ---> tj ) -[ci( t )V~i  q (t)]t,_ ' ~t, ci,in(t)Fliq,in(t)dt 

. i - I  

+ ~t, r (t)Fliq,out ( t )dt  
i-I 

(31) 

Each term is estimated by the method of trapezoids. Let us call ni(/) the num- 
ber of moles involved (consumed or produced) in the reaction since the begin- 
ning of the experiment: by definition no reaction has been observed before the 
first sample at time t~. The cumulated quantity n;(j') involved between the ob- 
servations at time tJ and t~ (beginning of the experiment) is easily calculated by 
the sum of the increments: 

n, ( j )  - n, (t, --+ t 2 ) + El I (t 2 --> t 3 ) + . . . + n  i (tj_ 2 --~ t,_,) + n, (tj_, ~> t j  ) (32) 

n;(j) is expressed in moles or grams. 
The quantity increases if the species is produced and conversely decreases 

when the species is consumed. The quantity remains constant when the net pro- 
duction rate is zero, i.e. when the species is neither consumed nor produced, or 
when consumption and production rates are equal. 

Similar to the calculation of the cumulated amount of a species that has re- 
acted, calculation of the total amount of heat produced during a dynamic ex- 
periment is useful to calculate yields and check elemental balances. 

Let ~r(t) represent the heat flow rate measured by a calorimeter related to 
growth reaction. Thus, the heat produced between the first observation at time 
t~ and the j th observation at tj is: 

Q(j)- ~tl ~ q~ (t)dt (33) 
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and is approximated by the method of rectangles by integrating between short 
time intervals. 

An example of calculation of the cumulated quantities is given in the para- 
graph 6.4 together with the calculation of the atom and energy balances. 

4. ELEMENTAL COMPOSITION 

The set-up of elemental and enthalpy balances constitutes the basis for the 
consistency check of experimental data from biotechnological processes. For 
that purpose, the exact composition and physico-chemical characterization of 
all species involved in the process under study has to be determined including 
biomass. Another use is the design of the growth medium or the investigation 
of possible stoichiometric limitation by the medium supply. We chose to take 
into account all atoms bound in the main macromolecules whereas other atoms, 
mainly present as ions in biomass (K +, Ca 2+, Na + ...), are not incorporated in the 
elemental formula [28]. One C-mol of biomass is defined as 

CIH N S~s p~,, Xll O X  0 X N . �9 �9 

4.1. Sample preparation, humidity and ash determination 

Culture samples are collected and centrifuged for 10 rain at 4~ and then 
carefully washed twice with demineralized water. Collected biomass corre- 
sponding to 2-3 g dry weight is freeze-dried [34]. 

Since the samples are very hygroscopic, humidity determination has to be 
performed in parallel to elemental analyses. For that purpose, samples are 
equilibrated at room ambient conditions in Petri dishes for several hours just 
before use. Aliquots of 0.5 to 1 g are weighted and dried for 24 h at 100~ to 
determine the humidity content (f,,,,,~.~tu,-~) in triplicate. The CHN content ob- 
tained from the analyzer for each element k 0r are corrected for humidity 
content as follows to obtain the mass fraction of the element on dry weight, 

f k,hum 
fk = (34) 

Hydrogen content also has to be corrected for water content, 

Lt = 

2 
fl l,hum 18 fmoisturc (3 5) 

1 - fmoisture 
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4.2. C H N  m e a s u r e m e n t  

The elemental analyzer measures the C, H and N content of biomass upon its 
combustion at 925~ in a pure oxygen environment by monitoring the volatile 
compounds (C in CO2, N in N2, H in H20). The results are reproducible but 
largely dependent on the growth conditions; the solid residue of combustion is 
ash and contains oxides and salts. Mass fractions of biomass can be expressed 
a s :  

k = J  

fc + fH + fy + ~--'~fk +fash : 1 (36) 
k=l 

Oxygen is found both in the gaseous (CO2, H20, N2) and solid phase (ash). 
Quantification of mass fraction of oxygen in gas is usually calculated by sub- 
traction using Equation (36) assuming that that no element other than C, H, N 
and O will show up in the gaseous phase, and that no external oxygen is taken- 
up to form ash. However, it has been shown that sulfur does not remain in ash 
as sulfate [28]. Thus, the mass balance should be strictly written as: 

J~' + J',, + iN + fs  + f() - 1 -  fa.~h (37) 

Hence, the oxygen fraction of biomass is overestimated when calculating f )  
without taking into account the S fraction. However, experimental values show 
that the overestimation of the oxygen content is only about 2% as illustrated 
later on. 

4.3. E lementa l  formula  and molar  mass  

Atomic coefficient of element k in biomass formula (xk) is calculated as fol- 
lows: 

x~ = (38) 

where Mk is the mass of one mol of k. The nitrogen atomic coefficient remains 
correct even if moisture content is neglected since both carbon and nitrogen 
analyses are similarly affected. 

Calculation of the degree of reduction and generalized degree of reduction 
was presented in equations (22) and (25), respectively. The low value of the 
atomic coefficient of sulfur in biomass has a low influence on the degree of re- 
duction. 
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The mass of 1 C-mol of biomass is calculated from the carbon content as, 

(39) 
M x - l M c  

4.4. Dry weight or ash-free biomass ? 

The mass of one C-mol biomass depends only on the carbon content accord- 
ing to Equation (39). Although it is tempting to calculate Mx from the elemental 
formula as the sum of the mass of its elements, this estimation is incorrect since 
some atoms have not been analyzed, in particular those that are found in ash. 
Mx,a~h-r~ corresponds to the mass of the elemental formula without ash, i.e. to 
an hypothetical biomass, 

Mx,ash-free : Mx(l -Lsh) (40) 

Since dry weight measurements always include ash, only Mx calculated ac- 
cording to Equation (39) should be used to calculate elemental or energy bal- 
ances and never the hypothetical ash-free molar mass. 

4.5. Sulfur, phosphorus and ions content of biomass 

The sulfur content of biomass varies largely from one microorganism to an- 
other: the mass traction is 0.28 g per 100 g biomass tbr Saccharomyces cere- 
visiae and up to 0.49 g per 100 g in Methanobacterium thermoautotrophicum 
(Table 5). Similarly, the phosphorus and potassium content of biomass showed 
large variations among different organisms as illustrated in Table 5 and Table 6. 
Phosphorus is mainly found in biomass as phosphate groups in RNA and DNA 
whereas potassium is present as ion. The potassium content of M. thermoautot- 
rophicum is 4.3%, twice that of S. cerevisiae. 

R6ntgen fluorescence spectroscopy and plasma atomic emission allow quan- 
titative measurement of S, P as well as many other elements. The ion mass 
fraction of Kluyveromyces marxianus and M. thermoautotrophicum are listed in 
Table 7. The large difference in iron and nickel content is related to the me- 
tabolism. In fact, these two ions are cofactors of key enzymes in methanogene- 
sis [35]. The total mass of ions found in biomass is 6.36 g per 100 g biomass 
for M. thermoautotrophicum and 3.14 for K. marxianus (phosphorus is not 
taken into account since it is not present as free ion in biomass). The values are 
in good agreement with [36]. 
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1 
Table 5" Mass fractions (g g - )  of C, H, N, S, P and ash in different microor- 
ganisms. Reproduced from Reference [28] with permission of the author and 
publisher. 

microorganism fc (a) M (a) fN (a) fs (b) fp (b) )cash (c) 

Saccharomyces cerevisiae 0.4243 0 .0617 0.0641 0.0028 0.0202 0.0926 

(0.0004) (0.0001) (0.0003) (0.003) 

Kluyveromyces marxianus 0.445 0.065 0.073 0.0042 0.0135 0.071 

Methanobacterium thermo- 0.4201 0 .0589 0.1088 0.0049 0.0371 0.1735 

autotrophicum (0.0025) (0.0003) (0.0011) (0.0002) 

Saccharopolyspora erythraea 0.4315 0.0623 0.0921 0.0028 0.0107 0.1445 

(0.0008) (0.0004) (0.0012) (0.0002) 
(a) average values of measures in triplicate, standard deviation is indicated in parenthesis. 
(b) absolute error estimated to + 0.0001, (c) determination in duplicate 

The ion content of living biomass (K +, Na +, CI- etc.) differs from the ash 
content which consists mainly of phosphorus and potassium oxides. Several 
sulfur- and non sulfur-containing chemicals and a few macromolecules were 
combusted. No ash remained after combustion of (NH4)2SO4, NH4CI, me- 
thionine, cysteine or Bovine Serum Albumin at 600~ These results suggest 
that independently of whether the compound was of organic or inorganic origin, 
no S is present in the solid residue of combustion. This was also confirmed by 
sulfate determination in ash after combustion of biomass since sulfur could 
only be present as sulfate. The amount of sulfur determined in ash of yeast ex- 
tract, M. thermoautotrophicum and S. cerevisiae was as low as 0.3, 0.4 and 
0.9%, respectively of the amount of sulfur initially present in the samples. 
These results clearly indicate that no sulfate is found in ash [28]. 

The contribution of phosphorus and potassium oxides to the formation of ash 
is easily estimated from the biomass composition; it is found that both oxides 
are the main constituents of the ash (between 68 and 92.7% of the ash fraction 
of the organisms in Table 5). An important question to estimate the biomass 
oxygen content is whether oxygen bound to phosphorous as phosphate ions in 
biomass is sufficient to form all the oxides found in ash, or if external oxygen is 
taken up during the combustion. Knowing the P content of biomass, the amount 
of oxygen available from the phosphate groups is estimated. This was done for 
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Table 6" Potassium and calcium mass fractions (g g-l) of different microorgan- 
isms. Detection limits of K and Ca are 100 and 80 lag g-~, respectively. Repro- 
duced from Reference [28] with permission of the author and publisher. 

microorganism fK f Ca 

Saccharomyces cerevisiae 0.0229 144.7 10 -6 

Kluyveromyces marxianus 174.6 10 -6 

Methanobacterium thermoautotrophicum 96.4 10 -6 

Saccharopolyspora erythraea 2229.5 10 -6 

0.029 

0.0431 

0.0021 

M. thermoautotrophicum and K. marxianus. Adding the mass of oxygen bound 
to P to the total mass of all trace elements (Table 7) results in 17.59 g per 100 g 
of biomass for M. thermoautotrophicum and 7.33 g for K. marxianus. These 
values are very close to the corresponding mass fraction of ash (7.1 and 17.35 g 
per 100 g biomass), suggesting that no external oxygen has been taken up dur- 
ing combustion of biomass, and therefore the measured mass fractions of ash 
only takes into account elements that were originally present in biomass sam- 
ples. 

4.6. Integration of S and P into the elemental composition 

The sulfur mass fraction influences the estimation of the oxygen mass frac- 
tion calculated by difference according to Equation (37). Elemental composi- 
tion of the bacterium M. thermoautotrophicum is CHI.681O0.42(,N0.222, neglecting 
f s ,  and changes to CHi.68100.418N0.222S0.0044 when J~ is included into the calcula- 
tion of the oxygen mass fraction. Thus, neglecting J~ in the calculation of the 
oxygen fraction of biomass only introduces a minor error even for a microor- 
ganism containing a large amount of S. It can be concluded that the quality of 
the determination of elemental composition of C, H, N, O is not greatly affected 
when the S content is not measured. 

On the other hand, phosphorus is bound as phosphate in macromolecules and 
is exclusively found in ash, which has a degree of reduction of 0. The oxygen 
bound to P has not been taken into account in the estimation o f fo  since it is 
found in ash. Hence, if one wants to include P in the elemental formula, one has 
to add 2 . 5 0  per P included. This is illustrated in Table 8 where the elemental 
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Table 7: Ion mass fractions of  K. marxianus and M. thermoautotrophicum de- 

termined by plasma atomic spectroscopy. Reproduced from Reference [28] 

with permission of  the author and publisher. 

Element unit M. thermo- K. marxianus Detection limit 

autotrophicum 

K g per 100 g 4.3 2.9 0.01 
Mg g per 100 g 0.23 0.13 0.001 
Na g per 100 g 0.97 0.03 0.01 

B }ag/g 80 ~ 110 50 

Ca gg/g 80 ~ 200 80 

Co gg/g 15 220 ~ 5 

Cr lag/g 20 ~ 5 ~ 5 

Cu gg/g 13 ~ 13 2 

Fe gg/g 820 100 l0 

Mn gg/g 2 ~ 7 1 

Mo gg/g 5 50 5 

Ni gg/g 180 10 o 10 

Zn gg/g 60 ~ 80 10 

Total g per 100 g 6.23 3.14 

Superscript o indicates that the element was not present in the medium. It can be pro- 
vided by yeast extract (tbr K. marxianus) or through leaching of steel parts of the reac- 
tor. Most of the concerned values are close to detection limit. 

formula is calculated once without taking notice of  the P-content of  biomass, 

and once with respect to P content in biomass. In addition, including phospho- 

rus does not change the degree of reduction: added P is compensated by simul- 

taneously added oxygen because YP2(~ = 0. 

In conclusion, correct elemental composit ion determination requires special 

care both for experimental work and for calculations. The mass of  one C-mole 

of  biomass should be calculated from the carbon content of  biomass and not 

from the elemental formula in order to take into account all the cell elements 

(especially ash). The carbon and nitrogen content used to check conservation of  

atoms during the growth process must be expressed as gram of  element per 

gram dry weight biomass. The generalized degree of  reduction with NH3 as the 
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Table 8" Atomic formula of the different microorganisms. Reproduced from 
Reference [28] with permission of the author and publisher. 

Microorganism xc XH xo XN Xs Xp Mx ,/* 
S. cerevisiae (a) 1 1.745 0 .627 0 .129 0.0025 0 2 8 . 2 8  4.12 

(b) 1 1.745 0.673 0 .129  0 .0025 0.018 
K. marxianus (a) 1 1.753 0 .576 0.141 0.0035 0 2 6 . 9 7  4.20 

(b) 1 1.753 0.605 0.141 0 .0035 0.012 
M. thermo- (a) 1 1.681 0 .418 0 .222 0.0044 0 2 8 . 5 6  4.21 
autotrophicum (b) 1 1.681 0 .488 0 .222 0 .0044 0.034 
S. erythraea (a) 1 1.732 0 .464 0.183 0.0025 0 27.81 4.27 

(b) 1 1.732 0.503 0 .183 0.0025 0.0096 
(a) including only C, H, O, 
(b) including C, H, O, N, S 

N,S 
and P. 

reference state (y*) is more useful than the degree of reduction (~,) to calculate 
the available electrons balance. Additionally, determination of ash, C, H and N 
content of biomass is sufficient to calculate a good approximation of the oxy- 
gen content and of the degree of reduction. Sulfur can be neglected and incor- 
poration of phosphorus in the elemental formula is not necessary since it is 
fully recovered in ash with the oxygen bound to it to form the phosphate 
groups. 

4.7. Composition of bacterial strains, algae, filamentous fungi and yeast 

Elemental analysis was performed at least in triplicate for various microor- 
ganisms grown in batch [37,38]. All the mass fractions listed in Table 9 are ex- 
pressed as gram of element per 100 g dry weight biomass. The standard devia- 

tion (or) of the measurements is given in parenthesis. If x is the average of n 
determinations, a 95% confidence interval of the expected value is given by 

x :t: cr tn-l,O.95/~n, where tn-l,0.95 is the Student distribution with n - 1 degrees of 
freedom and a probability for a type 1 of error of 0.05. Some values are indi- 
cated in Table 10 for a different population size. 

The results for bacteria, algae, filamentous fungi and yeast are listed in Table 
9 for the different strains and in Table 11 for each group of microorganisms. 
Differences and similarities were statistically investigated. First, it is very im- 
portant to note the good reproducibility of the results for each strain. The stan- 
dard deviation of any determination performed in triplicate is always low corn- 
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pared to the average value. Thus, the values given in Table 9 are statistically 
significant. However, the results vary greatly from one microorganism to an- 
other as discussed below. 

The carbon and hydrogen content of bacteria is relatively constant (43.81% 
and 6.04%, respectively) of dry weight. By comparison, the nitrogen content 
varies greatly from one species to another: the minimum is 8.47% for B. flavum, 
and the maximum was found for Lactobacillus helveticus. The average nitrogen 
content was 10.63 and the standard deviation 1.5%, i.e. as high as 14.1% of the 
average value. The variability in the average N content is due to the difference 
between each strain since each determination was performed at least in tripli- 
cate and showed a good reproducibility. Similarly, the ash content varied 
greatly from one strain to another: the average value is 15.44% and the standard 
deviation 9.67%, indicating that the measurements of the different microorgan- 
isms were widely dispersed for each group. 

The carbon, hydrogen, nitrogen and ash content of 7 different algae is listed 
in Table 9. As for bacteria, the carbon and hydrogen content is rather similar 
among the algae (51.6% and 7.01%, respectively), but the nitrogen content 
varies greatly between 2.66% and 7.75%, with an average value of 5.33% (g/g) 
and an absolute standard deviation of 2.04% (g/g). Interestingly, the average 
nitrogen content of algae is significantly lower than the nitrogen content of 
bacteria, as well as the ash content. The good reproducibility of the analyses for 
each strain indicates that the differences between the strains is not due to scatter 
but to systematic different nitrogen or ash content between the different groups 
of microorganisms. 

The ash content dispersion was even greater for filamentous fungi. The aver- 
age ash content was 9.54% and the standard deviation for the group of fila- 
mentous fungi is as high as 6.14%. The average carbon content was 49.0% and 
the average H content 7.0% with only little difference between the strains. 

As found for the other organisms, ash and nitrogen content of yeast strains 
varied largely from one strain to another. The average content was 7.25 for both 
ash and nitrogen, and the standard deviations were 2.48 and 2.13% (g/g), re- 
spectively, i.e. as high as 34.2 and 29.4% of the average value. 
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Table 10: Value of the Student distribution for a population of size n. 

n tn- 1,0.95 / 

3 2.48 
4 1.59 
5 1.24 
10 0.72 
20 0.47 
30 0.37 

4.8. Statistical comparison of the composition of bacteria, algae, filamen- 
tous fungi and yeast 

The average content of the strains listed in Table 9 are summarized in Table 11 
[38]. It is first important to compare the standard deviation of each group to the 
average value to assess the dispersion of the results. It was already mentioned 
that each determination in Table 9 is accurate, and the value given in Table 12 
indicate that the carbon and hydrogen content of all the strains in each group 

are close to the average value (o/x lower or close to 10%). Thus, the average 
value for a whole group is in turn a good estimation of the C and H content of 
any strain listed in Table 9, and by extrapolation, of any other microorganism 
related to the list. By comparison, ash and nitrogen contents are widely dis- 
persed among each group and between the groups, so that an average value is a 
poor estimate of the ash or N content of a given microorganism. For example, a 
95% confidence interval for the ash and nitrogen content is calculated in Table 
12 using the values given in Table 10 and Table 1 1. 

The difference in nitrogen content is mainly due to the difference in protein 
content of the microorganisms. In fact, protein is the main cellular component 
containing nitrogen (in addition to RNA, DNA, free amino acids pool). The 
elemental composition of the main macromolecules is given in Table 11" pro- 
tein contribute mainly to the N content, and RNA (5-15% cellular mass) and 
DNA (about 2% of cell mass) contribute to ash formation due to the phosphorus 
oxides. 
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Table 12: 95% confidence interval of the average ash and nitrogen content of  
the population of bacteria, yeast and for all the microorganisms, n is the size of 
the population [38]. 

group n fash fY 

bacteria 9 8.15 <fash < 22.73 9.50 <fy < 11.76 

yeast 10 5.46 <fash < 9.04 5.72 <fN < 8.78 

all microorganisms 31 7.23 <fash < 12.45 6.48 <fN < 8.56 

The average elemental composition of all the microorganisms is given in 
Table 11. As a consequence of the nitrogen content dispersion (Table 13), the 
atomic coefficient of nitrogen is poorly determined, which shows that the aver- 
age formula that can be proposed is not a good estimation for a specific strain: 

CIHI .66  (0.11)O0.46 (o.09)No. 14 (0.06) 

f~h = 9.84% (or= 6.99%) 

and Mx = 25.46 (or= 2.14) g C-mol -l 
It is obvious from a direct evaluation of the data that there exist large differ- 

ences between the strains and between the groups. These observations are con- 
firmed by a statistical test. In fact, the good reproducibility of each elemental 
analysis performed with 3 or 4 repetitions gives a strong indication that differ- 
ences between the strains (Table 13) and between the groups are significant. 
The aim of the t-test is to compare two populations (e.g. bacteria and algae) of 

average value Xl and x2, with standard deviations of cr~ and o-2, and size n~ and 
n2, respectively. The tested hypothesis is x~ = x2, and the test function is 

Z = 
x I - -  X21  

I 2 (41) 

/71 /72 

The hypothesis is rejected for z > tnl+n2_2,0.95 , with tnl+n2_2,0.95 corresponding to 

the Student distribution for a = 1-0.95 - 0.05 and (n~+n2-2) degrees of free- 
dom. For example, the threshold value is about 2.1 for n~ + n2 about 20. 

In this context, each group was compared to any other for each of the 6 prop- 
erties: Lsh, fc, f t ,  fN, Mx, 7*. The hypothesis that the average value of one group 
is equal to the average value of another group is rejected for z values higher 
than 2.1. The results are listed in Table 14. From the statistical test, the ash 
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Table 13" Dispersion of the results for elemental composition, molecular mass 
and degree of reduction. Standard deviation of the population as percentage of 
the average value for different properties calculated from Table 1 1 [38]. 

group ash C H N Mx )'* 

bacteria 62.6 11.4 10.1 14.1 13.1 4.3 

algae 42.0 6.7 12.8 38.3 7.3 4.7 

filamentous fungi 64.4 4.0 11.6 24.4 4.0 9.7 

yeast 34.2 4.5 5.5 29.4 4.3 3.4 

All microorganisms 71.0 9.4 11.3 37.0 9.1 6.3 

Table 14: t-test to compare the average of two populations. The tested hypothe- 
sis is that the average values of the two populations are equal for the different 
criteria. Results above the threshold value are indicated in bold and correspond 
to the rejection of  the hypothesis [38]. 

hypothesis 
bacteria bacteria algae bacteria algae yeast 

algae filamentous filamentous yeast yeast filamentous 
fungi fungi fungi 

,/ash 2.78 1.39 1.19 2.47 0.93 0.80 

J(: 3.69 2.76 1.68 1.26 3.80 2.68 

.~l 2.45 2.31 0.02 1.47 1.76 1.64 

./~q 5.77 6.49 0.21 4.03 1.88 1.89 

Mx 3.21 2.51 1.49 1.33 3.73 2.78 

y* 2.71 1.65 0.33 0.54 3.41 1.88 

content of bacteria is different from the ash content of algae, and only the nitro- 
gen content of  algae and filamentous fungi are similar. The results shown in 
Table 14 confirm that there exist significant differences between the groups and 
that an average composition is a very poor estimate of the composition of a 
specific strain, especially concerning the ash and the nitrogen content. The 
molecular weight is tightly correlated to the carbon content by Equation (39) 
which explains the similar results found for Mx andfc in Table 14. 
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In conclusion, the carbon and hydrogen content of the various microorgan- 
isms is rather similar. The average values are 47.1 and 6.5% of the dry weight. 
As a consequence, the molecular mass varies moderately and is about 25.5 

g C-mol -n. However, ash and nitrogen content shows significant variation both 
inside each group and between the groups. In particular, the average ash and N 
content of bacteria is about twice the content of yeast. Therefore, the averaged 
value cannot be used to estimate precisely the nitrogen content of biomass, for 
example to calculate N balance. 

4.9. Inf luence o f  growth condit ions 

It is of interest to investigate the change of elemental composition with 
growth conditions, mainly the dilution rate or the nature of the limiting sub- 
strate. For example, the nitrogen content increased almost linearly with the di- 
lution rate in an aerobic glucose-limited continuous culture of K. marxianus 

grown at dilution rates ranging from 0.05 to 0.32 h -I [39]. The ash fraction 
reached a constant value after a dilution rate of 0.125 h -z as shown in Figure 7. 
Therefore, using an average elemental composition for different growth condi- 
tions may lead to incorrect conclusions. Similarly, the ash content and the ni- 
trogen content of a glucose-limited continuous culture of S. cerevisiae in- 
creased with the dilution rate (Figure 8) [40]. The cellular content of an 

12 
8 
~ 8 
Q .  

z 4 

0 .0  

I~ [] O 

0.1 0.2 0.3 0.4 0.5 

D lh-' 

Figure 7" Evolution of the nitrogen (V1) and ash ( 0 )  content of K. marxianus 

grown in aerobic glucose-limited continuous culture. (Redrawn from Reference 
[39] with permission of the author and publisher). 
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I I t I 

0.1 0.2 0.3 0.4 

D /h  -1 

Figure 8" Evolution of the nitrogen (V1) and ash ( 0 )  content of S. cerevisiae 
grown in aerobic glucose-limited continuous culture. (Recalculated from Refer- 
ence [40]). 

anaerobic glucose-limited continuous cultures ofS. cerevisiae CBS 8066 [41] is 
presented in Table 15. Protein and RNA content increases linearly with dilution 
rate, and conversely the total carbohydrate content decreases linearly with D. 
Glycogen and trehalose were almost undetectable from D = 0.30 h -l onward. In 
addition, large changes in elemental composition were found under nitrogen- 
limitation, during aerobic [39,40,42] or anaerobic [41] experiments, with S. 
cerevisiae or K. marxianus (also denominated K. fragilis). For example, Figure 
9 shows the evolution of the atomic coefficient of nitrogen (xy) in the elemental 
formula as a function of the dilution rate for S. cerevisiae grown under glucose 
or glucose and ammonium limitation in aerobic continuous cultures [40]. Obvi- 
ously, the protein content increases with the dilution rate but the carbohydrate 
content increases under nitrogen limitation. This figure exemplifies the large 
variation in elemental composition that can be observed when environmental 
conditions vary. 

By comparison, the elemental composition of M. thermoautotrophicum 
grown in continuous cultures with hydrogen as energy source and CO2 as car- 
bon source remained remarkably constant for various growth conditions. Since 
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Table 15" Macromolecule content (g per 100 g biomass) during anaerobic glu- 
cose-limited continuous cultures ofS. cerevisiae CBS 8066 [41 ]. 

D(h -l) 

0.10 0.20 0.30 0.40 

Protein 45.0 50.0 55.5 60.1 

Glycogen 8.4 4.2 0.6 0.0 

Trehalose 0.8 0.2 0.0 0.0 

Mannan 13.1 12.9 12.0 13.3 

Other carbohydrates 18.4 15.4 12.6 3.7 

RNA 6.3 8.2 10.1 12.1 

DNA 0.4 0.4 0.5 0.6 

Free amino acids 1.1 1.3 1.1 2.0 

Lipids 2.9 3.0 3.8 3.4 

0 ,20  

0,15 

z 0,10 x 

�9 �9 �9 �9 0 0 �9 0 0 0 0 0 0 

0,05 f 
0,00 

�9 0 0 

0,0 0,1 0,2 0,3 0,4 0,5 

O / h  -1 

Figure 9: Evolution of  the coefficient XN for aerobic glucose-limited (o)  or glu- 

cose and nitrogen limited (O) continuous cultures of S. cerevisiae. (Redrawn 
from Reference [40] with permission of  the author and publisher). 
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the hydrogen is supplied by the gas phase, it is possible to vary the hydrogen 
supply independently of the dilution rate, and therefore, of the growth rate 
value [35]. Two continuous culture experiments were performed under hydro- 
gen limitation at a gassing rate of 1 vvm and 0.5 vvm at dilution rates ranging 
from 0.06 to 0.30 h -~ (between 7 and 9 samples were analyzed in triplicate for 
each aeration rate). Alternatively, the culture can be limited by the iron supply 
when the medium composition is changed. A third continuous culture was per- 
formed under iron-limited conditions at a gassing rate of 0.5 vvm and a dilution 
rate of 0.096 h -~ and 7 different values of limiting-iron feed supply. The bio- 
mass composition was remarkable constant (especially for N and Fe content) 
for all the growth conditions, independently of the nature of the limiting sub- 
strate (either hydrogen as energy source or iron as biosynthetic nutrient), or of 
the dilution rate. Thus, the averaged elemental composition can be used for all 
the experiments, in contrast to what was found for yeast grown on glucose. In 
addition, this indicates the specific protein content is constant (because fN is 
constant) even if the specific metabolic activity increases. The average biomass 
composition of Methanobacterium thermoautotrophicum for all the samples is: 

C iHI.68 (0.08)00.39 (0.02)N0.24 (o.ol) 
~, = 4.18 (or= 0.10) 

Mx = 25.87 (or= 0.37) g C-tool -i 

5. ENHALPY OF COMBUSTION OF BIOMASS 

The enthalpy of combustion of a compound is always negative. By defini- 
tion, the end products of combustion (COz, H20, N2, 803, P205, ash in general) 
have an enthalpy of combustion of zero. This defines the combustion reference 
[6]. 

5.1. Sample preparation, and principle of measurement 

The samples are prepared as for elemental analyses and the moisture content 
of the sample has to be determined in parallel. The principle of enthalpy of 
combustion measurement consists of burning a sample in a pure oxygen envi- 
ronment and then measuring the temperature increase of the surrounding water 
bath [34,43,44]. The ignition is initiated by a copper wire, and the measure- 
ments are corrected for moisture content of biomass, nitrous and sulfuric acid 
formation. A complete description of the measurement instruction can be found 
in references [28,34]. 
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5.2. Modified enthalpy of combustion 
The enthalpy balance equation (Equation(17)) shows that nitrogen source 

consumption has to be monitored since the reference state of combustion of ni- 
trogenous compounds is N2, whereas the nitrogen source is usually NH3. In or- 
der to avoid the determination of nitrogen source consumption for data evalua- 
tion, the nitrogen consumption is estimated from biomass nitrogen content, as 
long as no nitrogenous compound is produced. Alternatively, enthalpy of com- 
bustion of biomass is reduced for the nitrogen source (NH3) contribution to de- 
fine the modified enthalpy of combustion, which corresponds to the same refer- 
ence as the generalized degree of combustion. Both are marked by an asterisk 
to be consistent. 

(42) 

The modified enthalpy of combustion corresponds to a hypothetical biomass 
that would not incorporate nitrogen, or it can be interpreted as assuming NH3 
instead of N2 as final product of nitrogenous compounds combustion. 

The ratio between the enthalpy of combustion and the degree of reduction is 
the oxycaloric quotient, Qo. Similarly, the modified oxycaloric quotient is de- 
fined as: 

Q(,),;_ A~H[", (43) 
7'; 

and is expressed in kJ e--mol -~. 
The interest of this notion is that several authors [27,28,30,45-47] have re- 

ported an almost constant value of the oxycaloric quotient for CHON com- 
pounds. Since enthalpy of combustion is defined with respect to a reference 
state [48], this state must be the same as for the degree of reduction, i.e. for any 
species i: 

, o ,  

? ' i - 0  r A~H i =0  (44) 

where A~H; is the enthalpy of combustion of species i with the same reference 
state of combustion as for ~'i (for example, the enthalpies of combustion of C02, 
H20, N2, 803 and P205 are zero). Considering different states for AcH and ~/ 
may lead to erroneous conclusions [30]. Therefore, the oxycaloric quotient can 
be defined based on the standard enthalpy of combustion with the modified 
definition. In addition: 
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Q*o,i ~ Q*o ~ Qo (45) 

where Qo denotes the general average oxycaloric quotient of CHON com- 
pounds. This relation, known as Thornton's rule, estimates the enthalpy of 
combustion from the degree of reduction, i.e. from the elemental analysis. 
Analysis of various chemical compounds containing C, H, O, N, S and P atoms 
have shown that a 99% confidence interval of the slope of AcH versus ~, is 
- 104.8 + 2.8 kJ/e--mol, which is an estimate of Qo [28]. 

5.3. Enthaipies  of  combust ion of  bacteria,  algae and f i lamentous fungi and 
yeast 

The enthalpy of combustion of the strains analyzed for CHN content is given 
in Table 16 [37,38]. Each determination was performed 3 to 5 times. The aver- 
age values obtained for each group are summarized in Table 17. The enthalpy 
of combustion of all the microorganisms are rather close one to another and 
there is no clear difference between the 4 groups (Table 17). The differences are 
clearer for the modified enthalpy of combustion due to different nitrogen con- 
tents (see Table 11). 

The average oxycaloric quotient is -112.4 kJ e--mol -~ for the 30 strains. 
Thus, a good estimate of the enthalpy of combustion is obtained with Thorn- 
ton's rule. The low variability in ~,* among the different strains (Table 11) is re- 
flected by the similar modified enthalpy of combustion of bacteria (- 460.3 
kJ Cmol -I) and yeast (- 481.1 kJ C-tool-l). Thus, an average value can be used 
to calculate the energy balance in a first approximation. 

6. D E T E C T I O N  A N D  C O R R E C T I O N  OF M E A S U R E M E N T  E R R O R S  

6.1. Constraints  on rates or cumulated quantities 

It is necessary to check the data consistency before performing any calcula- 
tion. In fact, it is difficult to describe accurately the metabolism or to quantify 
biochemical pathways if some relevant species is omitted or biased [49-51].The 
recovery of an entity k (such as carbon or nitrogen atoms) is defined as the ratio 
between its production rate and its consumption rate. Assuming that Xk// repre- 
sents the amount of k per mole of chemical species i, the recovery is calculated 
a s :  
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T a b l e  1 6 :  E n t h a l p y  o f  c o m b u s t i o n ,  m o d i f i e d  e n t h a l p y  o f  c o m b u s t i o n  a n d  o x y -  

c a l o r i c  q u o t i e n t  o f b i o m a s s  [ 3 7 , 3 8 ] .  

O r g a n i s m  Ac/-/~ x Ac/-/* x Q * o , x  

k J  C - m o l  - l  k J  C - m o l  - l  k J  e - - m o 1 - 1  

;ACTERI I  
L. helveticus - 5 3 7 . 5  - 4 6 9 . 3  - 114.1  

F. dehydrogenans - 5 1 9 . 7  - 4 5 8 . 8  - 1 0 9 . 0  

Saccharopolyspora erythreus P 1 0 6 0  (a)  - 5 1 9 . 2  - 4 6 3 . 6  - 1 1 2 . 8  

Saccharopolyspora erythreus P 1 0 6 0  (b)  - 5 2 7 . 2  - 4 7 9 . 0  - 1 1 2 . 9  

B.flavum A T C C  1 4 0 6 7  - 4 9 1 . 7  - 4 3 5 . 9  - 9 5 . 4  

E coli - 5 3 0 . 0  - 4 6 4 . 8  - 1 0 5 . 6  

B. cereus - 5 0 7 . 8  - 4 4 1 . 9  - 1 1 1 . 4  

M. thermoautotrophicum - 5 3 7 . 6  - 4 6 8 . 8  - 1 1 4 . 6  

,LGA! 
Rocan 1 
Rocan BUV 2 
Chlamydomonas 
('hrorella sp. A T C C  7 5 1 6  ( m e d i u m  5) 

('hlorella ,Spain ,W. A T C C  7 5 1 6  ( m e d i u m  S)  

Selenastrum capricornutum 
Scenedesnus obtusiusculus 

- 4 7 3 . 3  - 4 6 0 . 1  - 1 0 7 . 9  

- 4 7 4 . 8  - 4 5 8 . 6  - 1 0 9 . 0  

- 5 3 5 . 4  - 5 0 0 . 9  - 1 1 0 . 9  

- 5 5 3 . 7  - 5 2 8 . 5  - 110 .3  

- 5 8 3 . 3  - 5 4 6 . 8  - 1 1 6 . 7  

- 5 6 4 . 3  - 5 4 1 . 6  - 1 2 0 .2  

- 5 2 5 . 9  - 4 9 2 . 8  - 1 1 1 . 6  

I L A M E N T O U S  F U N G  
Neurospora crassa 
Penicillium chrysogenum 
Mucor rouxii 
A niger 
A. niger ( s p o r e s )  

- 5 8 3 . 4  - 5 4 5 . 8  - 1 2 0 . 9  

- 6 3 6 . 9  - 6 1 3 . 2  - 118 .3  

- 5 3 7 . 6  - 5 1 7 . 9  - 109 .3  

- 4 9 8 . 5  - 4 7 0 . 2  - 1 1 1 . 4  

- 4 1 8 . 7  - 3 8 4 .1  - 9 4 . 0  

'EAS'I 
C. kefyr N C Y C  1441 

C. utilis A T C C  9 9 5 0  

D. hansenii 
D. nepaliensis C B S  5921  

S. cerevisiae W h i  2 +  

S. cerevisiae W h i  2 -  

S. cerevisiae C B S  4 2 6 a  

S. cerevisiae C B S  4 2 6 b  

K. marxianus N R R L  6 6 5  

Z. bailii N C Y C  5 6 3  

- 5 2 7  - 4 9 1 . 5  - 1 1 1 . 2  

- 5 1 4  - 4 9 3 . 3  - 1 1 3 . 9  

- 5 3 8  - 5 0 8 . 4  - 120 .8  

- 5 2 5  - 4 9 8 . 4  - 1 1 7 . 6  

- 4 9 4  - 4 5 2 . 6  - 1 1 0 . 7  

- 5 1 3  - 4 5 9 . 8  - 112.1 

- 5 1 8  - 4 7 0 . 7  - 1 1 6 . 5  

- 5 2 9  - 4 7 2 . 8  - 1 2 0 . 3  

- 5 0 5  - 4 5 4 . 7  - 1 0 9 . 3  

- 5 4 7  - 5 0 8 . 6  - 1 2 2 . 8  

(a)  e x p o n e n t i a l  g r o w t h  p h a s e ;  (b)  e r y t h r o m y c i n  p r o d u c t i o n  p h a s e  
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Table 17" Average  enthalpy of  combust ion,  modif ied enthalpy of  combust ion  

and oxycalor ic  quotient  o f  biomass.  The standard deviat ion for each group is 

indicated in parenthesis  [38]. 

Group Ac/-Px Ac/-/*x Q*o,x 

kJ C-mol -l kJ C-mol -l kJ e--mol -l 

Average bacteria 

Average algae 

Average filamentous fungi 

Average yeast 

-521.35(15.62) 

- 530.08 (42.59) 

- 535.01 (83.06) 

- 521.00 (15.59) 

- 460.29 (14.50) - 109.46 (6.41) 

- 504.19 (36.45) - 112.36 (4.44) 

- 506.26 (85.67) - 110.77 (10.52) 

- 481.09 (21.59) - 115.52 (4.76) 

Average all microorganisms - 525.55 (38.65) - 485.13 (42.70) - 112.37 (6.52) 

BSA - 536.4 - 456.9 - 109.5 

R k = 
products 

Z Xk/iFi 
substrates 

(46) 

The minus sign indicates that r; < 0 for substrate so that R k > 0. Recovery  

should equal one, and it is lower than one if a product  format ion rate is under- 

est imated (or neglected),  or if a substrate consumpt ion  rate is overest imated.  

The enthalpy recovery take into account  all the products  and substrates as well 

as the heat dissipated and the heat of  combust ion of  the hydroxide  ions and the 

heat of  vaporizat ion of  gaseous ethanol [32]. 
Another  way to judge  the correctness of  the balance is to compute  the bal- 

ance for the elements.  For each entity the net consumpt ion  rate in the reactor 

must be equal to the net product ion rate. For s different species containing the 

element  k the balance for that e lement  can be expressed by rates (~k) or by cu- 

mulated quanti t ies (gk)  as follows [32,33], 

on rates: 

i----S 

~k - ~-~r,. xk/, (47) 
i=i 

on cumulated quantities: 
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i-"S 

~k -- Z Eli Xk/i ( 4 8 )  
i=1 

The constraint is that the balance should equal zero. 
It is possible to investigate the balances individually (each balance should 

equal zero) or simultaneously. In that case the combined balance is a vector of 
which each element is one of the balances and the constraint is that each ele- 
ment of the vector should equal zero. We construct the matrix X of element 
fraction of which each element Xk; is equal to x~i. The vector of balances is 

noted _~ and the general formula using matrix notation is" 

K : X n  v (49) 

where the subscript T denotes the transposition operator. 

Similarly, the energy balance is calculated on rates (iQ in W) or cumulated 

quantities (gQ in J), 
on rates" 

i=s 

~Q - (~r + Z r~Ac H[ (50) 
i=I 

on cumulated quantities" 

/'=S 

eQ (j)  - Q(j)  + ~ n, ( j ) A c H  ~' (51) 
i=! 

where s is the number of species. By definition Q(0) = 0 and for any species 
n,(0) - 0 because nothing has occurred before the first reaction. 

6.2. Statistical test 

Even if there is no gross error measurement, any balance will not be exactly 
equal to zero due to the random noise on the measures. The most simple test for 
checking if the balance is acceptable is to compare it with the input. This gives 
the fraction of the feed that is missing or that is in excess. It can be compared 
with the estimated accuracy on the measurements and gives a first criterion for 
evaluating a balance. Recoveries should be comprised between 98-102%. Nev- 
ertheless, this method does not provide an absolute threshold value to reject or 
accept the balance. Statistics are more suitable to detect errors. Several authors 
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[49,50,51] proposed a statistical test to investigate the balances once we have 
accepted a certain level of noise on the experimental data. We assume that the 
experimental data are normally distributed with a known variance-covariance 

matrix ~. Under these assumptions, the balances _~ are normally distributed and 

the variance-covariance of ~ is Z" 

z = x T ~ x  (52) 

We want to test if the balance is close enough to zero so that we can attribute 
the residual distance to zero to the random noise. For that purpose we calculate 
the distance to the target (here to zero) weighted by the inverse of the variance- 

covariance matrix Z of ~. Now we calculate the statistic function h: 

h - ET~]-IE (53) 

It is distributed as a central Chi-squared distribution with K degrees of free- 
dom (equal to the number of balances) if the hypothesis that the balances are 
equal to zero is correct. The test function h calculated with K balances is also 
called the Mahalanobis distance because it is the weighted distance to the target 

~2 zero and it is compared to a distribution with K degrees of freedom and a 

level of significance 1-0. This gives us an Upper Control Limit (UCL). If 

h > Z z (1-0, K) the hypothesis concerning the balances is rejected, conversely if 

h < Z z (1-0, K) the hypothesis cannot be rejected. For a level of significance of 
95% the UCL is 2.71 for one degree of freedom, 4.61 for 2 degrees of freedom, 
6.25 for 3 degrees and 7.78 for 4 degrees of freedom. 

When calculated on cumulated quantities, balances and statistical test are re- 
cursively calculated for each observation. Thus on obtains the profile of h ver- 
sus time, which indicates subsets of data for which the hypothesis might be re- 
jected. The first observations usually do not satisfy the statistical test because 
even low level of noise have a large effect on the h val'ue. A significant result 
necessitates at least 10 observations. 

6.3. Example of calculation of the test function 

For a dynamic experiment [32,33] where the vector of species is 
n =  [glucose ethanol biomass CO 2 acetate] 

the change in mole number at the end of the experiment (in moles) was" 
n = [ - 0 . 4 6 1  0.331 1.055 0.991 0.014] 
The carbon constraint is simply the molar carbon content of each species �9 
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X - [ 6  2 1 1  2] 

and the carbon balance is 

c -  (-0.461) • 6 + 0.331 x2 + 1.055 +0.991 +0.014 • 2 - - 0 . 0 1 1 6  C-mol. 
The distance to zero is" 

c 2 = (0.0116 - 0) x (0.0116 - 0) - 0.000134 
Under the assumption that all the variables are measured with 3% error the 

variance-covariance matrix of the measures, q~, is a diagonal matrix with the 
elements: 
q~l,l -- (-0.461 x 0.03) 2, kIJ2 ,  2 - -  (0.331 x 0.03) 2, t'Id3, 3 - ( 1 . 0 5 5  x 0.03) 2 etc... 
The variance-covariance of the balance is a scalar Z equal to 0.0092. The test 
function is calculated with the Equation (53). The numerical value is: 

0.000134 
h - = 0.0146 

0.0092 
This value must be compared with a Z2 distribution with one degree of free- 

dom (one balance on carbon) and a level of significance of 90%. h is far below 
the Upper Control Limit of 2.71. It means that the distance to zero is not large 
enough to reject the hypothesis that the carbon balance is equal to zero. The 
level of noise that we have accepted (3%) on the data is sufficient to explain the 
difference of the simplified carbon balance to zero. 

6.4. Example of balance calculation during dynamic experiment 
A glucose-limited continuous culture was grown aerobically at an initial di- 

lution rate of 0.1 h -~ and the dilution rate was then at time = 1.5 h shifted to 
0.40 h -~, close to the maximum specific growth rate and far above the critical 
dilution rate [24]. Ethanol and acetic acid production immediately set in. The 
biomass concentration decreased due to products formation and to a transient 
imbalance between the growth rate and the dilution rate. 5.5 hours after the 
shift-up, and before the new steady state was reached, the dilution rate was de- 
creased to 0.05 h -~. Cells started to grow on glucose and ethanol. 

6. 4.1. Concentrations and cumulated quantities profiles 

The profile of concentration for biomass, ethanol, glucose and acetic acid is 
shown in Figure 10, and indicates clearly that the reactor was not at steady 
state. For example the decrease in ethanol concentration after time = 7 h is due 
to dilution, stripping and may be due to consumption by the microorganisms. 
Only inspection of the profile of the cumulated amount of ethanol that has re- 
acted, shown in Figure 11, illustrates the consumption by the microorganisms. 
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Figure 10: Biomass concentration (�9 ethanol concentration (A), glucose (+) 

and acetic acid (O).  The dilution rate was changed from 0.10 to 0.40 h -~ at time 
= 1.5 h, and then decreased from 0.40 to 0.05 h -l at time = 7 h. The profile of 
the concentrations show clearly that the reactor was not at steady state [24]. 

Based on the cumulated amount of each species (Figure 11), mole balances 
were calculated between the beginning of the experiment and each observation. 

6. 4.2. Atom balance 

The mole balances took into account: glucose, ethanol in the liquid and the 
gaseous phase, acetic acid, CO), biomass and NH3. 

Over the whole experience, the recoveries presented in Table 18 for carbon, 
nitrogen and available electrons were 1.003, 0.982 and 0.99, respectively. The 
loss of carbon by ethanol stripping amounted to 1.5% of the carbon supplied by 
glucose. Some error in the nitrogen recovery may be due to a changing biomass 
composition with the dilution rate whereas a constant nitrogen content was con- 
sidered. 

Although the recoveries are close to one, the balances were individually 
checked with the ~2 test. The test function h listed in Table 18 was calculated 
for a relative error on the measurement of 3% and must be compared with a 
threshold value of 2.71 for 1 degree of freedom and a significance level of 90%. 
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Figure 11: Cumulated quantity of glucose (+), oxygen (e ) ,  CO2 (I-l);biomass 

( 0 )  and ethanol (A). The cumulated quantity decreases for substrates, and con- 
versely increases for products. See the change in the slope of  the cumulated 
amount of  ethanol. Since the test function is always significantly lower than the 
threshold value, there is no indication that the data are erroneous [24]. 

Table 18: Mole and energy recoveries and test function of  the X 2 test during a 
transient experiment for carbon, nitrogen, degree of reduction and enthalpy. 
The X 2 test was performed for a level of  significance of 90% and a relative error 
of  3% on the measurement for the chemical species and of 1% for heat. The 
Upper Control Limit was 2.71 [24]. 

balance recovery h 

carbon 1.003 0.01 

nitrogen 0.982 0.90 

available electrons 0.990 0.18 

enthalpy 1.007 0.04 
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6. 4. 3. Balance profiles 

Cumulated quantities and carbon balance have been calculated for each sam- 
pling time. The cumulated amount of carbon contained in the substrate 
(glucose) is almost always equal to the sum of the carbon present in the prod- 
ucts (biomass, CO2, ethanol, acetate) as shown by the profile in Figure 12, indi- 
cating that the balance on cumulated quantities for carbon and available elec- 
trons was low through the experiment. A similar conclusion holds true for the 
nitrogen balance. The profile of the cumulated amount of carbon (or available 
electrons, Figure 12) consumed and produced is a powerful tool to detect sys- 
tematic errors when the two curves diverge systematically. 

The statistical test was performed for each observation and the result is 
shown in Figure 13 for the carbon balance. The ~;2 test shows the hypothesis 
that the deviation of the carbon balance from zero is due to random error is 
never rejected, except for some observations at the beginning of the experiment 
where small errors have a large influence on the result. Similar results are ob- 
tained with the test function calculated for the degree of reduction balance. In 
comparison to the carbon content which remains almost constant for various 
growth conditions, the nitrogen content of biomass changes with the dilution 
rate. It is therefore not surprising that the nitrogen balance is not as good as the 
carbon balance since a constant nitrogen content was used. Nevertheless, de- 
termining the nitrogen content of biomass during transient experiments is not 
easy since it requires to take large volumes of sample. Thus, it can be suspected 
that the nitrogen balance is not very good because the biomass composition 
used to calculate the balance does not reflect the actual characteristics of bio- 
mass. 

6. 4.4. Energy balance 

The balance includes the following contributions: glucose, ammonium ions, 
NaOH consumed, biomass produced, ethanol in the liquid phase and in the 
gaseous phase and acetate. The enthalpy of combustion of gaseous ethanol was 
corrected for the heat of vaporization and the enthalpy of combustion of bio- 
mass was corrected for the nitrogen content. 

At the end of the experiment there is an excess enthalpy as low as 0.7% (J/J) 
compared to the glucose consumed (Table 18). A statistical analysis facilitates 
the interpretation of the errors. The )(2 test was performed assuming an error of 
1% on the heat measurement and the quantity of added base. Errors on the other 
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Figure 12: Profile of  the cumulated amount of  carbon contained in the substrate 
(glucose, bold line) and sum of the cumulated amount of  carbon contained in 
the products (biomass, ethanol, CO2 and acetate, open circles). The two curves 
are very close one to another. Similarly, the sum of  the available electrons 
contained in the substrates consumed (glucose and 02, bold line) is almost al- 
ways equal to the sum of the available electrons found in the products 
(biomass, ethanol, acetate; open squares). Cumulated amount decreases for sub- 
strates, and conversely increases for products [24]. 

species involved were assumed to be 3%. The test function on energy balance 
was only 0.041 at the end of the experiment, compared to the cutoff value of 
2.71 (X 2 distribution with one degree of  freedom and 90% significance level), 
and consequently here is no reason to reject the energy balance. 

6.5. Data reconcil iation 

If the data consistency is acceptable, data can be reconciliated in order to re- 
move the acceptable error [51]. The distance to the true estimate of  the cumu- 
lated value is" 

_ ~pxTz-: ~. (54) 
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Figure 13: Profile of  the X 2 test for the carbon balance ( 0 )  and for the nitrogen 
balance (+). For the carbon balance the test is rejected only for the first obser- 
vations where the amount of carbon involved in the balance is low whereas for 
nitrogen balance the test is rejected more often, which is certainly due to a poor 
estimation of the nitrogen content of biomass. The dotted line indicates the Up- 
per Control Limit (2.71) [24]. 

and the experimental measurements are corrected as follows to estimate the true 
values which satisfy the elemental constraints, 

)~_ .  Xmeas_t_ ~ ( 5 5 )  

The same procedure is applicable to reconcilation of reaction rates using the 
error ~. 

6.6. Indirect balancing 

If n is the number of  measurements (e.g. yield) and m the number of con- 
straints (balances applicable), then the degree of freedom of the system is 
m - n. If m > n, one cumulated mole number or one yield can be estimated from 
the other if it is was not measured or if it is erroneous. 

For example, Okabe et al. (1992) [52] report the following growth stoi- 
chiometry for the sulfate reducing bacteria Desulfovibrio desulfuricans growing 
on lactic acid and sulfate, and producing biomass, acetic acid, CO2 and H2S. 
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CH20 + 0.127 H2804 

0.023 X + 0.653 CH20 + 0.32 CO2 + 0.093 H2S (56) 

There are 6 measurements (yields) and 3 balances (C, y* and S). 
1. Carbon recovery: Rc - 0.996 
2. Sulfur recovery: Rs = 0.73 (assuming an atomic coefficient in biomass 

Xs = 0.0044 as for M. thermoautotrophicum). 
3. 7-recovery: R~ = 0.86 (the combustion reference state is CO2, H20, NH 3, 

SO3 and P205) 
It is clear that the available electrons and the sulfur balances are not correct, 

whereas the carbon balance is very satisfactory. In fact, biomass is negligible in 
these calculations and it is difficult to estimate accurately H2S produced during 
the experiment. Thus, the yield YH2S/~L~c can be estimated by solving the avail- 

able electron balance: 

4 = 0.023 7x + 0.653 qqtAc + Yll2s/lllmc 7112s 
with 7* , _ = . x -  4.2 YHAc = 4 andTH,s 8 

One finds Yl~2so~/ltl~ = 0.161 mol C-mol -l. Therefore, the more probable stoi- 

chiometry is: 

CH20 + 0 . 1 6 1  H 2 8 0 4  

0.023 X + 0.653 CH20 + 0.32 CO2 -k- 0. 161 H2S (57) 

Another example of indirect balancing is the estimation of the specific 
growth rate during cell cycle oscillations of S. cerevisiae grown in continuous 
culture [53]. First, it was shown that carbon, degree of reduction and enthalpy 
balances were correct during cell cycle oscillations. In addition, residual glu- 
cose, ethanol and acetate had little impact on the balance calculation, so that 
they could be omitted without significant error. Therefore, an approximate cal- 
culation of the balances involves glucose and oxygen consumption rates, and 
CO2, heat and biomass production rates. The four first terms are directly meas- 
urable, so that the biomass production rate (rx) may be indirectly determined 
with the three balances on C, y and enthalpy: 

ro (t) + (t)) 

XC/X 

(58) 
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rx, r (t) - 

( .  . )) - 7GrG (t) + 702 to2 (t 

7x 

(59) 

tcX,Q ( t ) -  
- ( A c H ~ r  G (t) + cI) (t)) (60) 

AcHx* 

Estimates of rx based upon such rate measurements are very close to one an- 
other (Figure 14) except during the S-phase. In fact, the estimates are not cor- 
rect when ethanol or acetic acid are being produced or consumed because they 
are neglected in the balances (see Equations (58)-(60)) whereas they contain 
carbon, electrons and enthalpy. 

The specific growth rate may be calculated from the biomass production rate 
as follows: 

f t ( t )  - ( t )  (61)  
Cx (t)Vliq 

Figure 15 shows that the growth rate varies between 0.08 h -~ and 0.12 h -~ for a 
dilution rate of 0.10 h -~. The specific growth rate is low during the S phase and 
high during the G2, M and G1 phases, and the shape of the curve is roughly 
square. A calculation of the biomass specific growth rate from atomic and en- 
ergy balances thus provides good estimations while this method is less sensitive 
to data scatter and experimental problems (linearity) than calculations based 
upon optical density measurements [54]. 

Similarly, the instantaneous molar biomass yield was not constant since it is 
defined as: 

YX/G -- 
rx(t ) (62) 

The yield varied between 0.45 and 0.75 C-mol C-mol -~ because the rate of 
glucose consumption was constant and the biomass formation rate varied as de- 
picted in Figure 15. An average yield coefficient of 0.63 C-mol C-mol -~ was 
calculated from the cumulated amounts of glucose consumed and biomass pro- 
duced. By comparison in a non-oscillating continuous culture grown at a 
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Figure 14" Estimation of the biomass formation rate from the carbon, degree of 
reduction and enthalpy balances during cell cycle oscillations at a dilution rate 
of 0.10 h -l. (Redrawn from Reference [53] with permission of the author and 
publisher). 

dilution rate of D = 0.10 h -~ at steady state, the growth rate/1 is constant and 
equal to D by definition, and the molar yield is constant about 0.6 C-mol 
C-mol -~ [29]. The data indicates that oscillations do not improve the average 
biomass yield over one period of oscillation as compared to homogenous 
population at steady state. 

7. E N E R G E T I C S  OF M I C R O O R G A N I S M S  

Energetics of growth can be investigated at the level of the microorganism or 
at the level of the reactor vessel. In both cases, the system considered is: 

open: matter and energy flow across the boundary of the system 
far from equilibrium: reactions go on continuously 
irreversible" it is not possible to change the conditions in order to return 
to the initial state. 

In the case of the reactor, the content of the vessel consists of the liquid phase, 
the gaseous phase and the microorganisms. The reactor is treated as pseudo- 
homogenous, i.e. well mixed and the measurements represent the average of the 
response of the individual cells or entities in the reaction vessel. 



320 

0.8 

Z 5 0.6 

"~ 0.4 

0.2 

t ~ t t t I 

1 2 3 4 5 6 
t/h 

0.15 

0.10 

0.05 

0.00 

0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0  0 0 
0 ( 

0 0 0 0 0 0 0 0  

1 2 3 4 5 6 

t/h 

Figure 15: Variation of the specific growth rate and the biomass yield on glu- 
cose during cell cycle oscillations. Biomass formation rate was estimated by 
indirect balancing using the enthalpy balance. (Redrawn from Reference [53] 
with permission of the author and publisher). 

7.1. Driving force of biochemical reactions 

'This is the s tu f f  our dreams are made of '  
No doubt, Shakespeare was thinking of Gibbs energy change. 

There is often a confusion between enthalpy, Aft/, and Gibbs energy, A~G de- 
fined in Equation (1). Negative values of ArG correspond to exergonic reactions 
that proceed spontaneously in the direct sense, and conversely, positive values 
of ArG correspond to endergonic reaction that will not proceed unless they are 
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coupled to another exergonic reaction. Change in Gibbs energy is the driving 
force of any chemical or biochemical reaction and consequently, this variable is 
fundamental, but unfortunately not directly accessible. On the other hand, en- 
thalpy change does not give any information on the possibility of a chemical 
reaction, since it represents the amount of energy that can only be transformed 
in heat [7]. However, this variable is easily measured by direct calorimetry. 

Growth consists of the coupling between fueling exergonic reactions 
(catabolism) and biosynthetic endergonic reactions (anabolism) as shown in 
Figure 16. The decrease in Gibbs energy of the former is the driving force of 
biosynthesis. Energy is transduced by ATP formation and hydrolysis. The 
Gibbs energy of growth is the sum of the Gibbs energy of catabolism plus the 
Gibbs energy of anabolism. 

ArGgrowth = ArGcatabolism + ArGanabolism (63) 

< 0 <<0 > 0 
In tact, a traction of the A~G generated by fueling reactions is not conserved 

in biosynthesis but dissipated since the growth reaction rate would be zero for 
ArGgrowth = 0 (equilibrium of growth reaction). 

The fueling reaction consists of the oxidation of the energy source (electron 
donor) and the reduction of an electron acceptor (Figure 17). Typical oxido- 
reduction couples are listed in Table 19. For example, the two half reactions for 
the oxidation of glucose read as follows, 

CH20 + H20 ~ CO2 q- 4 e- + 4 H + 

02 q- 4 e- + 4 H + --, 2 H20 

C H 2 0  + 02 --* CO2 -4- H20  

For the reductive catabolism of glucose to ethanol, glucose is bismuted, i.e. 
partially oxidized to C02 and partially reduced to ethanol, so that the degree of 
reduction of the final products are respectively lower and higher than the degree 
of reduction of glucose: 

1/3 CH20 + 1/3 H20 -~ 1/3 CO2 + 4/3 e- + 4/3 H '- 
2/3 CH20 + 4/3 e-+ 4/3 H +~ 2/3 CH3Oo.5 + 1/3 H20 

CH20 --" 2/3 CH300.5 + 1/3 CO2 
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Figure 16" Coupling between fueling reactions (catabolism) and biosynthetic 
reactions (anabolism). 

The flux of electrons is illustrated in Figure 17 showing the electron donor 
oxidation to a final product of degree of reduction zero, and the electron ac- 
ceptor is reduction. Two domains are possible: ]tacceptor < 0 which defines the 
aerobic metabolism, and ]/acceptor >-- 0 which defines the anaerobic metabolism. 

Biosynthesis implies a carbon source, and nitrogen, sulfur, phosphorus 
sources among others (cf. elemental composition and Figure 16). It was shown 
that the degree of reduction of bacteria and yeast is about 4.2 (Table 11), which 
is different from most of the carbon sources. Thus, a biosynthetic reaction is 
also a redox reaction and thus may involve an electron acceptor. As a result of 
the coupling between fueling (catabolic) reactions and biosynthetic (anabolic) 
reactions, a part of the Gibbs energy initially available from the energy source 
is conserved into biomass, and another part is dissipated to generate the driving 
force. 

7.2. ATP production and utilization 

Microorganisms have been considered as a black box in the former sections. 
Growth was represented by a macrochemical reaction without further investi- 
gation of the biochemical pathways. Considering the metabolism of the micro- 
organisms may however provide some useful information on the growth ener- 
getics. The example treated here concerns the energetic metabolism of S. cere- 

vis iae during aerobic or anaerobic growth. 
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Figure 17" Flux of electrons between the electron donor (energy source) and the 
electron acceptor [24]. 
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Table 19: Catabolic reactions for different electron donors and acceptors [24]. 

catabolic reaction e-  donor + e-  acceptor ---, oxidized + reduced 
product product 

oxidative catabolism of  glucose CH20 + 02 --+ CO2 + H20 

oxidative catabolism of  ethanol CH300.5 + 3/2 O2 --+ CO2 + 3/2 H20 

reductive catabolism of  glucose 1/3 CH20 + 2/3 CH20 ~ 1/3 CO 2 + 2/3 CH300. 5 

methanogenesis H2 + 1/4 CO2 -+ 1/2 H20 + 1/4 CH 4 

sulfate reduction (a) CH20 + 1/2 H2SO4 --+ CO2 + 1/2 H2S 

(a) energy source is lactic acid (7 = 4) which can only be partially degraded to 2/3 of acetic acid 
(also ~, = 4) and 1/3 of  CO2, so that the catabolic half reaction reads (the valence of  S is +6): 

+ 
CH20 + 1/3 H20 --+ 2/3 CH20 + 1/3 CO2+ 4/3 e + 4/3 H 

+ 
which simplifies to CH20 + H20 ~ CO2 + 4 e + 4 H 

7.2.1. ATP requirements for biosynthesis 

The ATP requirements to form one C-mole biomass is called the yield YATp/X 
and the growth reaction reads" 

7x CH20 + YATP/xAT P __> X + 1-- CO 2 + YATP/x(ADP + P) 
7G 7c; J 

(64) 

where X represents one C-mole of biomass. 
ATP is required for growth and maintenance [55]. If maintenance is consid- 

ered to be non growth-associated, the yield of ATP on biomass, corrected for 
maintenance, is calculated from the following relation [56,57,58]: 

_ vbiosynthesis D + kAT P 
qA'I'P *ATP/X 

(6s) 

vbi~ the ATP yield on where qATP is the specific ATP production rate, "ATP/X 
biomass synthesized, and kATP the maintenance coefficient. 

Maintenance is considered as ATP hydrolysis not coupled to another ender- 
gonic reaction. It is due to futile cycles, maintenance of gradients, and mainte- 
nance of metabolic machinery. 

The energetic cost of biomass formation can be estimated from biochemical 
data concerning the energetic cost of amino-acid synthesis and polymerization, 
as well as the cost to synthesize polysaccharides, RNA, DNA, lipids, etc. and 
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ion transport. The effective value determined during anaerobic experiments is 
always higher than the energetic cost predicted from cell components. 

Table 20 indicates the cost expressed in mmol ATP for anaerobic glucose- 
limited continuous culture at D = 0.20 h -~ on mineral media [41]" protein po- 
lymerization and solute transport account for 70% of the total cost. The pre- 
dicted ATP requirement is 38.5 mmol per gram biomass. This value represents 
the minimal cost predicted from biochemistry and does not take into account 
sub-optimal energy coupling at the cell level. 

7.2.2. ATP production by reductive metabolism 

The cost of biomass synthesis is easily determined in anaerobic cultures 
since oxidative phosphorylation is not active. The only ATP synthesis step is 
ethanol formation from pyruvate, and glycerol synthesis consumes one mole of 
ATP per mole formed. The ATP yield of anaerobic catabolic reactions is low as 
shown in Table 21. In fact, degradation of glucose is incomplete and the 

Table 20: ATP requirement for macromolecule synthesis and ion transport for 
an anaerobic glucose-limited continuous culture at D = 0.20 h -~ on mineral me- 
dia ([41], modified for lipid content). 

ATP (mmol per gram biomass) 

Protein polymerization 18. l 

Transport 8.91 

Carbohydrates 3.49 

amino acids synthesis 3.24 

RNA nucleic acids synthesis 1.89 

Lipids 1.43 

RNA turnover 0.8 

RNA polymerization 0.46 

DNA nucleic acids synthesis 0.16 

DNA polymerization 0.01 

Total 38.485 
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Table 21: Anaerobic catabolic reactions. 

Pa thway  React ion 

ethanol fermenta t ion  

acetate fe rmenta t ion  

glycerol  fe rmenta t ion  

Glucose  + 2 A D P  + 2P i - ,  2 ethanol + 2CO2 + 2 A T P  

Glucose  + 2 A D P  + 2P i + 4 N A D  + ---, 2 acetate + 2CO2 + 2 A T P  + 4 N A D H  

Glucose  + 2 A T P  + 2 N A D H  ---, 2Glycero l  + 2 A D P  + 2Pi + 2 N A D  + 

standard free energy of the products is almost equal to that of the substrate. For 
example, only two moles of ATP are formed per mole ethanol synthesized. 

Thus, the specific ATP production rate in anaerobic continuous culture of S. 
cerevisiae on glucose is calculated by balance from Table 21 [59], 

qATP = rATp = qE / 2 -  qGIOH / 3 (66) 
cxV 

Glycerol is formed to close the redox balance since some intermediates are 
used for biosynthesis [60]. For S. cerevisiae CBS 426, the yield YAVWX was de- 
termined to be 1.59 i 0.07 tool C-mol -~ biomass, with a maintenance kAvp of 
0.018 + 0.014 tool C-tool -l h -l [24]. 

7.2.3. A TP production by aerobic catabolism 

Mechanist ic  P/O ratio Oxidation of reducing equivalents produced during 
glycolysis and in the TCA cycle takes place in the mitochondria (oxidative 
phosphorylation). The maximal ATP production rate, coupled with electrons 
exchanged, is determined by the mechanism of sites III and IV in the electron 
transport chain. The mechanistic P/O ratio is equal to the number of moles ATP 
synthesized by the oxidation of one mole of NAD(P)H+H + by 0.5 mole 02. The 
electrochemical potential change in site III of the respiratory chain is 41.4 kJ 
per mole NAD(P)H+H + oxidized and 99.6 kJ tool -~ for the site IV, whereas the 
standard energy of ADP phosphorylation to ATP is 30.5 kJ mol -~ Thus, a 
maximum of 1 mole of ATP can be produced in site III per tool NAD(P)H+H + 
oxidized, and a maximum of 2 moles ATP in site IV, leading to a maximal 
mechanistic P/O ratio of 3. However, it is not demonstrated that the mechanis- 
tic P/O ratio of oxidative phosphorylation is effectively 3 due to the ineffi- 
ciency of sites III and IV. 

Effective P/O ratio If spilling reactions exist, part of the ATP formed by 
oxidative phosphorylation is degraded to ADP+P, thus lowering the apparent 
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yield of ATP used for biosynthesis per 0.5 mole 02 consumed. The effective 
P/O ratio is defined as the ratio between the ATP production used for biosyn- 
thesis and the 02 consumption for oxidative catabolism: 

NAD(P)H + H + + 1/2 0 2 + P~ O(ADP + P) 

--~ NAD(P) + H 2 0 + P / 0 ATP (67) 

In aerobic experiments on glucose, the effective P/O and YATWX yields are 
related to the biomass yield on biomass by ATP balance. Since the cells do not 
exchange ATP with the environment, Equations (64), (67) and the yield Yx/G are 
subjected to the constraint: 

P / O =  YATP/X YX/G 

2( 1 -7 ' x  Yx/G) (68) 
7'G 

For S. cerevisiae CBS 426, an aerobic biomass yield on glucose of 0.6 C-mol 
C-mol -~ and a yield YATP/X of 1.6 mol C-mol -~ [24] impose that the effective P/O 
ratio is equal to 1.29, which is close to the effective P/O ratio of 1.2 proposed 
in reference [61] for S. cerevisiae CBS 8066 and the value identified as 1.09 in 
reference [62]. 

7.3. Enthalpy and Gibbs energy dissipation 

In the previous sections, energetics of growth has been considered in terms 
of ATP production and utilization for biosynthesis and spilling. Now growth 
will be considered at a more fundamental level of Gibbs energy and enthalpy 
dissipation. Since Gibbs energy is dissipated during growth, the term 
A r H g r o w t h  - TA~ggrowth must be negative for changes in enthalpy and/or changes in 
entropy. The ratio between the heat flow rate (A~Hg~owth) and the biomass pro- 
duction rate (rx), defining the heat yield of growth (negative value if heat is 
produced), was experimentally determined or calculated (for Ms. acetivorans 
and D. desulfuricans) for several microorganisms and growth conditions (Table 
22). In most cases the heat yield is negative, i.e. heat is produced during 
growth. However, it is predicted using an energy balance that heat will by 
taken-up from the environment during growth of the aceto-methanogen Ms. 
acetivorans. This phenomenon is not common, but not forbidden by any ther- 
modynamic law [5]. 
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Since it is not measurable, the Gibbs energy dissipation per C-mole biomass 
formed was calculated from the growth stoichiometry. As expected, the change 
in Gibbs energy is always negative and with no exception. The ArGgrowt h dissi- 
pation per C-mol biomass formed varied between 321 kJ C-mol -~ for aerobic or 
anaerobic glucose-limited continuous cultures of S. cerevisiae and 3050 
kJ C-tool -l for iron-limited continuous cultures of M. thermoautotrophicum. 
The difference between ArGgrowth and ArHgrowt h is small for aerobic processes, 
and may be considerable for anaerobic growth. For example ArGgrowth/r X is 
similar for aerobic and anaerobic growth of S. cerevisiae whereas the heat dis- 
sipation, ArHgrowth/rx, of the aerobic process is twice that of the anaerobic proc- 
ess (-305.3 and -141.5 kJ per C-mol biomass, respectively). The observation 
that the Gibbs energy dissipation per amount of biomass formed is the same in 
aerobic and anaerobic conditions gives good support that the ATP cost of bio- 
synthesis Yavp/x will be identical for both aerobic and anaerobic conditions as 
well. 

An empirical relation was proposed in reference [5] to relate the specific 
Gibbs energy dissipation to the number of atom of carbon of the energy source 
(C) and the degree of reduction (7c) of the carbon source, 

C ro t,, {E I ~ } 
r " -  200 + 18(6 - C) 's + exp 3.6 + 0.4C]. t3.8 - Yc (69) 

rx 

The advantage of this relation is to require only black-box information and it 
gives a good prediction. However, some cases are badly represented, for exam- 
ple it is predicted tha t -277  kJ C-tool -~ is dissipated during aerobic growth on 
acetate, whereas the experimental value is about 3 times higher (-732 
kJ C-mol-l). 

The entropy change during growth calculated by the difference between 
A~Hgrowth and ArGgrowth is often positive (entropy production). In such a case, the 
Gibbs energy dissipation is larger than the enthalpy dissipation so that only a 
part of the driving force (ArGgrowth) can be experimentally detected as heat pro- 
duction (ArHgrowth). Thus, in tile case of an entropy increase, ArGgrowth/ArHgrowt h 
> 1. However, the term TArSgrowth is not systematically positive as illustrated by 
the growth of M. thermoautotrophicum [35]. In the case of a hydrogen-limited 
continuous culture, the enthalpy dissipation is 4.7 times higher than the Gibbs 
energy dissipation, so that most of the heat dissipation was due to entropy 
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Table 22" Enthalpy and Gibbs energy dissipation per C-mole biomass during 
growth. An/nx indicates the change in mole number of the growth reaction per 
C-mole biomass [24]. 

M i c r o o r g a n i s m  g r o w t h  c o n d i t i o n s  ArHgrowth/r x A r G g r o w t h / r  X TArSgrowth/r X An/n x 

kJ C-mo1-1  kJ  C - m o i  -1 kJ  C - m o l  - I  

S. cerevisiae a e r o b i c ,  g l u c o s e -  - 305 .3  - 3 2 1 . 6  + 16.3 - 0.2 

l i m i t e d  

S. cerevisiae a e r o b i c ,  e t h a n o l -  - 643 .3  - 6 2 3 . 0  - 11.3 - 1.7 

l i m i t e d  

S. cerevisiae a e r o b i c ,  a c e t a t e -  - 704.1  - 7 3 1 . 9  + 27 .8  - 1.3 

l i m i t e d  

S. cerevisiae a n a e r o b i c ,  g l u c o s e  a n d  - 89 .0  - 3 2 2  + 233  + 4.8 

o x y g e n  l i m i t e d  

M. thermoautot- a n a e r o b i c ,  H2-1 imi t ed  - 3 7 3 0  (a )  - 802  - 2 9 2 8  - 20 

rophicum 

M. thermoautot- a n a e r o b i c ,  i r o n - l i m i t e d  - 7141 (a)  - 3 0 4 9  - 4 0 9 2  

rophicum 

Ms. acetivorans a n a e r o b i c ,  a c e t a t e -  + 2 0 1 . 5  - 745.1  + 9 4 6 . 6  + 25 

l i m i t e d  

a n a e r o b i c ,  s u l f a t e -  - 809 .2  (b )  - 10 l 2.5 + 206 .3  + 14.3 

l i m i t e d  

D. desulfuricans 

(a) [351 
(b) calculation based on the reconciliated data of[52] 

dissipation (-2926 kJ C-mol-l). In the case of an entropy decrease the Gibbs en- 
ergy dissipation is larger than the enthalpy dissipation. The figures presented in 
Table 22 show that Gibbs energy dissipation is not always associated with en- 
tropy production or negentropy consumption as proposed by Schr6dinger [63] 
in "What is Life ?" in 1944. Microorganisms are constrained to dissipate Gibbs 
energy to grow, but they are constrained neither to dissipate enthalpy nor to in- 
crease entropy. 

The calculation of the ratio ArGgrowth/Armgrowt h depends on the biomass yield 
and theretbre requires a minimum amount of knowledge on the process. How- 
ever, it was demonstrated [64] that the ratio could be estimated from the change 
of the catabolic reaction and not of the complete growth reaction 
(ArGgrowth/ArHgrowt h = z~rGcatabolism/ArHcatabolism), which is easier. Therefore, the 
contribution of the entropy term is predictable from the catabolic reaction stoi- 
chiometry. The entropy generation (A~Sg~owth > 0) or destruction (A~Sg~owth < 0) 
per C-tool biomass can be assessed by looking at the change in the number of 
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molecules per C-mol biomass formed. The molar mass of biomass must be es- 
timated to perform this calculation. As a pseudo-chemical entity, the molar 
mass of biomass can be calculated as the molar mass of its constituents 
(protein, carbohydrates, RNA, DNA, ions etc.) weighted by their mole fraction 
in biomass" 

Mbiomas s : ZXm/X M m ( 7 0 )  

where mbiomas s is the mass of one mole of biomass, Xm/X is the mole fraction of 
molecule m in biomass (mole per C-mol biomass) and Mm the molar mass of m 
(g per mole) [24]. Since biomass consists mainly of macromolecules (protein, 
carbohydrates, RNA, DNA) of high molecular mass, mbiomas s c a n  be considered 
as very large when compared to the molecular mass of the other species in- 
volved in growth. As a consequence, the number of moles of biomass produced 
is always negligible. For example, the stoichiometry for aerobic growth reads 
on a C-molar basis (X represents one C-mole of biomass): 
CH20 + 0.37 02 ---> 0.6 X + 0.4 CO2 
which gives expressed in mole of each species (Biomass  represents one mole of 
biomass): 

C6Hi206  + 2.22 02 --> c Biomass  + 2.4 CO2 

where e although corresponding to 3.6 C-moles is close to zero moles of bio- 
mass. 
Thus, An - 2.4 - 1- 2.22 = -  0.82 
and An/nx = - 0.23 tool per C-tool biomass. 

It can be seen in Table 22 that a decrease in entropy is observed when the 
number of moles An/nx decreases (e.g., for M. thermoauto t rophicum,  for S. cer- 

evisiae grown on ethanol) and conversely, entropy increases when the number 
of molecules increases (for S. cerevis iae grown anaerobically, for aceto- 
methanogens, for sulfate reducing bacteria). 

Therefore, growth is fundamentally associated with Gibbs energy dissipation. 
Changes in enthalpy, as well as in entropy, can be negative or positive. Al- 
though in most cases heat is produced and entropy increases during growth, this 
does not correspond to any thermodynamic constraint by itself. The only ther- 
modynamic constraint is that ArGgrowth must be negative. 

7.4. Thermodynamic constraints on biomass and product yields 

Metabolism is subjected to the absolute thermodynamic constraint of 
ArGgrowth dissipation and to the existing biochemical pathways. However, it is 
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tempting to calculate the theoretical limit of the value of biomass, CO2 or 02 
yields on glucose allowed by the thermodynamic constraint of Gibbs energy 
dissipation [30]. Of course, it is well known from biochemistry that neither CO2 
can be taken-up nor 02 produced by S. cerevis iae.  However, this part will show 
that this would not systematically violate the thermodynamic constraint. 

During growth on glucose under aerobic or anaerobic conditions, the yields 
of biomass, CO2 and oxygen, the enthalpy of reaction and Gibbs energy of re- 
action are related by the conservation constraint of extensive entities (carbon, 
available electrons, enthalpy and Gibbs energy). For simplicity, the elemental 
balance on nitrogen is not considered so that the generalized degree of reduc- 
tion of biomass is used as well as the enthalpy of combustion modified for the 
nitrogen source [65]. 

During oxido-reductive growth of S. cerev is iae  or K. marx ianus  on glucose, 
the reductive metabolism may be forced by decreasing the oxygen supply or by 
increasing the dilution rate above the critical value for S. cerev i s iae  [66-69]. 
The general expression of the growth stoichiometry is: 

- C H 2 0 -  Y()2/GO2 q- YX/G x q- Yl~/ciCH3Oo.5 + Yc()2/(;CO2 - 0 (71) 

where the yields are subjected to the four linear constraints of carbon conserva- 
tion, degree of reduction, enthalpy and Gibbs energy: 

1 = YX/G + YF./(; + Yc%/(; (72) 

7G - YO~ Yo2/(; = 7*x Yx/(; + 7~ Yl~/(; (73) 

AcHG-- Yx/GAcH* X q- yE/GAcH*E-t- ArHgrowt h (74) 

A~G(; = Yx/GAcG*x + YI~/(;A~G*t~ + ArGgrowth (75) 

Four limit cases can be considered" 
�9 case 1: YojG = 0 

�9 case 2:gCOjG=0 

~ case 3: ArHgrowth = 0 
�9 case 4: ArGgrowt h = 0 

and are represented on the plot of Yx/G as a function of YE/G in Figure 18A. All 
the experimental points must be to the left of the thermodynamic constraint of 
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ArGgrowt h = 0. The profile of the experimental points obtained in glucose and 
oxygen limited cultures are located close to the line corresponding to a Gibbs 
energy efficiency of 60% [48,65]. Points located on the line YOJG = 0 corre- 
spond to anaerobic experiments, and the points to the left of this line are from 
partially aerobic experiments (Y%/G > 0). The limit case YO2/G = 0 corresponds to 
the lowest values of YX/G and YE/G, and by comparison the limit YcoJG corre- 
sponds to the largest values of YX/G and YE/G, except for high YX/G. The fact that 
the line ArHgrowth = 0 is always to the left of the line ArGgrowt h -- 0 shows that the 
entropy contribution to  ArGgrowth will be positive (entropy production) whatever 
is the biomass yield. A similar plot for M. thermoautrophicum would show that 
the relative position of the lines is different: ArHg~owth = 0 is at the right of the 
line ArGgrowt h = 0 for the biomass yield observed, so that entropy is effectively 
consumed (TA~Sg~owth < 0) during growth. 

1 , 2 ,  A 
) 

1,0 ~ \  Yco2/G = 0 
( \ , ~ "  

0,8 '~,,,~" \ YO2/G = 0 

o , 
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Figure 18" Limit lines corresponding to YO2/G = 0 (faint line); Fco2/G = 0 (bold 
dotted line); ArHg~owth = 0 (faint dotted line); ArGg~owth = 0 (bold line) [24]. 

(A) Thermodynamics forbids to cross the line ZXrGgrowth = 0. Experimental 
data obtained during oxido-reductive metabolism of S. cerevisiae (+; O) 

or K. marxianus (e ) .  (Redrawn from References [66], [67], [68], re- 
spectively, with permission of the author and publisher). 

(B) Detail of the limit lines for high biomass yield and low ethanol yield. 
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Since the only theoretical constraint that cannot be violated is ArGgrowt h < 0, 

in theory experimental points could be located anywhere to the left of this limit 
line, in particular to the right of the other limit lines as will be discussed below. 
Figure 18B shows 5 areas labeled a to e. 

a. This corresponds to the usual oxido-reductive growth" some oxygen is 
consumed, CO2 and heat are produced. The limit case is obtained for 
Yo2/G = 0, which corresponds to pure anaerobic growth. 

b. Oxygen is produced since the point is to the right of the line YOz/G - 0, but 

is thermodynamically possible since it is to the left of the constraint 
ArG = 0. Some heat is still produced, as well as CO2 (point to the left of 
the limit lines). 

c." Oxygen is produced and heat is consumed. The growth reaction is still 
spontaneous since some Gibbs energy is dissipated. 

d. Growth is not possible above the limit line corresponding to ArG = 0. The 
limit case is obtained for A~G = 0 which corresponds to thermodynamic 
equilibrium, which is by far not the usual state of a biological system. 

e. Growth is possible since the point is below the line A~G = 0. However, the 
point is above the line Yco2/G = 0, which means that CO2 is taken-up from 

the environment. Similarly, heat is absorbed (A~H > 0) and oxygen is pro- 
duced. 

The cases b, c and e show that there is no thermodynamic constraint that pre- 
vents observation of heat consumption, oxygen production or CO2 uptake with 
yeast, but however, there are biochemical limits. The case of oxygen production 
would correspond to oxidation of part of the glucose to 02, i.e. in Figure 17 the 
catabolic reaction would start at 7 = 4 and arrive at 7 = -4. Nevertheless, the 
cases b to d are totally impossible in practice with yeast. In fact, how would it 
be possible to produce oxygen without consumption by the microorganisms 
themselves? This shows the limit to such speculations. However, heat uptake 
by aceto-methanogens is possible because the limit line corresponding to 
ArHgrowth-- 0 is situated to the left of the limit line for Y%/G = 0 on which the 

data are situated during the anaerobic growth [24]. 

8. C A L O R I M E T R I C  I N V E S T I G A T I O N  OF M U L T I P L E  L I M I T E D  
G R O W T H  

In a general case, a continuous culture is limited by the nutrient i [24,70]. If 
the supply of another nutr ientj  is decreased, the supply rate will decrease below 
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the minimum level required to metabolize i as before under single/-limitation 
(with the yield Yj/i,~-,m)" Two extreme limit behaviours can be envisaged: 

i) the metabolism of the organism remains constant, as does the stoichiomet- 
ric coefficient Yj/i. Since it is now the supply of species j which limits the 
culture, the consumption of i will be given by r~ = Yj., rj and will now be- 
come smaller or equal than the supply of i. Some unused i will show-up in 
the broth. 

ii) the organism is able to adapt its metabolism in such a way as to consume 
all of the supply of both i and j. The yield Yj, is then modified to be equal 
to the ratio of the supply rates of i and j. This condition is called a double 
limitation. 

In reality, an intermediate between i) and ii) is observed. The limitation of 
the j supply compared to the i uptake is quantified by comparing the actual 
yield o f j  on i (Yj/,)to Yj/i,i-lim [24]. This is a generalization of the aerobicity con- 
cept first presented in reference [67] for glucose and oxygen limitations. The 

supply restriction parameter, ~ , ,  is defined as, 

qj 1 Yj/, 
Pj/i - = (76) 

q, Yj/i.i-lim Yj/i,i-lim 

In addition, it is often found that the residual concentration in the liquid 
phase of the limiting nutrient is very low, and thus negligible compared to the 
inlet concentration in the calculations. 

8.1. Glucose and oxygen limitation 

Application of calorimetry to oxygen-limited continuous cultures has been 
presented in detail in references [67,71,72]. In fact, reductive metabolism is al- 
most athermic as compared to aerobic metabolism. In addition, it is possible to 
set the oxygen limitation to the desired value by changing the oxygen gas feed 
composition [67,73]. The level of oxygen limitation is quantified by the ratio 

/9o2/0 (called aerobicity and also denoted f2 [74]): 

Pj / i,supply = 
cj  ki,liqa 1 

Ci,in D Yj/i,i-lim 
(77) 

The value OfpojG is 1 during purely aerobic metabolism and 0 under anaero- 
bic conditions. Values comprised between 0 and 1 correspond to oxido- 
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reductive metabolism. The glucose consumption rate is partitioned between the 
oxidative and the reductive pathways as follows" 

ro,ox =/9o2/6 rG (78) 

rG,re d = ( 1 - Po2/G)rG (7 9) 

with the glucose consumption rate estimated from the glucose supply rate at 
moderate dilution rate, 

rG ~ Fliq,in CG,in (80)  

The heat flow rate is calculated from the oxidative and reductive contribu- 
tions: 

([3r -- YQ/G,ox rG.ox + YQ/G,red rG.red (81) 

Thus, noting the YQ/(i,red << YQ/(i,ox and introducing Equation (80), 

~J0r ~ PO2/G YQ/G,ox Fliq,in CG,in (82) 

or in terms of yield, 

YOI(; ~ Poj(; Yol(;.o• (83) 

Similarly, the other yields are expressed as a function of/9o2/6 assuming a lin- 

ear response of the metabolism between PO2/G = 0 and/9o2/6 = 1 (glycerol forma- 
tion is neglected), 

Yx/~ = PojG Yx/c;.ox + (1 -po jO Yx/(~.~o (84) 

YFtOH/G = (1--/902/6) YEtott/G,red (85) 

YCO2/G--PO2/G YCO2/G,ox + (1--PO2/G)Yco21O,red "~' Yco2/G.ox ~ Yco2/G,red (86) 

and by definition, 

YO2/G = PO2/G Yo2/G,ox (87) 
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This simple approach is illustrated in Figure 19 for a continuous culture of K. 
marxianus.  The evolution of the biomass yield on glucose is linear for the 
whole range of oxygen limitation. 

.~ o ,8- !  
-6 

o,6-t 
o 

o,4~- 

>" 0,2 

0 0 

0 �9 �9 0 �9 e O  

0,0 4-- ................ § ............... ~ .~ . . . . . . . . . .  , . . . . . .  I 

0 1 2 3 4 5 

PO2/G,supply 

Figure 19: Variation of the yield of biomass on glucose as a function of 

/Oo2/G,supply (ratio between oxygen transfer to glucose supply scaled by the glu- 
cose-limited yield) for the growth of K. marxianus.  The culture is double lim- 

ited by glucose and oxygen for DO2/G,supply < 1. Redrawn from Reference [68] 
with permission of the author and publisher. 

8.2. Glucose and ammonium limitation 

In comparison with oxygen, ammonium is absolutely required for growth if 
no other nitrogen source is available. In fact it is a non-substitutable nutrient for 
biosynthesis whereas oxygen is an electron acceptor that can be substituted by 
glucose (reduced to ethanol). If glucose conversion is not complete due to am- 
monium limitation, the restriction of ammonium supply compared to glucose 
uptake is expressed as: 

Cj,in 1 
pj/, = (88) 

Ci,in -- Ci Yj/i,i-lim 
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Four observations were made from experiments performed with X cerevisiae 

and K. marxianus grown in continuous cultures on glucose with different am- 
monium feed concentration [39-41 ]" 

�9 There is a domain of double limitation where both glucose and ammonium 
residual concentrations are very low (Figure 20). 

�9 Biomass concentration is not proportional to the ammonium feed concen- 
tration. In fact, polysaccharides are accumulated under N-limitation [41]. 

�9 The fraction of glucose that is used for fueling reactions increases dra- 
matically under nitrogen limitation [75]. This has a significant effect on 
the yield of heat produced per C-mol biomass (Figure 21 and Figure 22). 

�9 Ethanol formation occurs at severe N limitation for S. cerevisiae and was 
not detected for K. marxianus. However, glucose conversion was not com- 
plete for K. marxianus. In fact, the oxidative capacity of S. cerevisiae is 
limited whereas that of K. marxianus is not. Therefore, the uncoupling in- 
crease is subjected to a maximal constraint in S. cerevisiae. 
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Figure 20: Residual glucose concentration, residual ammonium concentration 
and nitrogen yield on glucose as a function of the N/C ratio of the feed medium 
for S. cerevisiae. (Redrawn from Reference [40] with permission of the author 
and publisher). 
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It is thus clear that the increase in glucose consumption by the fueling reac- 
tion allowed a complete conversion of the glucose supply when growth was 
limited by the ammonium supply. The heat yield on biomass depicted in Figure 
21 for S. cerevisiae illustrates the catabolic decoupling: the heat dissipation per 
C-mole biomass formed doubled as the ammonium supply was reduced by 50% 
of the minimum requirement to avoid a N-limitation. Then, the apparent heat 
yield on biomass decreased since a part of the glucose was metabolized reduc- 
tively with ethanol formation (this reaction is almost athermic). A similar trend 
is found for K. marxianus as shown in Figure 22" the heat yield on biomass in- 
creased up to two times with decreasing ammonium supply. 

In conclusion, calorimetric measurements are very sensitive to ammonium 
limitations since decoupling increases dramatically. In addition to decoupling, 
biomass composition changes showing the large flexibility of the metabolism to 
consume excess glucose. Changes in elemental composition correspond to stor- 
age carbohydrate accumulation. However, nitrogen-limited continuous cultures 
illustrate the non specificity of the heat flow rate measurements. The increase in 
heat production is due to a higher catabolic activity, not to a higher biosynthetic 
activity, which produces only a low amount of heat. This addresses the funda- 
mental dilemma of calorimetry: measurements concern the flow of substrate 
that is dissipated, not the flow of substrate invested in biomass. 
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Figure 21" Heat yield on biomass as a function of the N/C ratio for S. cerevisiae 

feed medium. (Redrawn from Reference [40] with permission of the author and 
publisher). 
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9. M O N I T O R I N G  OF AEROBIC BIOPROCESSES BY CALORIMETRY 

Calorimetric measurements are used in addition to other on-line measure- 
ments such as ro2, rco2, pO2 or pH evolution. The information is both qualita- 
tive, to detect physiological events, and quantitative. 

9.1. Aerobic  batch culture on glucose 

An aerobic batch culture of Saccharomyces  cerevisiae was performed on 
glucose with an initial substrate concentration of 20 g dm -3. The profile of the 
on line measurements is shown in Figure 23. During the first oxido-reductive 
phase O, a part of the glucose uptake is metabolized oxidatively, and the re- 
maining glucose uptake is metabolized reductively. As a consequence, oxygen 
is consumed and at the same time ethanol is produced. The heat flow rate is 
low, and it can be estimated that the contribution of the reductive metabolism to 
the heat flow rate accounts for as much as that of the oxidative metabolism. The 
ethanol production rate stops as glucose is exhausted (| the decrease in meta- 
bolic activity is clearly detectable on the heat production decrease. The small 
peak of activity indicated by | on the Figure 23 corresponds to rapid pyruvate 
exhaustion, and ethanol consumption starts almost immediately after glucose 
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exhaustion during the phases | and | During the phase | acetic acid is also 
consumed which results in additional heat flow rate. During phase | ethanol is 
the only carbon source. 

9.2. Glucose pulse 

The dynamic response of S. cerevisiae and C. utilis grown in aerobic glucose 
continuous culture after a glucose pulse was investigated by van Kleeff et al. 
[20]. The oxidative metabolism of C. utilis was able to increase very rapidly in 
the presence of excess glucose (1 g dm-3). The heat flow rate profile of this 
Crabtree negative yeast showed a sharp increase. Oxygen consumption and heat 
production decreased slowly once excess glucose was exhausted and the resid- 
ual concentration had reached the steady state value. No by-product could be 
detected. By comparison, the behavior of S. cerevisiae was very different. The 
oxygen consumption rate increased slowly when the culture was subjected to an 
excess of glucose. Reductive metabolism set in and ethanol, as well as acetic 
acid, were detected in the broth. The heat flow rate reflects the metabolic adap- 
tation to glucose oxido-reductive metabolism whereas it is undetectable with 
rco2. The ethanol consumption phase as the excess glucose was exhausted was 
also clearly detectable by the heat signal. 

9.3. Shift-up in dilution rate in aerobic continuous culture 

The response of the culture to a dilution rate increase from 0.05 to 0.20 h -~ was 
an immediate increase of the glucose consumption rate so that the residual glu- 
cose concentration was always negligible (between 20 to 50 mg dm -3, not 

shown) [24]. The time profile of the heat flow rate, ~0r, shown in Figure 24 
clearly indicates that the oxidative metabolism must have increased immedi- 
ately after the shift since only the oxidative metabolism is significantly exo- 
thermic. However, it is surprising that the evolution of the oxygen consumption 
rate to2 is delayed as compared to the heat flow rate. The difference in the dy- 

namic response between ~0r and to2 is due to gas-liquid transfer and mixing dy- 
namics. Oxygen measurements provide a slow indication of metabolic changes. 

The immediate increase in ~0~ shown in Figure 24 corresponds to the potential 

for immediate adaptation of the oxidative capacity, denoted ,~jump The re- 
, 1 0 2  �9 

sponse of the respiratory capacity (qo2) measured 10 rain. after the shift-up is 

represented in Figure 25. 
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Figure 24: Profile of the on-line measurements (glucose uptake rate, CO2 pro- 
duction rate, 02 consumption rate, heat flow rate) after a shift-up in aerobic 
continuous culture ofS. cerevisiae from 0.05 to 0.20 h -i [24]. 

The jump of qo2 was not sufficient to fully oxidize the glucose taken-up just 

after the shift-up. Thus reductive metabolism immediately set in as reflected by 
the large increase of rco 2, as compared to ro2 (Figure 25), and the accumulation 
of ethanol in the broth (up to 1.82 g dm-3). Figure 25 shows that the biomass 
concentration decreased from 10.5 to 8.2 g dm -3 due to the low biomass yield of 
the reductive pathway. The adaptation of the oxidative metabolism is shown on 

max  the qo2 profile which reached a maximal value, qo2 , within a couple of hours. 
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Figure 25: Shift-up in dilution rate in aerobic continuous culture of S. cere- 

visiae. D was increased from 0.05 to 0.20 h -~. Evolution of the specific oxygen 

consumption rate (O), biomass concentration (O) and ethanol concentration 
(A) [24]. The q% needed to fully oxidize the specific glucose uptake is esti- 

mated as qG q%/G,ox (F-l). 

9.4. Cell cycle oscillations ofSaccharomyces cerevisiae 

Synchronized populations of Saccharomyces cerevisiae CBS 426 growing at 
a dilution rate of 0.10 h -~ are characterized by autonomous oscillations of proc- 
ess variables [53]: CER varied between 25 and 60 mmol h -~ and rapidly in- 
creased as the oxygen consumption rate increased from 25 to 55 mmol h -~ for a 
continuous culture grown at a dilution rate of 0.10 h -~. High rates of gas ex- 
change occurred during the S-phase when buds emerged. The heat flow rate 
was in the range 3.5 to 7 W. The dissolved oxygen concentration oscillated 
between 60 and 85% of air saturation. The increase in CER was also accompa- 
nied by a slow decrease (10%) in the biomass concentration which indicates 
that the culture was not at steady-state and that biomass accumulation (positive 
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or negative) was significant. As compared to the S phase, the biomass produc- 
tion rate was high during the G2, M and G~ phases and less glucose was oxi- 
dized, leading to low OUR, CER and heat flow rate (see Figure 14 and Figure 
15). 

Elemental analysis showed that the carbon and hydrogen mass fractions were 
constant over a single oscillation with average values of 42.68 + 0.21 and 
6.25 + 0.15% respectively [53]. They did not show any systematic evolution 
with the position in the cell cycle. The average N mass fraction was 
6.58 i 0.32%. Since the reactor is not at steady state, the elemental and energy 
balances were calculated on cumulated quantities, i.e. the integral of the reac- 
tion rates. Recoveries of carbon, degree of reduction and of energy were deter- 
mined to be respectively 102.5, 98.3 and 98.8% over one period of oscillation 
(Table 23). 

10. MONITORING OF ANAEROBIC BIOPROCESSES BY 
CALORIMETRY 

10.1. Anaerobic batch ofS. cerevisiae 

An anaerobic batch experiment with S. cerevisiae grown on glucose was per- 
formed in a bench scale calorimeter [24]. The nitrogen sparging rate was 
0.6 dm 3 min -1 and the initial glucose concentration was 10 g dm -3. The molar 
yields on glucose are indicated in Table 24.The amount of ethanol stripped ac- 
counted only for 3% of the initial glucose of this experiment because the nitro- 
gen sparging rate was low (0.4 vvm) and the experiment was short (it lasted 
only 7 h). During this experiment, only 2.6% of the enthalpy contained in glu- 
cose was found as heat and 4.2% was found in gaseous ethanol. In addition, the 
heat used for ethanol vaporization was 0.6 kJ per C-mol of glucose, i.e. 5% of 
the heat flow rate. Additionally, this example shows that indirect estimation of 
the heat flow rate from product yield requires a precise determination of the 
ethanol production in the liquid and the gaseous phase. The heat yield on glu- 
cose is in good agreement with the value proposed by von Stockar and Birou 
[68]. In comparison with these results, Meier-Schneiders et al. [76] found a heat 
yield on glucose of about 18 kJ C-mol -~. 

10.2. Methanogens 

The energy source of the archaebacterium Methanobacterium thermoautot- 
rophicum is hydrogen and is supplied by the gaseous phase, as well as the 



345 

80 -- 

60 

E 40 

0 20 J_ 
U 

0 I { t t j t t 

0 1 2 3 4 5 6 
t/h 

E 

0 

8 -~ 

0 1 2 3 4 5 6 
t/h 

1 2 3 4 5 6 
t/h 
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Table 23: Inputs and outputs during one oscillation period at a dilution rate of  

0.10 h -~. The number  of  available electrons per C-mol  is +4 for glucose and 

acetic acid, - 4  for oxygen,  +4.13 for biomass,  +6 for ethanol and zero for CO2 

and NaOH. The reference state for the enthalpy o f  combus t ion  and the degree 

of  reduction is C02, H20 and N H  3. (Redrawn from Reference [53] with permis-  

sion of  the author and publisher).  

Carbon Available electrons Enthalpy 
Species (C-mmol) (mmol) (k J) 

Glucose - 435.4 - 1741.6 - 204.2 
Oxygen 0.0 + 589.2 0.0 
Biomass 273.8 1128.1 128.9 
Ethanol 0.49 2.9 0.33 
Acetic acid 0.4 1.6 0.17 
CO2 171.8 0.0 0.0 
Heat 0.0 0.0 74.2 
NaOH 0.0 0.0 - 1.9 

Balance + l 1. l - 19.8 - 0.5 
Recovery (%) 102.5 98.3 100 

Table 24" Molar  yields on glucose for anaerobic batch. Growth  conditions" T~ - 

30~ N2 flow rate = 0.6 dm 3 min -~. Product  yields are expressed in 

C-mol C-mol -l and heat yield in kJ C-tool -! [24]. 

Molar yield (C-mol C-mo1-1) 

YX/G 0.138 
YE/(; 0.506 
Yco2/(; 0.292 

YGIOH/G 0.074 

YttAc/G 0.017 
YYaOH/G 0.019 

Heat yield (in kJ C-mol -i) 

YQ/G 12 kJ C-mol -l 

Recoveries (mol mol -I or J j-l) 

Rc 1.027 

Rdr 1.007 
RQ 1.003 
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carbon source, C02. The gas-liquid transfer determines the biomass concentra- 
tion, whereas the growth rate is determined independently of the carbon and 
energy sources supply by the dilution rate. It has been shown [35] that some 
nutrient provided by the liquid phase is exhausted once a certain amount of 
biomass has been formed. Often, iron or sulfide is the limiting substrate and 
stops growth. The growth stoichiometry reads: 

- 4 H 2  - Yco2/H2 CO2 - YNH NH3 + YX/ X -F YCH CH 4 - 0 (89) 3/H2 H2 4/H2 

A typical experiment is shown in Figure 27: growth is exponential until one 
nutrient from the liquid phase (probably iron) is exhausted [77]. On-line moni- 
toring by calorimetry is illustrated in Figure 28. The heat flow rate is parallel to 
the profiles of rH2, rc% and rcn4. It is important to note the high heat dissipation 
obtained during this anaerobic growth. The linearity between heat dissipation 
and electron exchange from the fueling reactions is depicted in Figure 29. It can 
be seen that 224.4 kJ are produced per mole of hydrogen consumed (7ti2 = 2), 
which corresponds to -112.2 kJ per mol of electron. Therefore, calorimetric 
data is an important signal that can be used to monitor and control anaerobic 
bioprocesses in addition to the few available on line measurements: CO2 in the 
off-gases, dissolved hydrogen. 

11. CONTROL OF BIOPROCESSES BASED ON C A L O R I M E T R I C  
M E A S U R E M E N T S  

11.1. Fed-batch of S. cerevisiae 

Reductive metabolism sets in as soon as the glucose uptake exceeds the oxi- 
dative capacity of S. cerevisiae. Ethanol is formed and biomass yield decreases. 
It is therefore of interest to control the feed rate function of a fed-batch experi- 
ment in order to avoid ethanol formation. The heat flow rate measurement is 
sensitive to the onset of the reductive metabolism since the reductive enthalpy 
yield on glucose is much lower than the oxidative yield (12 versus 190 
kJ C-tool -1 glucose). 

11.1.1. Estimation of  the respiratory quotient 

Randolph et al. [78] developed a control strategy based on the estimation of 
the respiratory quotient of S. cerevisiae from heat flow rate measurements and 

rc% . In fact, the oxygen consumption rate can be estimated from qSr and the 
oxycaloric quotient, Qo, since almost all the heat released is due to the 
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Figure 27: Biomass concentration during an anaerobic batch of M. ther- 
mouutotrophicsirn with hydrogen as energy source. (Redrawn from Reference 
[77] with permission of the author and publisher). 
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Figure 28: Heat flow rate during an anaerobic batch of M. thermoautotrophicum 
with hydrogen as energy source [77]. 
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Figure 29: Linear relation between the heat produced and the amount of hydro- 
gen consumed. Because the degree of reduction of hydrogen is 2, the slope is 
close to two time the oxycaloric quotient Qo. (Redrawn from Reference [77] 
with permission of the author and publisher). 

oxidative metabolism. First, an exponential feed trajectory was defined to in- 
crease the feed rate at a selected dilution rate. The feed rate was corrected by a 
proportional feed back controller to correct deviations from oxidative metabo- 
lism as detected by the RQ increase. The results are shown in Figure 30. The 
heat flow rate increased exponentially as expected and the respiratory quotient 
remained near its set-point value (Figure 31). Fluctuations in rco2 were de- 
creased by reducing the controller gain. 

11.1.2. Controlled glucose pulses 

A more simple control strategy was proposed in reference [14] which con- 
sisted of pulsing 0.6 g of glucose to a culture of S. cerevisiae when glucose was 
depleted. In fact, the heat flow rate increased immediately after addition of a 
glucose pulse to a starving culture. Then, heat production decreased as glucose 
was exhausted once again. Addition of the next pulse was controlled by com- 
paring the heat flow rate during the last 50 s to the heat flow rate during the 
previous 250 s. The medium pump was activated if the heat production 
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Figure 30" Heat flow rate and volumetric heat flow rate during controlled fed- 
batch cultivation. (Reproduced from Reference [78] with permission of the 
author and publisher). 

decreased below a threshold value. The profile of the heat measurement is 
shown in Figure 32 with repeated sharp increases followed by a slow decrease. 
The control of the glucose addition resulted in a biomass yield increase of about 
40% as compared to a batch experiment. However, ethanol formation could not 
be avoided by this simple control strategy. 

11.1.3. Control based on RQ and heat flow rate measurements 

Several control strategies were studied in reference [79] to correct the feed 
rate of a fed-batch cultivation subjected to a pulse of glucose (growth rate was 
about 0.15 h-~). The pulse of glucose corresponding to a final concentration of 
2 g dm -3 was similar to a large perturbation, and resulted in ethanol formation 
followed by ethanol consumption. A control strategy based on heat flow rate 
and RQ measurements gave a shorter duration of the disturbance as compared 
to a control strategy based only on heat flow rate, or only on RQ measurements. 
In fact, RQ measurements are very sensitive to the onset of reductive metabo- 
lism, but are slow. By comparison, heat measurements give a faster response to 
a change in the metabolic activity. 
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Figure 31: Estimation of the Respiratory Quotient from heat flow rate and CO2 
evolution rate during controlled fed-batch cultivation for different values of the 
controller gain. A, B, and C correspond to values of the controller gain of 1.23, 
0.85 and 0.45, respectively. (Reproduced from Reference [78] with permission 
of the author and publisher). 

11.2. Fed-batch culture for erythromycin production 

Calorimetry has been applied by Menoud [80,81] to monitor and control fed- 
batch cultures of the filamentous bacteria Saccharopolyspora erythraea [82]. 
The objective was to use the heat flow rate as quantitative indicator of the ex- 
haustion of one of the nutrients (ammonium ions or glucose). In fact, the low 
product yield (about 10-30 C-mmol per C-tool glucose) did not allow to calcu- 
late an indirect balance for a compound of degree of reduction of 5.03. A main 
prerequisite for monitoring filamentous cultures is to correct the power release 
signal for non-biological effects due to modification of the broth rheology. 
With the RC-1 calorimeter, the rheology of the broth affects i) the heat trans- 
mission coefficient UA through the glass wall, which must be known for 
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Figure 32" Heat flow rate during repeated glucose pulses to a culture of S. cere- 

visiae. (Reproduced from Reference [14] with permission of the author and 
publisher). 

evaluating the measurement and ii) the thermal dissipation by the stirrer, which 
will be picked up by the calorimeter together with the biological signal. 

Although U A  can in principle, be measured during the culture through cali- 
bration, this proved unnecessary because it remained virtually not affected by 
viscosity change. However, the power uptake by the agitator underwent impor- 
tant variations and thus was measured by a torque meter [80]. As can be seen 
from the example given in Figure 33, the torque drastically decreased 25 hours 

into the culture due to the appearance of foam, causing also a decrease in the 09~ 
measurement (disturbance 1). At 65 h, an antifoam agent was added, causing 
disturbances no 2 and 3 in the thermogram. 

When the calorimetric base-line was corrected for the power introduced by 
the stirrer, disturbances 1-3 disappeared (see Figure 34). 
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Figure 33: Heat dissipation rate (qSo) and torque profile during batch culture of 
Saccharopolyspora erythraea. The heat flow rate measured with the calorime- 
ter is affected by torque variation and a linear base-line correction due to reac- 
tor volume decrease (sampling). Numbers (9 to | indicate disturbances due to 
torque variation as described in the text. (Redrawn from Reference [81] with 
permission of the author and publisher). 

Figure 35 shows the thermogram of a typical culture of S. erythraea on a 
complex, industrial medium containing glucose (50 g dm-3), ammonium sulfate 
(4.5 g dm-3), and a complex extract of cotton-seed flower (30 g dm-3). The 
thermal profile contains a set of characteristic features, found in a qualitatively 
similar way in all thermal profiles, and which could be used to identify par- 

ticular events. At the time point labeled @ , a characteristic decrease of 
1.4 • 0.14 W occurred for 45 min. which was probably due to the exhaustion of 
an unidentified substrate contained in the cottonseed flower extract. When the 
residual ammonium concentration became limiting, a characteristic peak of 
about 1 W followed by a period of high heat flow rate was systematically ob- 

served (see label O). This is most probably due to the tendency of microbial 
energy metabolism to uncouple under energy sufficient conditions [42]. This 
intensive heat flow rate continued for about 2 hours until the ammonium ions 
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Figure 34: Heat flow rate of growth reaction (O~r) of a batch culture of Sac- 
charopolyspora erythraea after correction for base-line variation and torque 

variation. In comparison with Figure 33, qs~ represents the heat flow rate dissi- 
pated by the microorganisms. Metabolic changes due to ammonium, nitrate or 
glucose exhaustion are clearly detectable. (Redrawn from Reference [81] with 
permission of the author and publisher). 

were completely exhausted (see Figure 35), after which the heat flow rate 
started gradually to decrease (O). After these events growth continued only 
slowly, growing on an unidentified nitrogen source in the cottonseed flour. Al- 

though some erythromycin was produced before the events (9 and O, the main 
production usually occurred after these and continued until glucose became ex- 
hausted and biosynthesis came to a halt. Glucose exhaustion was also revealed 
precisely by the thermal profile in the form of an almost instantaneous drop in 
heat flow rate, marked | after which the heat flow rate slowly decreased to the 
base line. 

Repeating the experiment reported in Figure 35 at several initial ammonium 
ion concentrations showed that increasing the concentration of (NH4)2SO4 from 
1.75 to 8 g dm -3 leads a higher build-up of biomass and a clear decrease of the 

specific erythromycin productivity during the growth phase (before event | 
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Figure 35: Heat flow rate, pO2 and total heat released during a batch culture of 
Saccharopolyspora erythraea on glucose and ammonium (4.47 g dm -3 initial 

concentration). @ and (i;) indicate two characteristic perturbations that were ob- 

served for all the experiments, | indicates ammonium exhaustion and | glu- 
cose exhaustion. (Redrawn from Reference [81] with permission of the author 
and publisher). 

As a result, the overall product yield decreased and the final concentration of 
erythromycin decreased from 900 to 423 mg d m  -3. 

There would therefore be room for improvement by adding (NH4)2SO4 in a 
fed-batch manner, with the aim of building up high cell densities, and yet 
keeping the ammonium ion concentration low at all times. The result of such a 
fed-batch culture is shown on Figure 36. It was started with an initial ammo- 
nium sulfate concentration of only 0.5 g dm -3 but with a high glucose concen- 
tration of 100 g dm -3. The thermal power release indicated the on-set of growth 

and it went through the characteristic disturbance (@) observed in previous ex- 
periment. When it indicated ammonium ion limitation by going through the 

pronounced maximum labeled (9, the ammonium sulfate concentration was re- 
stored to 0.5 g dm -3 by automatic addition (Figure 36). A period of readjust- 

ment with low activity followed (| Then, growth vigorously resumed and the 

heat flow rate went through the characteristic rapid peak (O) and the period of 
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Figure 36: Controlled fed-batch culture of Saccharopolyspora erythraea by 
pulsing ammonium. Ammonium depletion was detected by the heat flow rate 
signal and was compensated for by an ammonium pulse. (Redrawn from Refer- 
ence [81] with permission of the author and publisher). 

intense heat production (O) indicating again imminent ammonia exhaustion. 
After 5 pulses leading to 5 similar cycles the exhaustion of glucose caused a 
rapid break-down of the heat flow rate by about 6 W, but the erythromycin can 
be seen to have reached a level of 1200 mg dm -3. This concentration is not sur- 
prising in the view of the large amount of glucose processed, but the specific 
productivity was maintained at the high values typical for cultures with low 
ammonia content. 

The same culture was used to investigate whether the biomass formed could 
be stimulated to continue producing antibiotics by feeding it with additional 
glucose. A total of 46.3 g dm -3 of additional glucose was delivered to the cul- 
ture in 6 pulses, which were added each time the characteristic drop in the 
thermogram indicated exhaustion of glucose. As can be seen in Figure 37, the 
glucose pulses restored the heat flow rate to the state immediately before they 
drop, but the slow overall decline of the thermal activity typical for the produc- 
tion phase after nitrogen exhaustion could not be halted. Biomass concentration 
stayed constant at about 15 g dm -3 during these pulses, but the erythromycin 
concentration doubled to 2300 mg dm -3. This type of extended fed-batch 
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Figure 37: Heat flow rate and total heat released during controlled fed-batch 
culture of Saccharopolyspora erythraea by pulsing glucose after ammonium 
depletion of the culture shown in Figure 36. The depletion of glucose was eas- 
ily detected by the sharp heat flow rate decrease immediately followed by the 
injection of a glucose pulse. (Redrawn from Reference [81] with permission of 
the author and publisher). 

culture on glucose is expected to be especially attractive because of the catabo- 
lite repression and adverse rheology effects that would occur if all the glucose 
were present in the medium from the beginning. 

11.3. Control of dilution rate increase in continuous culture 

Continuous cultures subjected to a sudden increase in the dilution rate (shift- 
up) showed that the glucose uptake rate increased immediately to the new 
feeding rate, but that the oxygen consumption could not follow fast enough to 
ensure a completely oxidative metabolism. Thus, part of the glucose assimilated 
was degraded by the reductive metabolism, resulting in a temporary decrease of 
biomass concentration, even if the final dilution rate was below the critical di- 

lution rate. The dynamic increase of the specific oxygen consumption rate, qo2, 

was characterized by an initial immediate jump followed by a first order in- 
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crease to the maximum value. It could be modeled using 3 parameters denoted 
q jump max o2 , qo2 , and a time constant fox [83]. The values for the first two of the pa- 

rameters varied considerably from one shift to another, even if they were per- 
formed under identical conditions. 

Based on this model, a time-dependent feed flow rate function was derived 
that should permit an increase in the dilution rate from one value to another 
without provoking the appearance of reductive metabolism [83]. The idea was 
to increase the glucose supply in parallel with the dynamic increase of the oxi- 
dative capacity of the culture, so that all of the assimilated glucose could al- 
ways be oxidized. Nevertheless, corresponding feed-profile experiments 
showed that deviations into the reductive metabolism could not be completely 
suppressed due to variability in the model parameters. 

A nonlinear proportional controller was used to correct the feed profile. The 
controlled variable was the heat flow rate because it gives the fastest response 
to a metabolic switch. As for open-loop feed profile experiments, the profile 

m a x  feed rate was calculated with qo2 set to 5.8 mmol g-~ h -~, %• - 1.9 h and the 

zTjump initial respiratory potential ~o2 was identified by a short initial step-up (20 

min). The controller gain a was 0.01 dm 3 h -~ W -~. Other experiments with cz 
equal to 0.03 and 0.04 dm 3 h -~ W -~ were also performed in order to study the ef- 
fect of the controller gain. 

From Figure 38 it is apparent that the heat flow rate was higher than the set- 
point during 1 h after the dilution rate increase so that there was no feed flow 
rate correction. Then, at t = 2.1 h, the controller activates because the heat flow 
rate became lower than the set-point. This is shown in Figure 38 where the feed 
rate decreased at this moment. Controller action confirms that the culture was 
forced to work at its highest specific 02 consumption rate, but at the same time 
ethanol production was extremely low (Figure 39). Moreover, the heat flow rate 
measured was almost equal to its set-point value towards the end of the experi- 
ment resulting in little modification of the flow rate. As a consequence, feed 

adaptation rate increase was the fastest possible under the constraint of qo: 

Biomass concentration remained almost constant throughout the entire ex- 
periment and the maximum ethanol concentration observed was 490 mg dm -3 
(Figure 39). This is a considerable improvement as compared with shift-up ex- 
periments where ethanol concentration reached 1.82 g dm -3 and biomass con- 
centration decreased from 10.5 to 8.2 g dm -3 for the same final dilution rate. As 
further evidence that the maximal specific 02 consumption rate was reached at 
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Figure 38: Feedback control experiment of continuous culture of Saccharomy- 

ces cerevisiae aimed at controlling the dilution rate increase. The feed flow rate 
was corrected when the heat flow rate was lower than the set-point value 
(at t = 2.1 h). Correction stops towards the end of the experiment. A further di- 
lution rate shift was imposed at the end of the experiment to check that the oxi- 
dative capacity was at its maximal value (second arrow). (Redrawn from Refer- 
ence [83] with permission of the author and publisher). 
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Figure 39: Feedback control experiment of continuous culture of Saccharomy- 

ces cerevisiae. The experimental qo2 (o)  is compared to the value needed to 

fully oxidize the glucose supply (qGYo,~ . . . .  !-1). The very small difference re- 

sults in low ethanol (A) accumulation and a low biomass concentration (O) de- 
crease. The shift occurred at 1.2 h, and a second shift was performed at 9 h to 

check that qo2 was saturated. (Redrawn from Reference [83] with permission 

of the author and publisher). 

the end of the profile, the reactor was subjected to a second shift in dilution rate 
to 0.4 h -t at t = 9 h. No further increase in the specific oxygen consumption rate 
occurred, but ethanol was produced as expected (Figure 38 and Figure 39). 

However, it was not expected that the heat flow rate would be higher than the 
set-point during the first hour after the dilution rate increase. Also, biomass 
concentration was not supposed to slightly decrease (from 10.5 to 9.5 g dm -3) in 
the absence of significant ethanol production or glucose accumulation. Simi- 
larly, the prediction underestimated other on-line measurements (to2, rco2) at the 



361 

beginning of the experiments. Since no other substrate is available, this can 
only be explained by a decrease in biomass yield of the oxidative metabolism 
during the transition without ethanol formation; it appears that respiration 
(glucose combustion) uncouples slightly just after the shift as compared to 
steady state [19]. Since the elemental balances are correct, the slight biomass 
decrease must be due to higher catabolism rather than reductive metabolism, 
thus not violating our objective. Higher catabolism is equivalent to oxidative 
spilling of substrate, not overflow towards reductive pathways. It leads to a 
higher heat yield on substrate, and conversely a lower biomass yield. 

The choice of a controller gain a equal to 0.03 or 0.04 1 h -l W -l gave good 
results. Ethanol concentration varied between 0.10 and 0.55 g dm -3 for a final 
dilution rate close to 0.20 h -l. The controller action always resumed towards the 
end of the experiments. Note that the initial step used to determine experimen- 

,,.,jump contributes, to a large extent, to the ethanol formation, but is neces- tally ~o2 

sary to ensure a fast enough increase in the feed rate. 

12. CONCLUSIONS 

Calorimetry has been successfully applied to bioreactor monitoring and to 
bioprocess control. Because heat production rate is associated with the growth 
of most of the organisms, direct calorimetry is based on the quantification of 
the heat flow rate that has to be removed from the reactor to keep the system at 
a constant temperature. Under the condition of well controlled environment, the 
measurement of the heat flow rate removed is not only a qualitative indicator 
but a quantitative measure of the biological activity. 

Due to the relative sophistication of the biocalorimeters, such reactors can be 
considered as High Performance Bio-Reactors, and allow to check for the en- 
thalpy balance in addition to the carbon and degree of reduction balances. In 
order to calculate correctly the balances, there now available a large set of data 
concerning elemental composition and enthalpy of combustion of biomass for 
various growth conditions. 

Direct calorimetry gives insight in the thermodynamics of growth. Although 
Gibbs energy dissipation, which is the fundamental thermodynamic variable to 
determine, can not be directly measured, the difference with enthalpy produc- 
tion, which is determined by direct calorimetry, is small for aerobic processes, 
or can be calculated for anaerobic processes. 

Further developments of the equipment are required for applications to 
weakly exothermic organisms (animal cells for example), to improve the long 
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term stability, and to reduce the price of the bio-calorimeters which can limit 
the application of this technique. More fundamentally, the field of cellular en- 
ergetics and bioenergetics remains open. 
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CA1,ORIME'I'KY OF MICROBIAL PROCESSES 

Christer Larsson and Lena Gustafsson 

General and Marine Microbiology, Lundberg Laboratory, Goteborg University, 
Medicinaregatan 9C, 5-4 1390 Goteborg, Sweden 

I .  BACKGROUND 

Microbial processes can be monitored and qriantificd by means of 
caloriinetric incasiiretnents [ 1 - I  51. Even thniigh life processes are extremely 
complex, and inav be composed of thousands of individual metabolic reactions, 
data obtained by calorimetry can be interpreted because the net metabolic 
process can be described and tlierinodynainically treated as a rather simple 
physico-chemical reaction [2:4, 12, 151. 

What is measured by c.aloriinetry is the sum of the net heat change resiilting 
froin the biological prucess (O,,,c,; see Figure 1 ) and froin physico-chemical side- 
reactions. Microbial proccsscs can usually be considered to take placc at 
constant teinperature and prcssurc. Under such conditions, the nct hcat change is 
eqital to the enthalpy change [ 121. 

The continuous net energy cliange (or inore specifically, enthalpy change) is 
equal to the slim of the enthalpy change of al l  the reactions that occur per uni t  of 
time during, for example, microbial growth and may therefore be used i n  
continuous monitoring of growth processes. Entlialpy change deterininations can 
also be wed in quantitative descriptions of microbial processes and enable 
determinations of the energy exchange between living matter and its 
environment and for elucidating inechanisms about bioenergetics and biolugical 
growth efficiency [2, 16-18], 

The great advantage o f  caloriinetric inea~iirenieiit~ for biological studies is 
that the technique is coinpletely non-specific but it  is also completely universal. 
This assiiinption is based 011 the fact that inore or less all the biological reactions 
are connected to the enthalpy changes and, consequently, any biological activity 
can be measured calorimetrically. The drawback, which also lies in the non- 
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specificity, is that a calorimetric measurement does not give the origin of the 
enthalpy change in terms of a specific reaction. It is therefore important to 
combine heat measurements with other methods. 

Figure 1. Open system exchanging matter and energy with its environment. 
The system is represented by a microorganism, metabolising at a flux of Jmet. 
The total heat production of the bioprocess is Qm~t. 

The advantage of combining measurements will be illustrated in the 
following example. In order to study the complete microbial energy conversion 
from substrates to products at steady state conditions in response to the 
environmental conditions, a chemostat study with the yeast Saccharomyces 
cerevisiae was performed [19]. The microorganisms were grown in defined 
medium with glucose as the only carbon and energy source and an ammonium 
salt as the nitrogen source. Glucose was used as the limiting substrate and the 
range of dilution rates was 0.08 to 0.22 h -~ (Figure 2). At steady state, all 
metabolic flow rates as well as the chemical composition of the biomass 
should be constant. Consequently, also the enthalpy change should be constant 
at each particular steady state. The enthalpy change was measured 
calorimetrically as the heat change by a multichannel microcalorimeter 
(Bioactivity Monitor LKB 2277, Thermometric AB, J~irf'~illa, Sweden) of the 
heat conduction type [20]. 

The flow-through mode of the microcalorimeter was used by pumping a 
flow of the culture-liquid from the fermenter, mixed with a flow of humidified 
air, through the measuring vessel of the microcalorimeter. In the flow-through 
mode, the measuring cell is a gold spiral with an inner volume of about 0.7 ml. 
The effective volume has to be determined, since it is dependent on the flow 
rate. 
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Figure 2. (A) Total substrate consumption (O) and total product formation (o), 
expressed in energy units per unit of ash-free (af) biomass produced, versus 
dilution rate (D) during steady state growth of S. cerevisae in a chemostat and 
in defined medium. The area defined by the non-overlapping regions of the 
substrate consumption and product formation curves describes the imbalance 
in energy recovery. (B) Sum of product formation during growth of S. 
cerevisiae in defined medium. Symbols: A,  biomass; A,  plus heat; [-! , plus 
ethanol; m ,plus acetate; � 9  plus total (intracellular and extracellular) glycerol. 
Reproduced with permission from reference [19] copyright �9 American 
Society for Microbiology. 

In the ideal case, all heat evolved in the measuring cell should be transferred 
to the surrounding heat sink. However, because this transfer is not perfect, the 
losses have to be corrected by calibration. Although electrical tests can easily 
be performed on a regular basis by an external located (relative to the flow 
vessel) resistance, there must also be internal calibration. In this case a 
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chemical mixture providing an almost constant and known rate of heat 
production is pumped through the measuring cell, for which the exact effective 
volume can be calculated [21 ]. 

The advantage of this type of calorimeter is the sensitivity of the instrument. 
The drawback, however, may be that the heat change is measured not directly 
in the fermentor, but in an external loop. This may mean that the culture 
conditions are not exactly the same as in the fermenter, especially when the 
fermenter is used as a chemostat, which means that one substrate component is 
limiting. During the time delay caused by the transport of the culture fluid 
between the fermenter and the measuring cell, the concentration of the limiting 
substrate may be decreased to a level which causes a changed metabolism of 
the microorganisms. It is therefore very important to validate the experimental 
set up. Various tests were performed in order to check this for the heat data 
obtained in the study represented in Figure 2. (1), To simulate the rate of 
glucose consumption in the flow line, samples were taken from the culture in 
the fermenter and the rate of glucose consumption was determined. A linear 
decrease in the glucose concentration was demonstrated during the first 
minutes. However, this decrease was in this case at most 20%, compared to the 
concentration in the fermentor after a time lapse corresponding to the transport 
time between the fermenter and the calorimetric cell. (2), Stopped-flow 
measurements were made in order to check for glucose availability. The flow 
through the calorimeter cell was stopped at intervals, and the rate of heat 
production was monitored. (3), Two flow-through cells were connected in 
series. This resulted in a slightly lowered rate of heat production from the 
second cell. The decrease in the heat signal was extrapolated to time zero, 
simulating the level of the heat signal in the fermenter. For this study, with its 
particular conditions, these tests resulted in a correction of the measured heat 
signal by a factor of 1.02. Thus, under the prevailing experimental conditions 
and with the chosen experimental organism, the time delay between the 
fermenter and the calorimetric measuring cell had only a minor influence on 
the rate of heat production. For microorganisms with a high metabolic activity 
and at high cell densities, however, care has to be taken so that the conditions 
in the calorimetric measuring cell and the fermenter are comparable. 

When appropriate conditions cannot be reached in the calorimetric 
measuring unit because of limiting substrate(s) and/or high cell densities, a 
bench-scale calorimeter in which the fermenter and the calorimeter is one unit 
may be preferable. For example, in the chemostat study by Larsson et al. [22] a 
2-liter bench-scale calorimeter (model RC-1; Mettler-Toledo AG, Greifensee, 
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Switzerland) modified for biological work was used (for different studies 
using this type of bench-scale calorimeter, the reader is referred to the chapter 
by Duboc et al. in this volume). This instrument is less sensitive than the 
microcalorimeter. To some extent, however, the higher detection limit is 
compensated for by the much larger volume of the calorimetric unit. With any 
type of instrument used, the validity of the heat data may be verified by the 
energy balance attained (Figure 2), i.e. the sum of the energy content of the 
different substrates and products should be equal. In other words, according to 
Hess's law of energy conservation, the energy calculations can be performed 
on the basis of either the total amount of substrate used or the total amount of 
products formed (including heat), enabling reliability tests of the data. 
Consequently, if an experimental energy balance is achieved this verifies that 
all essential substrates and products (as illustrated in Figure 2B) are identified 
and correctly quantified. For correctly performed energy (enthalpy) balance 
calculations, the reader is referred to the work done by von Stockar et al. [ 12], 
in which thermodynamic considerations in constructing energy balances for 
cellular growth is dealt with in detail. 

In the following of this chapter, several examples from the authors' own 
work, often with yeast as the model organism will be presented. However, the 
approaches described are mostly general and therefore equally well suited for 
other types of microorganism, such as bacteria. 

2. THE O R I G I N  OF H E A T  P R O D U C T I O N  IN M E T A B O L I S M  

2.1. Anabol i sm versus catabolism 
It is a common statement that life is always connected to the production of 

heat. That is true in most cases, perhaps with one (known) exception, i.e. the 
anaerobic production of CH 4 and CO2 from acetate. In this process the entropy 
term outweighs the heat term and, at least in theory, life could be connected to 
net heat absorption [23]. However, if we ignore this exception and instead 
concentrate on what part of metabolism generates the heat. Is it due to 
catabolic or anabolic reactions? The answer is in fact both catabolism and 
anabolism is involved. 

When the substrate is converted in catabolic routes part of the liberated 
enthalpy is conserved in the production of ATP and another part is evolved as 
heat (Q~,t) (Figure 3). The ATP formed in the catabolic reactions is consumed 
in the anabolic reactions and heat is evolved also in this step (Qanab)" The result 
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of the overall process is that part of the substrate is broken down to catabolic 
products, i.e. CO2 and H20 and/or fermentation products and another part of 
the substrate is used for biomass formation (Figure 3). The measured total heat 
production of metabolism (Qmet) is the sum of Qcat and Qan~b- This definition of 
Q~n~b is not equivalent to the term heat of anabolism [2]. The total heat 
production, Qm~t, is the same but Qan~b is higher than heat of anabolism since 
the former also includes the heat evolved when ATP hydrolysis is used to fuel 
anabolic reactions. (Consequently, Qcat is lower than what can be calculated 
from the reaction J~o, due to synthesis of ATP). 

Figure 3. Overview of heat production in a simplified metabolic scheme during 
heterotrophic (organisms using organic substrates both as source of carbon and 
electron donor, i.e. energy source) growth. For simplicity, energy 
transformations are only exemplified by ATP turnover, i.e. the ATP/ADP 
cycle. The flow of carbon from 1 unit of substrate through the catabolic (J~t) 
and anabolic (Janab) routes is of simplicity presented as two separate routes. 

It is important to realise that heat generation is not a consequence or 
measurement of the rate of ATP turnover. In an aerobic process the heat 
production rate is directly proportional to the oxygen consumption rate. 
Whether there are 6 (P/O ratio = 3) or just 1 (P/O ratio = 0.5) ATP formed per 



373 

02 consumed is totally irrelevant for the amount of heat produced. (On the 
other hand, if the stoichiometry was known the rate of ATP turn over could be 
calculated). There may be indirect effects, of course, such that an increased 
ATP formation per O2 may reduce the rate of oxygen consumption and hence 
the heat production rate or that an increased ATP formation per O2 results in an 
increased growth yield and hence a decreased heat production (see below). 

As already stated, the fact that heat evolution occurs when ATP is used to 
power the anabolic reactions should not be confused with the term heat of 
anabolism [2]. Heat of anabolism in this sense means the heat accompanying 
the anabolic reactions when the overall growth equation is separated into 
catabolism and anabolism and the heat dissipation due to ATP consumption (in 
the anabolic pathways) is not included (see section 2.2.1 for examples). It is 
generally believed that heat of anabolism is close to zero at least during growth 
on carbohydrates having a similar degree of reduction as biomass [2, 24]. 
However, this term may increase if carbon sources are used that differ 
significantly in their degree of reduction from that of the biomass [24]. 
Furthermore, the enthalpy change could be both exothermic and endothermic 
depending on whether it is the substrate or biomass which is the most reduced. 
An alternative way of looking at this is that the degree of reduction of the 
substrate affects the extent of catabolism needed for production of biomass. 
For instance, highly oxidized carbon sources, the extreme being CO2, require 
both considerable reducing power in the form of NADPH but also energy in 
the form of ATP, hence the catabolic activity has to be high per unit of 
biomass produced. Similarly, if the biomass is very reduced compared to the 
substrate, such as for e.g. oleaginous yeast [25], a high catabolic activity is 
required to produce the necessary amounts of reducing power. With a reduced 
substrate such as ethanol the situation is very different. During ethanol 
utilisation not only the catabolic but also the anabolic pathways leads to a 
considerable formation of NADH. In that sense one could argue that anabolism 
in this case, with a reduced substrate, leads to anabolic heat production. 
However, with such an argument NADH oxidation and 02 reduction in the 
respiratory chain has been defined as anabolism, and that is rather unorthodox. 
The conclusion from this is that it is very difficult or even impossible to 
separate the metabolism of a cell into two entirely separate activities, like 
anabolism and catabolism. Nevertheless, the heat production of a cell always 
originates from the sum of catabolic and anabolic reactions, i.e. Qmet (Figure 
3). 
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2.2. Coupled versus uncoupled metabolism 
The maintenance energy demand is usually considered small or even 

negligible under optimal growth conditions (Figure 4) [26-28]. The amount of 
energy required to run maintenance reflects the amount of Gibbs energy 
needed. The maintenance energy turn-over may increase substantially under 
conditions of external stress such as, e.g. high osmolarity [ 19, 28], low pH [29, 
30] and presence of weak acids [27, 31, 32]. Another phenomenon that is 
frequently observed in microbiology is metabolic uncoupling [22, 33-40]. 
What will be discussed in the following, however, is the metabolic energy 
turn-over measured as an enthalpy change. 

Figure 4. Theoretical segregation between total metabolic energy turnover 
(open column) and maintenance energy turn-over (grey columns) under 
different growth conditions. 

This is not an effect of an increased maintenance energy turn-over, instead it is 
due to uncoupling between the ATP requirements for anabolism and 
maintenance and the catabolic ATP production (Figure 4). The rationale 
behind this behaviour is not known but, at least concerning the yeast 
Saccharomyces cerevisiae, a poor regulation of the sugar transport system 
might be involved. However, this seemingly wasteful type of metabolism may 
in natural environments be of competitive value. Metabolic uncoupling in S. 
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cerevisiae has been reported both aerobically [22, 41 ] as well as anaerobically 
[41, 42]. The magnitude of excessive ATP formation is not known under 
aerobic conditions, since this depends on the P/O ratio. Anaerobically, 
however, where there is a strict coupling between ATP and product formation, 
it is clear that a substantial fraction of the ATP production is not required and 
has to be removed. The mechanism(s) utilised by the cells for consuming 
excess ATP is not known but several different suggestions have been put 
forward including the existence of futile cycles, increased turnover of cellular 
constituents, etc. [3 5, 39, 40]. 

2.2.1. Heat yield determinations 
The extent of metabolic uncoupling and the magnitude of stress imposed on 

the cells is visualised by a decreasing growth yield but it could also be 
quantified by determining the so-called heat yield, i.e. the amount of heat 
produced per amount of biomass formed. This parameter has the advantage of 
being independent of growth rate or biomass concentration but it is, however, 
critically dependent on the metabolism and growth yield of the cells. For 
instance, if a hypothetical aerobic case is considered in which glucose is used 
as carbon and energy source and ammonium as nitrogen source with the 
following assumptions, growth yield 0.60 C-mol/C-mol of glucose, energy 
content 560 kJ/C-mol of biomass and a biomass composition according to 
CH~.8500.50N0.~5. Then, by using the guidelines suggested by von Stockar et al. 
[12] a catabolic and an anabolic reaction is described as: 

Anabolic 
0.66 C6H~zO6(aq) + 0.54 NH4+(aq) ~ 3.60 CH~.8500.50N0.~5(? ) + 0.36 CO2(g) + 
1.44 H20(I ) + 0.54 H+(aq) 

Catabolic 
0.34 C6H,206(aq) + 2.04 02(g ) ~ 2.04 CO2(g ) + 2.04 H20(1) 

The resulting heat yield could be calculated, by using the heat of 
combustion values provided by von Stockar et al. [ 12] according to: 

0.34 mol x -2814 kJ/mol / 3.60 C-mol - - 2 6 6  kJ/C-mol 

which is equal to -266 kJ/C-mol/24 g/C-mol = -11.1 kJ/g 



376 

It might seem contradictory to separate metabolism into a catabolic and an 
anabolic part since it was concluded that to do this is very difficult or even 
impossible (see section 2.1.). However, for the sake of heat yield calculations it 
does not matter how the split is done, i.e. the result is the same if oxygen is 
used instead of CO2 to balance the anabolic reaction. If oxygen is used the 
reactions would be" 

Anabolic 

0.60 C6H~zO6(aq) + 0.54 NH4+(aq) --~ 3.60 CHl.ssOo.5oNo.~5(? ) + 0.36 O2(g) + 
1.08 H20(1) + 0.54 H+(aq) 

Catabolic 
0.40 C6H~206(aq) + 2.40 O2(g) --~ 2.40 CO2(g) + 2.40 H20(1 ) 

The heat production during respiration of glucose is equal to -469 k J /mol  
02 (with the conditions given in the above equation). In order to produce 3.60 
C-mol of biomass, 2.40 mol 02 is consumed in the catabolic reaction. At the 
same time 0.36 mol 02 is produced (by this way of separating anabolism and 
catabolism) in the anabolic reaction. Consequently the heat yield could be 
calculated according to" 

(2.40 - 0.36) mol 02 x -469 kJ/mol 02 / 3.60 C-tool biomass =-266 kJ/C-mol 
or-11.1 kJ/g 

which is exactly the same result as when CO2 was used to balance the anabolic 
reaction. Furthermore, in these calculations the excess NADH accompanying 
biomass formation [43, 44] has been neglected but neither does this affect the 
heat yield calculations. This is due to the fact that excess NADH requires more 
glucose in the anabolic reaction and consequently less is available for 
catabolism and heat production. However, the excess NADH is respired at the 
expense of oxygen and the concomitant heat production will exactly balance 
the lower heat production caused by the diversion of glucose from catabolism 
to anabolism. These calculations also illustrate the difficulty in trying to 
determine the heat of anabolism by separating anabolism from catabolism. The 
result will depend very much on how the split is done. In the first case where 
CO2 is produced in the anabolic reaction the enthalpy change accompanying 
the anabolic reaction is essentially zero. However, if instead it is assumed that 
02 is produced in the anabolic reaction a heat uptake of 169 kJ could be 
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calculated for this reaction (this value is of course equivalent to 0.36 02 x -469 
kJ/mol 02 - -169 kJ). However, as shown above, for the sake of heat yield 
determinations the separation between anabolism and catabolism is irrelevant. 
A change in growth yield, on the other hand, has a big impact on the heat 
yield. As stated previously the type of metabolism also has a big influence on 
the heat yield. If instead an anaerobic system is considered where ethanol is 
formed from glucose, e.g. by S. cerevisiae, and with a growth yield of 0.10 C- 
mol/C-mol, the growth equations will be: 

Anabolic 

0.11 C6H~206(aq) + 0.09 NH4+(aq) --~ 0.60 CHl.ssO0.50N0.~5(?) + 0.06 CO2(g) + 
0.24 H20(1) + 0.09 H+(aq) 

Catabolic 
0.89 C6H~206(aq) --+ 1.78 C2HsOH(aq) + 1.78 CO2(g) 

The heat production accompanying ethanol formation is -100 k J/tool 
glucose [12]. Consequently the heat yield could be calculated according to: 

0.89 mol x-100 kJ/mol / 0.60 C-mol = -  148 kJ/C-mol 

which is equal to-  148 kJ/C-mol/24 g/C-mol =-6.2 kJ/g 

However, the excess NADH formed due to anabolic reactions has to be 
taken into account under anaerobic conditions. For instance, S. cerevisiae uses 
glycerol formation as a way of disposing a surplus of NADH anaerobically 
[45-47] and this will of course affect the heat production. By using the value of 
0.3 mol NADH per C-mol biomass formed [43], the growth equations will 
change to: 

Anabolic 

0.125 C6H~206(aq) + 0.09 NH4+(aq) + 0.18 NAD + --~ 0.60 CH~.8500.s0N0.~5(? ) + 
0.15 CO2(g) + 0.15 H20(I) + 0.18 NADH + 0.27 H+(aq) 

Catabolic 
0.875 C6H1206(aq) + 0.18 NADH + H § --~ 1.57 C2HsOH(aq) + 0.18 C3H803(aq) 
+ 1.78 CO2(g ) + 0.18 NAD + 
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The heat yield is decreased to" 

(0.875 x-2814) -((1.57 x-1357) + (0.18 x-1649)) / 0.60 = -58 kJ/C-mol 
o r -58 /24  =-2.4 kJ/g 

Quite a number of publications concerning the meaning and experimental 
determinations of heat yields under different conditions have been published, 
e.g. references[15, 16, 19, 22, 29, 30, 35, 43, 48-53]. The studies have included 
various microorganisms growing on different substrates [49], the difference 
between aerobic and anaerobic conditions [53], but also the effect of different 
stress conditions such as low pH [29, 30], osmotic stress [16, 19] or nitrogen 
limitation [22, 33, 35]. As expected, depending on the conditions, the reported 
heat yield values are quite diverse. Fully aerobic growth on glucose seem to 
result in values approximately between -10 to -15 kJ/g [22, 30, 49, 50], 
whereas anaerobically values as low as -4 to -5 kJ/g were observed [43, 50]. At 
the other extreme is growth at low pH where values between -70 to -80 kJ/g 
have been reported [29, 51]. 

3. FUTURE AREAS OF APPLIED C A L O R I M E T R Y  

3.1. Continuous registration and control of fermentations 
Analysis and control of batch and fed-batch fermentations by calorimetry 

has been performed in, e.g. references [29, 54-56]. The heat production rate 
can of course be used as a control parameter. In addition, calorimetry can be 
very useful in continuous culture studies as a convenient way of monitoring 
when steady-state is established [22, 33, 57]. The advantage of using 
calorimetry for registration and control is its non-destructive nature and that it 
can easily be applied as a continuous on-line measurement. Since all reactions 
in a cell give rise to a heat change, a constant heat production rate indicates a 
constant total activity and hence steady-state conditions. Calorimetry has also 
been used to study the energetic consequences in terms of efficiency during 
oscillatory growth [16], which is frequently observed in continuous cultures of 
S. r Different ways of calculating efficiencies were presented and the 
results showed that oscillatory growth caused a reduction in efficiency 
compared to steady-state conditions [ 16]. A related field of research is the heat 
flux measurements during glycolytic oscillations in yeast cells (see section 
3.2.3.). Another area where calorimetry has proven to be a useful tool is in 
medium optimisation studies [15, 49, 52, 55]. The possibility of detecting poor 
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growth and activity due to medium limitation will most probably become 
increasingly important. This is because increased competition and increasingly 
sophisticated bioprocesses in the field of biotechnology makes accurate control 
strategies necessary for process reproducibility and to make the bioprocesses 
economically feasible. A new problem has arisen in recent years because it is 
common practice in modem molecular biology to use amino acid auxotrophy 
as selective markers. As a consequence, growth arrest or metabolic disorders 
that are frequently observed is due to medium limitation of the specific amino 
acids for which the organisms are auxotrophic. 

This will be illustrated in the following example. When using auxotrophic 
mutants it is of course necessary to supplement the medium with the required 
amino acids. Unfortunately it has turned out to be very difficult to determine 
the amounts needed by the organism, at least concerning the yeast S. 
cerevisiae. This yeast shows an extensive over-consumption of added amino 
acids, in particular leucine, but depending on the strain also tryptophan may be 
consumed in excess of anabolic requirements (Larsson & Gustafsson, 
unpublished). Leucine limitation causes growth arrest but the cells still 
maintain a high catabolic activity which could be detected by calorimetry 
(Figure 5). 

It is often suggested to use 30 mg/l leucine when cultivating these mutants. 
However, when using 5 g/1 glucose as carbon and energy source, the 
concentration was increased to 120 mg/l. Nevertheless, even this concentration 
turned out to limit growth (Figure 5). If the added leucine was used solely for 
the purpose of protein synthesis this amount should be sufficient to produce 
more than 2 g/1 of biomass (50% protein content and approximately 10% of the 
protein consists of leucine). In the study described (Larsson & Gustafsson, 
unpublished), the growth limitation was initiated well below a biomass 
concentration of 1 g/l. As can be seen by the rapid response when leucine was 
added (Figure 5), calorimetry is a simple way of both detecting the presence of 
a limitation as well as to determine what substance is responsible. 

The study presented in Figure 5 exemplifies the use of calorimetry in 
medium design, not only for auxotrophic mutants, but generally in any kind of 
medium design for microbial processes, independent of organism and substrate 
complexity. 
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Figure 5. Growth and heat production rate during a leucine limited aerobic 
batch culture of a leu2 deletion mutant of S. cerevisiae with a synthetic 
medium containing 120 mg/l leucine and 5 g/l glucose as carbon and energy 
source. The arrow indicates addition of a further portion of leucine. Log A610 
(O) and heat production rate ( - )  (Larsson & Gustafsson, unpublished). 

3.2. Analysis of metabolic fluxes in non-growing/starved cells 
Although the dominant portion of microorganisms in nature probably reside 

during most of their life cycle in a non-growing state, most studies with 
microorganisms have been performed with growing organisms. There is most 
certainly a lot to learn about metabolism in non-growing and starved cells. 
Because of different reasons, however, the non-growing state is more difficult 
to study. One reason is the low rate of metabolic flux. For some approaches, 
sensitive microcalorimeters have proved useful. 

3.2.1. Catabolic flux distribution 
Calorimetry measures the total metabolic activity. In order to quantify the 

contributions of different metabolic fluxes, sequential inhibition of respective 
metabolism by inhibitors may be used. If an organism, for example, has the 
ability to perform both respiration and fermentation as part of their catabolism, 
inhibitors of respiration and fermentation may be used in order to quantify 
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their respective importance under a certain condition [58]. It should be kept in 
mind though, that blocking either metabolism, for example respiration, might 
have secondary effects on the other metabolism, for example fermentation, i.e. 

the fermentative activity may increase in a situation when respiration is 
blocked or vice versa. This has to be checked in control experiments. 

This will be illustrated in the following example. The combination of 
calorimetry and inhibitors of fermentation and respiration was used to 
distinguish between the fermentative and respiratory activity, respectively, 
after glucose pulsing to carbon or nitrogen starved cultures of S. cerevis iae  

(Figure 6; Nilsson, PShlman, Larsson & Gustafsson, unpublished). Respiration 
and fermentation were sequentially inhibited by azide, and iodoacetic acid, 
respectively. Azide is an inhibitor of the respiratory chain, while iodoacetic 
acid is an inhibitor of glycolysis. 
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Figure 6. Changes in heat production rate after addition of 1% glucose to S. 
cerevis iae cultures starved for carbon or nitrogen, respectively. Azide was 
added in order to inhibit respiration, while iodoacetic acid inhibits glycolysis 
(Nilsson, P~hlman, Larsson & Gustafsson, unpublished). 

The difference in heat production before and after addition of azide 
represents respiratory activity while the fermentative activity is obtained from 
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the difference in heat production in the presence of azide and the subsequent 
addition of iodoacetic acid (Figure 6; Nilsson, Larsson, Pgthlman & 
Gustafsson, unpublished). Test experiments showed good agreement in 
fermentative activity when comparing calorimetric and direct measurements 
of ethanol production for carbon-starved cells but not for nitrogen-starved cells 
[58]. The reason for the difference between carbon and nitrogen starved cells is 
not understood. 

For these studies, the multichannel microcalorimeter described in section 1 
was used in the flow-through mode. Temperature controlled and stirred 
Ehrlenmeyer flasks, containing starved yeast cultures in synthetic salt solution, 
were connected to the microcalorimeter and a mixed flow of liquid-culture and 
humidified air was pumped through the measuring vessel of the 
microcalorimeter. The yeast cells were pulsed with glucose as an energy 
source (no nitrogen was added). The cells responded immediately to the energy 
source, although very differently depending on whether they were originally 
starved for nitrogen or carbon. As can be seen, carbon starvation provoked a 
much higher respiratory as well as fermentative activity after a glucose pulse 
compared to nitrogen starved cells. This difference in response has recently 
been verified in studies excluding the use of inhibitors, but with a combination 
of respirometry and calorimetry, (Nilsson, Phhlman, Larsson & Gustafsson, 
unpublished). The main reason for this is probably the fact that nitrogen 
starvation results in a rapid inactivation of glucose transporting enzymes in S. 
cerevisiae [59]. 

Calorimetric studies of this kind, in combination with specific techniques, 
may be valuable in resolving metabolic responses of non-growing/starved 
microorganisms. For an example see section 3.2.4., where a combination of 
calorimetry and respirometry on starved bacteria is presented. 

3.2.2. The control of  catabolic flux 
Although the biochemistry of glycolysis has been known for a long time, the 

regulation of glycolysis is far from fully understood. At least in yeast, it has 
been suggested that glucose transport exerts a high control on the glycolytic 
flux [60]. In Metabolic Control Analysis (MCA), the extent to which an 
enzyme controls a flux is quantified by a flux control coefficient (for review, 
see [61]). 

This will be illustrated in the following example. The complexity of the 
sugar transport system in S. cerevisiae is very great and consequently not 
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simply accessible to modifications. This problem was addressed in a study by 
Teusink and collaborators [62]. The activity of the sugar transport system was 
modulated by changing the external glucose concentration, i.e. the substrate 
concentration (glucose) was used as a parameter instead of as a variable. Non- 
growing cells of S. cerevisiae were used and only fermentative metabolism 
was allowed, since respiration was blocked by the addition of cyanide. Since 
the ethanol produced per glucose consumed was constant after a glucose pulse 
throughout a parallel experiment, it was assumed that also the heat produced 
per glucose consumed stayed constant. The glucose consumption could 
therefore be calculated from the heat flux. Microcalorimetry was used to 
accurately measure the heat flux through glycolysis (see section 3.2.3. for 
some further details concerning the experimental approach). The interpretation 
of data obtained was that the extent to which the glycolytic flux in resting 
yeast cells is controlled by the glucose transport system depends very much on 
the conditions and can largely differ from case to case. 

3.2.3. Heat flux and metabolic dynamics 
The use of microcalorimetry as a complementary method to study regulation 

and control of metabolic fluxes has great potential, since microcalorimetry 
with a high precision measures an average of all metabolic fluxes rather than 
the time dependence of the concentration of specific metabolic intermediates. 
It is therefore possible to use microcalorimetry as an accurate "fluxmeter" for 
studies of metabolic dynamics [63]. 

This will be illustrated in the following example. Sustained oscillations of 
glycolytic intermediates have been shown in the yeast S. cerevisiae, both in 
cell free extracts [64, 65] and in whole cell cultures [63, 66]. Oscillatory 
growth is also a well-documented phenomenon in this yeast (see reference 
[16]) for further references). In the latter case, there may be an oscillatory shift 
in proportion of the respiratory and fermentative catabolism, during continuous 
aerobic growth on glucose. The oscillatory behaviour has been documented as 
an oscillation of substrate consumption rates and product formation rates rather 
than as an oscillation of metabolic intermediates [ 16]. An oscillatory behaviour 
may be of short (duration less than 1 min. [62, 63, 66]), medium (duration less 
than 1 hour; [64]), or long term duration (duration of several days; [16] ). 

Glycolytic oscillations in yeast have been known for a long time (for review 
see reference [67]). The fact that sustained oscillations can be observed in a 
population, implies that some synchronisation mechanisms prevents the cells 
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from running out of phase. Recently acetaldehyde was identified as a 
metabolite that has the potential of triggering a sustained glycolytic oscillation. 
Acetaldehyde thereby couples the individual cells (see reference [63] for 
further references). The metabolic oscillations are readily monitored through 
NAD(P)H fluorescence, but these do not give a measure of the total metabolic 
flux. This, however, may be performed by microcalorimetry. In the study by 
Teusink et  al. [63], the time duration of the oscillations were less than 1 min. 
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Figure 7. Oscillations in the heat production rate measured by the 
microcalorimeter without (A) and with correction (B). At t=3 rain, the cells 
enter the calorimeter; glucose and cyanide were added as indicated by the 
arrows. The inset in panel B is an enlargement of the uncorrected and the 
corrected data. For details see [63]. Reproduced with permission from 
reference [63] copyright �9 American Society for Biochemistry and Molecular 
Biology. 

The main obstacle to making calorimetric investigations on glycolytic 
oscillations is that it requires an instrument which is at the same time highly 
sensitive but also allows for rapid measurements since the time period of the 
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oscillations may as in this case be less than 1 min. A procedure was therefore 
developed for correction of the distortion of amplitude and phase of the heat 
signal caused by the relatively slow response of the calorimeter (Figure 7; 
[63]). The correction was based on the Tian equation. By applying this 
correction procedure it was possible to study oscillations in heat production 
rate with a period duration of less than 1 minute. The flow-through mode of 
the multichannnel microcalorimeter (BAM) of the heat conduction type was 
used as described in section 1 [20]. 

The study was performed with resting cells in Erlenmeyer flasks at a 
temperature of 21~ At this temperature the period of the oscillations was 
approximately 50 s. To induce oscillations, glucose and subsequently cyanide 
were added. The culture-liquid was pumped to the measuring cell of the 
microcalorimeter and then returned to the Erlenmeyer flask (Figure 7). 

In this study [63], the heat flux and the concentrations of glycolytic 
metabolites were simultaneously determined. The data showed that the 
oscillations in heat production rate were in phase with the oscillations in 
NADH concentration. The heat flux measurements also enabled the 
recognition of (i) changes in metabolic capacity that may affect glycolytic 
dynamics, (ii) implications of glucose carrier kinetics for glycolytic dynamics 
and (iii) the continued requirement for an acetaldehyde trapping agent for 
sustained oscillations in S. cerevisiae. 

3.2.4. Mechanisms of  ageing 
As long as the environment support self-replication, microorganisms appear 

to be immortal. Yet, microorganisms die if circumstances arrest multiplication, 
although depending on the type of organism and conditions they may survive 
prolonged periods of starvation. Specific genetic programmes are suggested to 
have evolved to prolong survival of microorganisms under adverse conditions 
(see reference [68] for further reading). It has been shown that utilizable 
energy from endogenous material allows protein synthesis in bacteria. 
Strategies evolved to protect the microorganisms from starvation death are 
now intensively studied, especially with use of molecular biology techniques. 

This will be illustrated in the following example. In the bacterium 
Escherichia coli, one of the global regulatory systems is the two-component 
ArcA-ArcB system, which is activated when the environment contains no 
external electron acceptor or only poor ones; ArcA being the regulator and 
ArcB the sensor component [69]. The importance of the ArcA regulator for the 
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starvation response of E. coli was studied [68]. This investigation used a 
combination of respirometry (Oroboros Oxygraph; A. Paar KG, Graz, Austria) 
[70], microcalorimetry (similar fermenter-calorimetry system as described in 
section 3.2.1. was used) and molecular biology techniques. It was shown that 
the AarcA mutant failed to decrease the synthesis of several TCA cycle 
enzymes during starvation. This was manifested by an elevated rate of 
respiration and total metabolic activity compared to the wild-type during 
starvation conditions. By combining calorimetry and respirometry it was found 
that the mutant had a higher total activity but also that the respiratory activity 
accounted for more than 80% of the total energy turnover in the mutant 
whereas in the wild-type only 40% of the total energy expenditure was due to 
respiratory activity. These differences between the wild type and the mutant 
were only found under starvation conditions. Exponential growth resulted in a 
similar total metabolic activity and respiratory activity in the AarcA mutant 
and the wild-type [68]. The inability to survive prolonged periods of starvation 
could at least in part be overcome by overproducing the superoxide dismutase 
SodA. This suggests that the increased respiratory activity in the AarcA mutant 
enhances the level of toxic oxygen radicals, thus reducing the survival. 
However, the beneficial effect of overproduced SodA is dramatic during 2-3 
days of starvation but prolonged periods renders these cells as sensitive as non- 
overproducers. A plausible explanation might be that the incapability of 
reducing the metabolic activity when there is no exogenous carbon and energy 
source will drain the cells of energy. In fact, if the high activity of the mutant 
as reported by Nystr6m et al. [68] were to be maintained for a long time, the 
total energy content of the whole cells would very quickly be consumed. 

3.2.5. Maintenance energyflux 
Maintenance energy flux in non-growing/starved cells is not easily studied. 

There are at least two difficulties (i) the low rate of metabolic flux; and (ii) the 
complexity of potential intracellular energy sources. Microcalorimetry may be 
an appropriate technique for studies of maintenance energy flux, both because 
it is not restricted to the metabolsm of any particular substrate and it is a 
relatively sensitive method (see also section 2.2.; for a review see [4]). Care 
must be taken, however, in how these experiments are performed. It is quite 
common to concentrate and/or transfer the cells to a new (starvation) medium 
for these types of determinations. At least in yeast such a transfer has been 
shown to trigger some kind of endogenous metabolism [26], which should not 
be confused with maintenance metabolism since periods of an increased 
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metabolism may occur in response to a disturbance in the environment. In 
contrast, maintenance energy is here defined as the lowest level of energy 
turnover during survival of non-growing cells. When performing calorimetric 
measurements on stationary phase cells of S. cerevisiae, heat production rates 
below the instrumental detection limit of 4 to 5 J/g h was obtained [26]. If, 
however, these cells were harvested by centrifugation and transferred to a salt 
solution, an endogenous activity amounting to 36 J/g h could be measured. In 
addition to changes in metabolic activity also the intracellular nucleotide levels 
were shown to be affected by this transfer [71]. Hence great care should be 
taken in the design of such experiments. Unfortunately, not even 
microcalorimeters may be sensitive enough to measure the low metabolic rates 
persisting in starved microorganisms. However, the volume of the measuring 
cell may be increased by using for example a perfusion vessel [20] instead of 
the flow-through vessel. 

3.3 Bioadhesion 
Studies of bioadhesion have in recent years become increasingly important. 

One explanation for this is that bioadhesion offers a large number of 
applications in the field of biotechnology. Usually the non-growing state in 
nature is maintained because of nutrient limitation and as a consequence of the 
search for food, microorganisms often adhere to different surfaces. It has 
actually been estimated that the predominant mode of growth occurs on 
surfaces compared to a free-living mode in liquid-suspension. This seems to be 
true for all kinds of environments, i.e. in fresh water and in marine ecosystems 
as well as in terrestrial environments or in association with higher organisms. 
As a consequence of adhesion, the organisms seem to be more active 
compared to when they reside in the free-living state [72]. An increased 
metabolic rate would be detected by calorimetric measurements. This 
expectation was confirmed in a study by Humphrey and Marshall [73] where a 
rapid increase in the rate of heat production of the marine bacterium Vibrio 
DW1 was obtained when a surface was introduced. The heat output was 
directly measured in a flow-microcalorimeter. Earlier data from studies with 
Vibrio DW1 showed that the presence of an air-water interface or a solid 
surface (dialysis membrane) in the absence of an energy substrate, induced 
among other responses, a reduction of cell-size [74] and a substantial increase 
in oxygen consumption [75]. Conflicting data are, however, found in other 
parts of the literature [76-78]. The explanation for this may be partly that 
surfactants at surfaces can induce various cell responses. Furthermore, 
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different surface active substances may be extracted to a different extent and 
surfactant properties may differ in their effect on the microorganisms [73]. 

There are so far very few studies covering calorimetric quantification or 
monitoring of the metabolic activity of adhered cells compared to free-living 
ones. Calorimetric measurements have, on the other hand, been used in order 
to pin-point physiological states of microorganisms which differ with respect 
to adhesion properties. For example, different states of the growth cycle have 
been monitored by flow calorimetry, both in defined laboratory media and in 
diluted mucus from the intestine of higher organisms [79-82]. Different yeast 
strains isolated from fish were shown to decrease in cell surface 
hydrophobicity (CSH) when switching from exponential growth to non-growth 
in the stationary phase. It was suggested that hydrophobic interactions are 
important for the initial events of fish colonisation by yeast [82]. 

For colonisation to occur subsequent to adhesion, growth of bacteria and 
yeast has been considered a necessity. The different fish-isolated yeast strains 
were able to utilise fish mucus as the sole source of nutrients (including the 
energy source) for growth (Figure 8). The occurrence of one major peak in the 
monitored rate of heat production indicates that only one type of compound 
was used as the major energy source [79]. A great advantage of this type of 
growth studies in mucus, is that, unlike nephelometry, calorimetry is not 
sensitive to opaque media. Consequently, calorimetry enables a possibility to 
register growth continuously, both in coloured and non-transparent media. 

The bacterium Escherichia coli can also utilise ileal mucus lipids as the sole 
carbon/energy and nitrogen source [83]. To further elucidate nutrient 
utilisation during growth on mucus and mucus lipids, a mutant was constructed 
that was deficient in the fatty acid degradation [84]. By monitoring the 
metabolic activity of E. coli 1107 (wild-type) and E. coli 1107fad A B  (mutant) 
in a flow-microcalorimeter during growth in piglet ileal mucus, it was possible 
to demonstrate that the fatty acids were used by the wild type during stationary 
phase (Figure 9). The consumption of fatty acids did not seem to be connected 
to additional net growth. It was concluded that possible cell growth may have 
been balanced by death of the cells or, alternatively, the energy produced was 
used as maintenance energy. This illustrates one of the strengths with 
calorimetry, i.e. to show the occurrence of unknown metabolic activities, not 
always easily detected with other techniques. 
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Figure 8. Growth of S. cerevisae CBS7764 (open symbols) and B. hansenii 
Hfl (tilled symbols) in intestinal mucus and in YNB. Rate of heat production 
(-), CFU ( ) and OD,,, (0). Reproduced with permission from reference [79] .  
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Figure 9. Growth (a) and rate of heat production (b) of E. coli K88 during 
anaerobic growth in piglet ileal mucus. Growth was measured as the increase 
in CFU per ml, and the rate of heat production (dQ/dt) was measured with a 
microcalorimeter. The arrows indicate times of 35S-methionine labelling of the 
E. coli K88 culture during growth: 3 h, exponential growth phase; 6 h, early 
stationary phase, 8 h, late stationary phase. Reproduced with permission from 
reference [84] copyright �9 American Society for Microbiology. 

3.4 Ecosystem studies 
Organisms in the natural environment often have, as already pointed out, to 

cope with low substrate concentrations or periods better characterised as 
starvation for a particular or for several nutrients (see also sections 3.2. and 
3.3.). For example, in the marine environment, heterotrophic microorganisms 
are often considered to be starved of energy. In addition to non-optimal 
conditions for growth and survival of the organisms caused by the level of 
nutrient supply, there may appear physical or chemical stress factors, such as 
non-optimal temperature, osmotic potential, redox potential or accumulation of 
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toxic substances. To increase even more the constraints on the organisms, both 
the chemical and the physical characteristics of the environment may fluctuate 
at a varying frequency as well as amplitude. 

Energy is needed for any type of biological activity used to meet different 
environmental conditions. The available energy may, however, be limited. 
Consequently, the strategy of energy regulation and the efficiency of energy 
utilisation is of utmost importance for the survival and growth of the different 
organisms and for the competition or co-operation between the organisms 
constituting any natural habitat. The capacity and strategy in regulating the 
energy flow will, consequently, have an impact on the composition and 
behaviour of the ecological community and, thereby, on the total energy flow 
in the community (quoted from [85]). Included in the environmental changes 
that may cause an altered flow, on both intra- and inter-organismic levels, are 
man's activities in causing pollutants of different biological toxicity to be 
distributed to the environment. 

Although calorimetry in principle can be a very powerful tool in ecological 
studies, relatively few studies have been performed with this technique (for 
reviews see references [3, 86]). The great potential of calorimetry in ecological 
studies lies in that it gives a total measure of the metabolic activity in a natural 
sample, which certainly will provide additional information compared to other 
more specific methods used, like gas and enzyme activity measurements. By 
combining oxygen consumption measurements with heat measurements, on the 
other hand, different types of energy metabolism may be distinguished, e.g. 
anaerobic (anaerobic respiration and fermentation) and aerobic respiratory 
metabolism. 

Explanations for the scarce use of calorimetry in ecological studies are for 
example the cost of the equipment, the difficulty to perform measurements on 
undisturbed samples, uncontrollable physico-chemical side-reactions, 
difficulties in interpreting obtained data and a general poor knowledge of what 
actually is the biological meaning of the measured heat signal. 

3.4.1. Sample handling 
Several authors have used the calorimeter for measurements of metabolic 

activity in soil [80, 87-99]. One of the difficulties with measurements of 
natural samples are of course the complexity of the system, in which many 
physico-chemical reactions may contribute substantially to the measured heat 
output. By using sterilised soil samples, a contribution of 10% of the total heat 
output was shown to originate from non-biological reactions [95]. The 
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proportion of the non-biological contribution may of course correlate to the 
size of the contribution of the biological reactions, but the ratio of the 
respective contribution (biological/non-biological) may also be markedly 
changed, for example by increasing the humidity of the sample [89]. Other 
physical factors that during the experiment may severely affect the total heat 
output (biological and non-biological) and introduce changes in the microbial 
population is the temperature and the type and size of the gas phase. 
Consequently, control experiments under relevant conditions have to be 
performed for every specific sample. Until now, examples that have been 
described in any detail in this chapter, have made use of the flow-through 
mode of microcalorimeters. For experiments on natural samples, however, 
measuring vessels of the ampoule type are usually more appropriate. If closed 
ampoules are used during the calorimetric measurements, either oxygen may 
be limiting or an increased carbon dioxide concentration may cause an 
inhibition. The latter turned out to be the case during long term experiments (2 
to 3 months). Closed ampoules are, however, not the only alternative for 
studies of soil or sediment samples. In a study where the total activity in 
sediment samples were compared in closed ampoules and an open perfusion 
vessel in which the water phase was continuously aerated, the aeration led to 
an increased and maintained rate of heat production [100]. 

This will be illustrated in the following example. In the study by Gustafsson 
and Gustafsson [100], the earlier mentioned multichannel microcalorimeter 
(BAM) of the heat conduction type [20] was used. However, in these studies 
the ampoule and not the flow-through mode was used. The channels were 
fitted with either an ampoule or a perfusion vessel. The vessels (of acid-proof 
stainless steel) had a volume of 6.5 ml and were loaded with 6 ml sediment- 
water mixture. After sedimentation the vessels contained around 1.5 ml 
sediment. In the closed ampoule there was no possibility to aerate the sample 
during measurements whereas in the newly designed perfusion vessel [101] it 
was possible to stir and aerate the sample. The stirring propeller was placed 0.5 
- 1 cm above the sediment surface. After sealing, the vessel was completely 
filled by pumping in relevant river or lake water. During the experiment the 
water over the sediment was gently stirred and aerated through the stirring axle 
with water saturated air. That the treatment of the sample in the perfusion 
vessel showed a higher and constant rate of heat production, does not 
necessarily mean that the microbial population in the sediment was devoid of 
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oxygen in the closed ampoule. Instead or additionally, the beneficial effect 
may have been due to the removal of otherwise accumulating carbon dioxide. 

In experiments reported by Sparling [96-98], the heat output from the soil 
biomass was remarkably uniform, and soil treatments such as storage or 
amendment resulted in larger effects on the heat output, than did the type of 
soil sample. Pamatmat and collaborators [102, 103] measured a fairly steady 
level of heat output from anaerobic layers of sediments (1-2 cm depth or 
deeper). In contrast, the heat output decreased with depth. The heat output 
from the uppermost aerobic layers (0-1 cm), on the other hand, decreased with 
time of measurement because of aeration insufficiency. These studies 
demonstrate the necessity of using relevant conditions and control 
experiments, in order not to hide real effects behind effects originating from 
improper sample handling. This of course also includes the texture of the soil 
or sediment sample. Laserre and Tournier [104], however, reported identical 
microcalorimetric responses with undisturbed and disturbed sediments. They 
established microcosms from the superficial layer of sediments and water, 
representing different ecosystems located on the Atlantic coast of France and 
added peptone in order to imitate an acute eutrophication process. During the 
transition phase that followed peptone addition, correlations were obtained 
between rates of heat production, oxygen consumption and ~aco2 turnover. 
Correlations in response, however, disappeared when steady state conditions 
were achieved. 

3.4.2. Mixed metabolisms on organism and populat ion level 

Combination of heat and oxygen measurements are particularly valuable, 
since this provides information about the extent of aerobic compared to 
anaerobic metabolism. For a variety of different conditions and substrates, 
such as carbohydrates, lipids and proteins, the oxycaloric equivalents range 
from -430 to -480 kJ (tool O2) -~ [105, 106], i.e. the enthalpy change per mole 
oxygen consumption. Transferring this relation to experimental conditions, it 
equals the ratio between the rate of heat production and oxygen consumption 
during fully respiratory catabolism, under most biological conditions, i.e. 

constant pressure and temperature. From this follows that simultaneous 
calorimetry and respirometry provides a tool in ecological studies. For purely 
aerobic metabolism, calorimetric measurements may substitute for oxygen 
measurements (indirect calorimetry) or vice versa. For a mixture of anaerobic 
and aerobic metabolism the extent of the two may be quantified by combining 
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calorimetry and oxygen measurements. The combination of different methods 
(including respirometry) with calorimetry is illustrated in a study [107] with 
the aim to evaluate different methods for their potential in the development of 
a toxicity test system. 

This will be illustrated in the following example. The primary aim of the 
study was to use natural samples as a ecotoxicity test system [ 107]. Changes in 
heat production, respiratory activity, ATP pool, and the most probable number 
of microorganisms of different categories were measured in natural sediment 
samples. The model substance used in the toxicity test was a quaternary amine, 
Aliquat 336. Some of the results are presented in Figure 10. For the test, 
sediment and water were sampled from a river. Care was taken to sample only 
the upper layer. Experiments were repeated five times during two periods of a 
summer in Sweden. The sampled sediment and water were aerated at the 
laboratory for 20 h and thoroughly mixed. The aim of the work was not to 
simulate the activity of the samples to that of the natural location from which 
the samples originated, but rather, as already said, to set up a reproducible test 
system for toxic compounds. Consequently, care was taken to receive as 
homogenous test material as possible. After mixing, the sediment and water 
mixture was divided into portions, which were differently treated with the 
toxic compound, Aliquat 336. The ampoule mode of the microcalorimeter 
already described (BAM) was used. Two channels of the calorimeter were used 
in order to permit simultaneous determinations on aliquat-treated sediment and 
control sediment. The glass ampoules that were used had a volume of 3 ml and 
were loaded with 2 ml sediment-water mixture; 6 ampoules for control 
samples and 2 for each concentration of Aliquat-treated samples. After 
sedimentation the ampoules contained 1.2 to 1.5 ml sediment and 0.8 to 0.5 ml 
water. The ampoules were equipped with teflon covered caps with sealing 
rings. Between measurements, the water phase was aerated with water- 
saturated air (110 ml per h) through injection needles. This experimental set up 
allowed relatively many samples to be handled simultaneously and also made 
possible fairly extended experimental time periods. Qualitatively good 
agreement was obtained between heat production and respiratory activity, as 
well as between the different types of relative biomass, determined as ATP- 
pool and most probable number of microorganisms. The test variables chosen 
were considered to offer a sound approach for testing potentially toxic 
compounds. 
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Figure 10. Activities of samples, untreated or treated with Aliquat. The broken 
lines combine start- and end-experiments. Symbols: (O) control; ( e )  10; (m) 
100; and (A) 1000 mg Aliquat per 1. A. Specific heat production, during 
incubation in calorimetric ampoules. B. Oxygen uptake rate and C. Carbon 
dioxide production rate during incubation in manometer vessels. Reproduced 
with permission from reference [107] copyright �9 OIKOS. 

In another study, the use of the calorimetric:CO2 ratio for measurements of 
aerobic and anaerobic soil microbial activity was illustrated [87]. Depending 
on the substrate, the value of the calorimetric:O2 ratio and the calorimetric:CO2 
ratio may be equal (carbohydrates), while an increased value of the 
calorimetric:CO2 ratio compared to the calorimetric:O2 ratio is to be expected 
for more reduced substrates (lipids, ethanol) than carbohydrates. In other 
words, more oxygen is consumed per carbon in more reduced substrates (see 
also [87] for a comparison and discussion of different values reported in 
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literature). In the study by Albers and co-workers [87], a mean value of-435 kJ 
mol ~ CO2 was obtained in different soils supplied with glucose under aerobic 
conditions, which indicates a complete oxidation of the substrate to CO2. In 
wet soil aggregates, in which the gas exchange may be limited by diffusion 
processes, the heat output per unit of carbon dioxide evolved was reduced by 
35% under aerobic conditions. 

The calorimetric:CO2 ratio obtained under aerobic conditions was 
subsequently compared with the calorimetric'CO2 ratio obtained under 
anaerobic conditions when the samples where incubated under a N2 
atmosphere. During anaerobic conditions the value of the ratio was further 
reduced by 50% reflecting an increased fermentative metabolism which 
excludes the possibility that the anaerobic metabolism was completely 
represented by different types of anaerobic respiratory metabolism. This 
interpretation was strengthened by the results of addition of a substrate rich in 
NO[, which provided the soil organisms with an alternative electron acceptor 
to oxygen. Indeed, under such conditions the calorimetric:CO2 ratio stayed at 
its highest level, comparable to the value obtained during conditions providing 
fully aerobic metabolism, also in samples with relatively large soil aggregates. 
This study strongly demonstrates the value of the combination of heat and gas 
analyses, but also to the usefulness of combining additional analyses, such as 
N20 production, to give a measure of the extent of anaerobic respiration in the 
form of denitrification. A similar approach was used in a study with pure 
cultures. During anaerobic growth of the denitrifying bacterium Pseudomonas 
fluorescens, heat measurments were combined with electron acceptor analyses 
(Figure 11; [108]). In this study thermodynamic quantification was also 
performed. A theoretical treatment is, unfortunately, not always 
straightforward because lack of tabulated thermodynamic values of all possible 
substrates and products that may be of interest. However, where possible, a 
theoretical calculation of expected enthalpy change values may in comparison 
with experimentally obtained data, verify or falsify a hypothesis of, for 
example, population compositions and activities. 

This will be illustrated in the following example. In the study by Samuelsson 
and collaborators [ 108], the multichannel microcalorimeter (BAM) was used in 
the flow-through mode. The aim of the study was to compare the growth of a 
dentrifier (catabolic endproduct: nitrogen gas), Pseudomonas fluorescens, and 
a dissimilatory ammonium producer (catabolic endproduct: ammonium), 
Pseudomonas putrefaciens, during anaerobic growth in nitrate- or nitrite- 
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limited medium. The bacteria were cultured in liquid media with added 
nitrogenous electron acceptors in sealed flasks. In order to achieve anaerobic 
cultivation conditions, the flasks were evacuated and flushed with helium gas 
and the tubes connecting the flasks with the measuring cells of the 
microcalorimeter were made of stainless steel. Part of the tube line was made 
of silicon, i.e. the part that was fitted to the pumps. In order to exclude air 
diffusion of the silicon tubes, the pumps were placed in a plastic hood, which 
was internally flushed with helium gas. Unfortunately, this experimental set up 
was not ideal, since it may almost be regarded as a closed system, i.e. except 
that some gas diffusion was possible in the short piece of the flow line that was 
made of silicon, no material (not even gases) exchange with the environment 
was possible. Because of gas production due to metabolic activities, pressure 
changes occurred in the experimental system, which affected the heat 
determinations. The solution is to use some device that provides pressure 
equilibration or even better, to use an open system, in which the fermenter is 
continuously flushed with gas (see for example reference [43]). P. f luorescens  
behaved differently in relation to its possible "anaerobic" electron acceptors, if 
there were some oxygen available in comparison with pure anaerobic 
conditions. During purely anaerobic growth, P. f luorescens produced some 
nitrite when using nitrate as the electron acceptor. During the second half of 
the growth process, however, the nitrite was consumed simultaneously with 
the rest of the nitrate. This resulted in only one maximum in the heat 
production curve. In contrast, during growth with traces of oxygen diffusing 
into the system, oxygen was the primary electron acceptor used. Nitrate was 
subsequently consumed and finally nitrite that was produced during the whole 
nitrate consuming phase, was utilised. This subsequent use of the electron 
acceptors was clearly indicated from the calorimetric curve (Figure 11). 
Actually, in an early stage of this study the calorimetric approach indicated 
that there was an additional electron acceptor available, i.e. oxygen, despite all 
precautions described above to exclude oxygen from the system. Inexplicable 
high growth yields were, however, obtained. This was from the beginning the 
reason for applying calorimetry which, as already mentioned, indicated 
leakage of oxygen. The study was finally extended as to include quantitative 
enthalpy change measurements, in addition to the use of the calorimeter as a 
"flux meter" for monitoring metabolic shifts. 

The great advantage of calorimetry is that any type of metabolism can be 
monitored, while all specific methods have limitations. Taking heterotrophic 
growth as an example, aerobic respiration, anaerobic respiration (external 
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Figure 11. (A) Concentrations of NO 3- (O) and NO2 (VI). (B) Log dry weight 
(e). (C) Heat production rate for P. fluorescens grown on complex medium 
with 2 mM NO 3" under mixed aerobic and anaerobic conditions. The first 
maximum in the heat signal results from consumption of impurities of oxygen. 
Reproduced with permission from reference [108] copyright �9 American 
Society for Microbiology. 

electron acceptor other than oxygen is used) and fermentation can all be 
monitored quantitatively by calorimetry. Respirometry is of course only valid 
for organisms catabolising via aerobic respiration, while carbon dioxide 
monitoring like calorimetry may be appropriate in all three cases. Of course, 
there are many types of fermentations that do not lead to carbon dioxide 
evolution. Such fermentations are still possible to monitor by calorimetry, but 
consequently excludes the use of carbon dioxide measurements. 
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3.4.3. Final thermodynamic remark 
Pamatmat [103] stated that "total heat flux is an indication of the rate of 

degradation of potential energy originally fixed by photosynthesis and 
represents benthic energy flow". This statement may be true, but only under 
strictly aerobic conditions that provide fully respiratory metabolism [ 105]. It is 
only under a fully aerobic metabolism that the entropy term becomes 
negligible and the energy in terms of Gibbs energy equals the enthalpy change 
or heat change provided that the system works at constant temperature and 
pressure. 

4. CONCLUSIONS 
Calorimetry may be useful for a diverse spectra of microbial studies, 

including physiological studies of pure cultures incubated in defined media to 
ecological studies of natural samples with a mixed population of 
microorganisms feeding on a large variety of nutrient sources. Calorimetric 
data can in combination with other methods be used in mechanistic studies, in 
which the black box is opened up in order to study intracellular regulatory 
mechanisms. The very great advantage of calorimetry is that it is completely 
non-specific, which means that almost any type of biological reaction or 
process may be measurable with calorimetry. The limit may be the sensitivity 
of the instrument. The lower limit is set by the activity of the microorganisms, 
i.e. the higher the metabolic activity is, the lower cell concentration it is 
possible to use. Both qualitative and quantitative calorimetric measurements 
may be useful, depending on the purpose of the measurement. For keeping 
track of energy flows, energy balance determinations may be valuable. 
However, for accurate quantitative determinations care has to be taken in the 
interpretation of the data. All substances have to be treated in the correct actual 
state, and corrections have to be made for physico/chemical side reactions 
[12]. For continuous registration of metabolic activity, calorimetry may be 
very useful in order to control bioprocesses, e.g. for reproducible sampling, 
harvesting and dynamic control of feeding streams. The different types of 
calorimeters are relatively robust instruments, which are fairly easy to handle. 
The authors of this chapter do believe that new areas of usefulness of the 
technique will be discovered, when more and more sophisticated techniques 
are used in combination with calorimetry. 
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CALORIMETRY OF SMALL ANIMALS 
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Germany 

I, INTRODIJCTION 

I .  I. General aspects 
Aniinal calorimetry aitd tliiis calorimetry i n  genera1 started more than 200 

years ago when Lavoisier and Laplace presented their famous Mcwioit-c .vzir Ic 
( 'hulcur to the Frencli Acadeiny of Sciences [ I ] .  They described their well- 
known ice calorimeter and reported about the inetabolisin and tlie heat 
production of guinea-pigs. Nearly siinultaneously, Adair Crawford in Edinburgh 
investigated biological inaterial by coinbuslion calorimetry before he changed to 
heat production rates of living inatter [2]. I le showed for the first time that there 
is a rough proportionality between oxygen consumption and heat dissipation and 
thus founded tlie basis of tnodctn indirect caloriinctry. But i t  was Lavoisier with 
his experiments on guinea-pigs who made the essential step. Simultaneously to 
tlie amount of melted ice he determined tlie consumption rate of oxygen as a 
ineasiire of the animal's respiratory gas exchange. His famous I,o vie csl doiic 
zitic conihiwtioti can be cited in inore detail as 1,IJC I S  I I  ,vIow coiiihuslroii 

niuinltriiicd !hi*oiigh rc.vpiiu!ioi~. ,411iiiiul hotires urc coiiiposcd of' coiiihir.v~ihlc 

clcniciils. l.i)oti replirccs l l ic 1o.v.~ of' hot!,. . v i ih .v !u i rc . i~ .v  i*ip,viii/iiig j i w i  l l ic 
c w i r h i i . v f i o i i  ujsoiiic o f ~ / h c  iirtrllcli..v pre.vcJii/ 117 / l ie f m j i !  (cited from [ 3 ] ) .  

After these essentkl first steps into modem scientific thinking and away from 
alclieinistic idcolugy i t  took a long tiinc before the next sound experiments on 
animals were perforined by c.g. Despretz [4], Rubner [S], Laulanie' [6], by Krehl 
and Soctbeer [7] and by Atwater and Rosa [S] on man. More details about the 
liistorical development of animal calorimetry can be found i n  Kleiber's classical 
book 7hc /.ire of.12!fh [9]. 
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Biological calorimetry made a great progress in the last decades including a 
continuous transition from customer produced instruments to commercially 
available, versatile and highly sophisticated machines [10]. The field of medium 
sized animals remained more or less excluded since - on the one hand - suitable 
calorimeters with active volumes of several hundred millilitres are missing on the 
market. On the other hand the philosophy still exists that indirect calorimetry like 
manometry, polarography, tracer techniques, metabolite determinations or moni- 
toring of heart beat, e.g., renders similar results in an easier, less expensive and 
quicker way (section 2.). This is partly correct, but often these approaches de- 
mand sacrificing the animals or show only a reduced picture when anaerobic me- 
tabolism is included. Direct calorimetry is for sure the most general and integra- 
tive method with many advantages, though also with some pitfalls. 

Direct and indirect calorimetry covered the whole size spectrtma of animals 
from the fruit fly Drosophila melanogaster with 1 mg to large domestic animals 
like horses, cows and oxen with more than 500 kg. Since this article is dedicated 
to small animals these upper boarders will not be touched. But there are excellent 
monographs and review articles dealing with these aspects of animal calorimetry 
which may be consulted for further information [11,12]. The whole field of hu- 
man calorimetry is also excluded although many methodological, technical and 
fundamental parallels exist to our present paper. Again many monographs may be 
considered. Moreover, a recent review by Schutz about direct and indirect calo- 
rimetry with special orientation to man renders a good introduction and a com- 
prehensive literature compilation [3]. 

The present paper concentrates on small animals. The term small needs some 
clarification since small is a rather arbitrary decision. For a long time the 100 mL- 
Calvet calorimeters were the only commercial instruments applicable for animals 
while the next larger choice were so-called whole body apparatus for poultry and 
domestic animals like cats and dogs. Thus, small in our sense means organisms 
that can be easily investigated in vessels of about 100 mL. Exceptions are stable 
colonies or swarms of social insects reared in simple calorimetric boxes (section 
3.5.) to study the energetics of their social life and interactions in parallel to the 
usual calorimetric investigations of isolated members of different castes or of 
small groups of them (see below). 

A further - technical - discrimination goes tbr terrestrial and aquatic animals 
since they demand considerably different experimental conditions. Terrestrial 
animals, especially insects, are easy to breed, to keep, to handle and to investi- 
gate and usually need no care during the investigation and no sophisticated 
equipment. Aquatic animals are surrounded by a medium of h i ~  specific heat 
capacity so that the instrumental response becomes slow, temperature equilibra- 
tion periods long and experiments tedious. But the most important difference con- 
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cems the oxygen supply of the animal under investigation. With an oxycaloric 
equivalent of-450 kJ per mol oxygen corresponding to 20 J/mL oxygen for a ty- 
pical metabolism and a heat production rate of 2 mW = 2 x 10 -3 J/s the animal 
has an oxygen consumption rate of 1 x 10 -2 mL/s. In a 100 mL-vessel with air 
there are about 20 mL oxygen (about 1 mmol) available. During an experiment of 
10 000 s (about 3 h) only 1 mL 02 (5 %) is consumed so that the initial concen- 
tration drops from 21 to just 20 % which has no significant influence on the me- 
tabolic rate of the animal. Due to the low solubility of oxygen in flesh water (237 
gmol/1 at 30 ~ the situation is completely different in aquatic experiments. The 
above mentioned 2 mW of heat production transforms to 4.5 10 -9 mol/s (1 x 10 -2 
mL/s) and to an oxygen consumption of 45 l.tmol in 10000 s. This is nearly twice 
the amount of oxygen dissolved in 100 mL of water (23.7 ~tmol). These calcula- 
tions show that aquatic animals soon come to hypoxic and even microo,'dc or an- 
oxic conditions which considerably change their metabolism. Thus, aeration of 
the experimental vessel or a steady flow of air saturated water through the vessel 
are necessary for meaningful and successful experiments. But both approaches 
have their disadvantages: the first introduces evaporation effects with high ener- 
getic contributions if the incoming air is not completely saturated with water 
vapour. The second one may exhibit mi:dng heat if the inflowing water is not ex- 
actly temperature equilibrated beforehand. It becomes clear that investigations 
with aquatic animals are more tricky and demand for more sophisticated equip- 
ment than those with terrestric species. These problems will be discussed below 
in more detail. 

Papers on calorimetry of (smaller) animals are spread over rather different 
journals from very general ones like Nature and Science to very specific ones for 
marine biology or ecology so that it is difficult to get a comprehensive view. Se- 
veral review articles on special fields [13-15] and some monographs appeared in 
recent years. Although not preferably dedicated to the present questions a broad 
collection of papers on direct and indirect animal calorimetry can be found in two 
monographs of Zotin [ 16,17] and another four by Zotin and Lamprecht [ 18-21 ] 
about Biolo~cal Calorimetry. 

All calorimetric data cited in this chapter deal with intact, living animals which 
are not sacrificed for or during the experiment. That means that 
�9 All weights and weight specific rates in this chapter are given as or per wet 

weight and as dry weight only if stated. 
�9 All results obtained by combustion calorimetry are excluded and reserved for 

the corresponding chapter Combustion Calorimetry in this volume of the 
handbook. 
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�9 Calorimetric papers dealing with whole organs of animals (e.g. [22-24]) like 
hearts of frogs [25], muscles [26-28], nerves [22,23] or perfused organs 
[29,30] may be found in other compilations. 

�9 Although much calorimetric work has been performed with original animal tis- 
sues such as brown fat [22] or human skin [31,32] and on animal cells in cul- 
ture (see Chapter Isolated Animal  Cells by R. Kemp in this handbook), they 
are not the topic of the present review. 
When heat production rates are given per body mass (roW/g) in the following 

chapter, one has to keep in mind that such a weight specific rate - corresponding 
to specific gravity or specific heat - is doubtful. Kleiber has shown that metabolic 
rates are not linearly correlated with body weight, but with a broken power of it 
(often about 0.75). Thus, a weight specific heat production rate would vary with 
weight and would not be a constant as those two other specific examples [9,33]. 
Therefore, metabolic rates per animal should be prefered, or a metabolic weight 
should be used which incorporates the broken power (section 7.2.). Nevertheless, 
the information m W/g will be applied here since it facilitates the energetic com- 
parison between animals of very different families and sizes. 

1.2. Time constant 
The commercially available Calvet microcalorimeters with batch vessels of 100 

mL active volume have rather high time constants of the thermal signal so that a 
smearing of the power-time curves occurs. If one is not only interested in the 
mean heat output of an animal during prolonged periods, but also in the amplitu- 
des of locomotor activities desmearing techniques have to be applied to the regi- 
stered slope. The classical approach is performed by the Tian equation 

q(t) = cz [ 6)(t) + "c x d O(t)/dt] (l) 

where q(t) is the thermal power, t the time, cc the heat exchange coefficient, O the 
temperature difference between the active and the reference vessel and �9 the time 
constant of the calorimeter [34-36]. Modem techniques - simplified by computer 
application to calorimetry- include the well known Fast Fourier Transform 
[36,37]. Figure 1 gives an example for the desmearing effect due to the Tian 
equation for the power-time curve of a Milos wall lizard (Podarcis milensis) 
(section 4.). The bursts of activity become more pronounced and structures be- 
come visible which were hidden in the original trace. But it should be 
remembered that the heat output represented by the corresponding area under the 
curve remains unchanged by desmearing. 
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1.3. R e m a r k s  on ca lor imetr ic  n o m e n c l a t u r e  
Modem biological calorimetry differentiates between quantitative and analyti- 

cal calorimetry. The first is the classical one bound to the determination of ther- 
modynamical data of enthalpy, entropy and heat capacity. The more modem 
analytical calorimetry looks whether heat producing processes are occurring and 
with which kind of time profile. This type is of great interest during metamor- 
phosis of insects, adaptation phenomena to environmental factors or periodically 
repeated activities. Examples of such different applications of analytical calorime- 
try will be given below. 

20 

10. 

P/rnW 

0 
o 2o ~o go go t / ~  

Figure 1. Recorded power-time curve (solid line) of a Milos wall lizard (Podarcis 
milensis) and the desmeared original signal (thin line) calculated with the Tian 
equation [3 8]. 

Sometimes there is confusion due to different use of terms. Thermodynamics 
calls a process exothermic when heat is given off by the system and endothermic 
when it consumes heat. In biology, warm-blooded (homeothermic) animals like 
mammals and birds that produce heat to keep their body temperature constant are 
called endotherms and their behaviour endothermic, in contrast to the thermody- 
namical direction. Their counterparts with changing body temperatures are ecto- 
therms (not exotherms) or cold-blooded (poildlothermic) animals. Nevertheless, 
all of them produce heat as a by-product of their metabolism so that they can be 
monitored by (exothermic) calorimetry. 

The term thermogram was used in the older literature for the calorimeter signal 
as function of time. Thermogram is now reserved by nomenclature for changes of 
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enthalpy or heat capacity as a function of varying temperature or for images of 
infrared thermo-cameras. Therefore, thermogram is substituted by power-time 
curve throughout this text. Other terms like heat flow versus time, heat flux ver- 
sus time or heat dissipation curve are also used in the literature. 

Physiologists are rather conservative people and like to publish still in old units 
that do not agree with the SI norm. Even the large calorie Cal is sometimes 
found in the literature. In this survey all original data are transformed to the 
official power unit Watt (W) and the corresponding energy unit Joule (J). To 
facilitate the comparison of data Table 1 shows the appropriate conversion 
factors - but unidirectional! 

Table 1. 
Conversion of some frequently used old or odd units of energy and power into the 
correct SI units. 

Old/Odd Unit S I Energy Unit S I Power Unit 
J W 

cal 4.1868 
Cal 4.1868 x 103 
cal/h 1.163 x 10 -3 

Cal/h 1.163 
cal/d 48.46 x 10 .6 
Cal/d 48.46 x 10 -3 
J/h 277.8 • 10 .6 
J/d 11.58 x 10 6 

2. DIRECT AND INDIRECT C A L O R I M E T R Y  

The quantity o f  heat produced when a given portion of  pure air is altered by 
the respiration of  an animal is nearly equal to that which is produced when the 
same quanti~ of  air is altered by the combustion of  wax or charcoal. (Crawford, 
1778) [2]. These early words of Crawford together with Laplace's indirect obser- 
vation of respiration rates of guinea-pigs in his ice calorimeter established the 
fundaments for the great success of indirect calorimetry. 

Indirect calorimetry was originally bound to the manometric or voluminetric 
determination of the respiratory metabolism of an animal, i.e. its oxygen con- 
sumption and carbon dioxide production rate. Nowadays, it includes a manifold 
of different metabolic approaches, as briefly mentioned in the Introduction. 
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Battley [39] presented a critical survey about advantages and drawbacks of direct 
and indirect techniques for different types of calorimetry. Kleiber [33] stated that 
Indirect calorimetry measures the heat production of  an animal; direct calori- 
metry measures the heat loss. Heat gain and heat loss are equal only when heat 
capacity and body temperature remain constant. One may define indirect calo- 
rimetry as the determination of heat production rates by means of some methods 
other than direct calorimetry. But one has to bear in mind that with the exception 
of  the determination of  heat production by ergometry, all indirect methods of 
calorimetry depend ultimately on previously made direct calorimetric measure- 
ments of one kind or another that are used in the calculation of the heat 
produced. [39] 

If one has the choice to make direct or indirect calorimetric determinations one 
has to consider their strong and weak points. For analytical calorimetry, i.e. the 
proof if some process is proceeding and how fast, the direct approach is pre- 
ferable, e.g. for temporal structures or periodicities in animal activity or for spe- 
cial developmental transitions like pupation and moulting of insects (section 5.3.). 
Although calorimeters are more expensive than most indirect techniques they are 
also advantageous for quantitative analysis of heat loss provided that the 
necessary corrections can be performed for the true heat dissipation. If one wants 
to know the reason(s) for an observed heat loss, indirect calorimetry may be the 
approach of choice. But in any case when both methods are at hand, it will be 
best to determine the possible heat loss in an indirect way and confirm it later 
with the direct one [39]. 

Oxygen consumption is most frequently used to determine the energy metabo- 
lism of animals, as the energetically coupled transfer of electrons from the 
substrate to the terminal acceptor oxygen is the most important mechanism of 
energy transformation under normoxic conditions. When dealing with higher 
terrestric animals, there will be a strong correlation between heat production and 
oxygen consumption, but this is not necessarily true for aquatic animals (section 
7.1.). From the known substrate and the oxycaloric equivalent of heat production 
per mol of oxygen the heat dissipation of an animal can be calculated when the 
oxygen uptake is determined (indirect calorimetry). Oxycaloric equivalents 
change between 430 and 500 kJ/mol 02 with a main value of about 450 kJ/mol. 
Several authors showed that indirect and direct calorimetry render the same re- 
sults under atmospheric conditions. 

However, there are often situations in the life of animals (e.g. strong locomotor 
activities, decrease of oxygen concentration in their environment) that force them 
to switch over partly (perhaps also temporarily) or completely to anaerobic meta- 
bolism without oxygen consumption. Under such conditions direct calorimetry' - 
which monitores all enthalpy changes in the animal and not only the aerobic ones 
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- provides a full picture of energetic flows and the only means to determine meta- 
bolic rates directly [40]. 

Although this handbook is dedicated to t rue  calorimetric techniques and re- 
suits, it is necessary to present here some survey about indirect calorimetry as it 
plays such an important role in the determination of animal metabolism. 

2.1.  D e t e r m i n a t i o n  o f  gas  m e t a b o l i s m  
Animals need external energy to keep their homeostasis and numerous gra- 

dients across cellular membranes as well as for biosynthesis and muscular activi- 
ties. Such biochemical processes are coupled with a significant heat dissipation 
that can be monitored via oxygen consumption, carbon dioxide production and 
nitrogen excretion. 

The classical Warburg method of manometric indirect calorimetry (see e.g. 
[41]) determined the oxygen consumption rate by a reduction of volume and the 
carbon dioxide production by a volume increase in the gaseous environment of an 
organism under research. The ratio of carbon dioxide production and oxygen con- 
sumption, the so-called respiratory quotient RQ, rendered information about the 
substrate(s) used in this specific metabolism. Table 2 presents the RQ values for 
various pure or mixed substrates and the expected heat production or gas exchan- 
ges. 

T a b l e  2. 
Respiratory quotient RQ, expected enthalpy change and gas exchanges for pure 
and mixed substrates in animal calorimetry. Adapted from [3] 

Substrate RQ 

Glucose 
Starch 
Ethanol 
Lactic acid 
Protein 
Lipid 

1 00 
1 00 
0 667 
1 00 
0 835 
0 707 

AH 
kJ/g 
156 
175 
29.6 
151 
19.7 
39.6 

Vo2 
L/g 
0 746 
0 829 
1 460 
0 746 
1 010 
2019 

Vco2 
L/g 
0.746 
0.829 
0.973 
0.746 
0.844 
1.427 

This simple approach for only two kinds of gases was later refined to include 
methane production and excretion of nitrogen with urine (see [3] for review). 
Brouwer [42] proposed the following equation for mammals 

AH (k J) - 16.17 Vo2 (1) + 5.02 Vco2 (L)- 2.17 VcH4 (L)- 5.99 WN (g) (2) 
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where Vo2, Vco2 and VcH4 are volumes of oxygen, carbon dioxide and methane, 
resp., given in litres exchanged during the experimental period and Wy the mass 
of nitrogen in gram in the urinary excreta. For many animals the contribution VcH4 
of methane can be neglected so that Romijn and Lokhorst [43] found a relation 
for birds 

AH (kJ)= 16.20 Vo2 (L) + 5.00 Vco2 (L)- 9.93 Wy (g). (3) 

If the RQ value is determined, the equation of Kleiber [9] can be applied 

AH (ld) =/Io2 (14.25 + 7.86 / RQ). (4) 

It becomes obvious from the above equations that the contribution of Vo2 to the 
energy dissipation is the most important one. 

Such equations are often applied in metabolic investigations. To cite just a few 
references from the literature: Miller and coworkers [44] determined the energy 
metabolism of mice (Mus mus) and kestrels (Falco tinnunculus), Bennet and 
Dawson [45] that of lizards and snakes, and Dauncey and Ingram [46] that of 
young pigs under the influence of drugs. Moreover, such relations are used in one 
way or another to estimate substrate expenditure rates under the assumption that 
all substrates of endogenous and exogenous origin are completely oxidized to 
water and carbon dioxide and that urea is the main endproduct of nitrogen meta- 
bolism [3]. 

It was shown by Lovrien and coworkers [47] that overall oxygen demand over- 
estimated the basal metabolic rate because it included transient bursts of heat 
with an own oxygen consumption (Figure 2). Direct calorimetry discerns the quiet 
or resting periods with apparently no locomotor or other activities, while in 
several techniques oxygen demand as an integral method shows nearly no 
temporal structures and thus includes the phases of higher energy exchange also. 
Therefore, analytical calorimetry as a tool for monitoring activities, different 
metabolic levels or transient states of an animal should be carried out by direct 
calorimetry and not by manometry or polarography. 

2.2. Metabolic investigations by tracer techniques 
The following method is often counted separately and complementary to indi- 

rect calorimetry (see e.g. [3]). Nevertheless, we will introduce it here as it renders 
metabolic information in addition to direct calorimetry with more detail about 
metabolic pathways than the classical indirect approach. 
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Figure 2. Typical power-time curve of an insect showing the basal metabolic rate 
(BMR) of low level and transients of increased heat output that are included in 
the mean oxygen demand [47]. 

Radioactive or non-radioactive labelling of substrates offers an independent 
approach to study animal metabolism. Most common are 14C and 3H radioactive 
isotopes and deuterium 2H, carbon 13C, nitrogen ~SN and oxygen 180 as stable 
ones. The concentration of the latter can be increased artificially to facilitate their 
detection. The stable isotopes are preferable as they are harmless to the animals 
as well as to the scientist. In the case of nitrogen this isotope is the only choice 
for labelling. They are still rather expensive and need a lot of skill in mass 
spectrometry detection. 

Lifson and coworkers [48] used isotope dilution techniques in form of the 
double-labelled water method to evaluate the CO2 production and the origin of 
the oxygen expired in CO2. In the carbon dioxide ent~ technique CO2 pro- 
duction is determined and transformed to energy units by means of the RQ value 
[49]. Both techniques were applied to larger animals, but they are not applicable 
to short time investigations. 

2.3. Heart  rate and metabol ism 
The correlation between heart rate and oxygen consumption or heat production 

was sometimes used as an indirect approach to metabolic rates after correspon- 
ding calibration. Smaller animals like rodents (e.g. squirrels, rats, mice, hamster 
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[50]) or bats [51,52] and large ones like sheep [53] were investigated by this 
means. The oxygen consumption rate d Voz/dt of the latter could be calculated by 

d Vo2/dt = ( HR x S V ) x ( cA - Cv ) (5) 

with the heart rate HR, the stroke volume S V, and the oxygen concentrations C i in  

the arterial (A) and the venous blood (V), resp. [53]. By direct calorimetry 
Nagasaka and coworkers presented a heat production~eart rate correlation of 

M (W/m 2) = 0.194 HR (beats per mm) - 17.7 (6) 

for resting rats at various temperatures between 14 and 27 ~ [54]. These tempe- 
ratures resulted in a wide range of M and HR values. 

Most of the animals cited in this review are too small to apply this heart rate 
technique. But heart beat can be measured by other methods in small invertebra- 
tes so that this approach might stimulate the fantasy of some calorimetrists for 
further investigations. 

3. ADDITIONAL EQUIPMENT 

3.1. Optical monitoring 
Power-time curves of animals are not at all generally smooth and on a constant 

level, but rather show significant and characteristic temporal structures (see e.g. 
Figures 2,4,5,9,10,12,14,16,18,20). These structures are mainly due to locomotor 
activities which may be rather strong despite of the reduced space in the calori- 
metric vessel. To facilitate the interpretation of different activity levels, Lam- 
precht and Becker developed a combination of a 100-mL Calvet microcalorimeter 
with an endoscopic system [55]. A rigid endoscope of appropriate length and 
diameter, with a Hopkins optic and an aperture of 67 ~ was incorporated into the 
supporting rod of the calorimetric vessel. Illumination was performed via a light 
guide by a coldlight projector. Different filter combinations could be used to 
dimm the light or to select the near infrared. Animals were observed by the eye or 
by a video system of camera, recorder and monitor. In the case of near infrared, 
an irffrared night vision system was applied between endoscope and video ca- 
mera. As honeybees change their behaviour under light and as the usual calorime- 
tric investigations were performed in the dark, near infrared illumination - invi- 
sible to the bees - was used for their observation [56,57]. 
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The projector output (50 to 100 mW heat production due to illumination in the 
calorimetric vessel) was dimmed down to about 1 mW for visual observation and 
10 mW for video monitoring. For comparison: snails produced about 0.4 mW, 
crickets around 2 mW, honeybees 16 mW and lizards 8 mW. After electrical 
stabilization of the projector, illumination resulted in a constant shift of the base- 
line and did not disturb the calorimetric experiments. Figure 3 shows a water snail 
(Biomphalaria glabrata) on the bottom of the vessel. The vertical lines on the 
vessel wall were used for orientation to determine the exact position of the animal 
[55]. 

Figure 3. Endoscopic view of a water snail (B. glabrata) on the bottom of the 
calorimetric vessel. The helix of the snail-shell is decorated with white lines to 
facilitate the determination of its orientation in the vessel when observing periodic 
movements [55]. 

A significantly refined system was published by Addink and coworkers to 
analyse the movement of fish in a flow-through differential calorimeter of 1 liter 
(section 7.2.) [58]. This system consisted of an automatic video tracking and 
motion analysis system and a rigid endoscope of 90 ~ aperture, separated from the 
water in the vessel by a small window. The radiation of the coldlight source was 
split into two halfs to illuminate both, the active and the reference vessel. 
Together with a water-cooled glass filter this twin setup reduced the parasitic heat 
production rate to just + 5 laW. Neverteless, the necessary illumination increased 
the metabolic rate of fish that were usually kept in complete darkness for more 
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than one week. The video signals were analyzed by digital image processing and 
allowed to observe rather complex movements of fish under normoxic and anoxic 
conditions and to gain additional behavioral information about the locomotor 
activity of the animals and their kind of metabolism (section 7.2). 

3.2. Acoustic monitoring 
Insects often try to fly in the calorimetric vessel and move their wings as sign 

of unrest or means of warming up. As these activities are connected with a pro- 
duction of sound, they may be easily monitored and analyzed by audio 
techniques. Incorporation of a microphone in the vessel does not disturb the calo- 
rimetric output. Acoustic signals can be directly perceived via a loudspeaker or 
registered on a tape recorder for later analysis by a sound spectrograph connected 
with a film camera [57]. As the power-time curves change rather slowly with time 
it is possible to ascribe a distinct frequency spectrum to a specific point in the 
trace (Figure 4). This facilitates the interpretation of locomotor activities of the 
animal in the vessel. Moreover, a strict correlation between sound generation and 
the metabolic heat output could be shown for bumblebees [59]. These results will 
be discussed below (section 5.4.3.). 
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Figure 4. Power-time curve of a virgin honeybee queen (Apis mellifera carnica) 
at 25 ~ together with 3 frequency spectra for the points a, b and c. Besides the 
ground noise, there are nearly no higher frequencies for point a of resting meta- 
bolism, while at b and c higher frequencies dominate prior to the heat increase in 
the curve [57]. 
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Another example of sound monitoring was given in the power-time curve of a 
cricket (Acheta domesticus) [60]. At the beginning of the experiment it showed 
an extreme unrest with h i ~  locomotor activity. After calming down to a level of 
half the initial intensity the animal periodically produced the typical sound of 
crickets. The song periods were seen as times of reduced metabolism and 
activity. This result was in agreement with the observation that crickets stridulate 
by moving their forwings above each other in a resting position, even at the un- 
pleasant and restricted environment of a calorimetric vessel: Music can soften 
pain to ease (Alexander Pope, Chorus to Brutus). 

3.3. Gas monitoring 
For a long time, redirect calorimetry in the sense of respirometry was supposed 

to be an easy, cheap and equivalent approach in energy metabolism compared to 
direct measurements. This is reflected in a far larger number of gas measuring 
types and devices described in the literature and sold on the market than calori- 
meters. Only those which are used in connection with direct calorimetry are of 
interest here. They exclude the classical Warburg manometry, but include gas 
determination by polarographic (e.g. Clark) electrodes, by electronic pressure 
transducers or by semiconductor chips. Most of them are specially dedicated to 
monitoring oxygen concentrations, besides that of course to CO2 and to a smaller 
extent NH3. Some of these techniques were combined with calorimeters. Pressure 
transducers, oxygen electrodes and semiconductor chips are specially suited for 
closed batch vessels with terrestric animals. Paramagnetic oxygen and infrared 
CO2 sensors are advantageous for dry flow experiments where the flow of air 
through the calorimetric vessel is monitored for the concentrations of its compo- 
nents. Polarographic oxygen sensors are successfully applied to aquatic animals 
and flow calorimeters of the sorption type. 

3.3.1. Gas sensors 
Life is intimately coupled to the presence of oxygen, although systems have 

developed that can exist for shorter or longer periods or even exclusively under 
anoxic conditions. Aerobic metabolism is by far more effective in an energetical 
sense than the anoxic variant, so it plays a predominant role on Earth. Molecular 
oxygen forms about 20 % of the atmosphere, but only an essentially smaller 
amount is dissolved in water: 0.24 mmol/L water compared with 8.9 mmol/L air 
at 30 ~ This makes oxygen concentration so important for aquatic animals and 
so interesting for scientists working in this field. 
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Indirect calorimetry as an addition to or substitute for direct heat measurements 
is mainly respirometry, i.e. again mainly determination of oxygen consumption 
rates. This is why so many oxygen detecting systems are on the market and 
applied for such investigations. Only a few of them have been directly integrated 
in or coupled to calorimetry. Some examples of them will be discussed in this 
section. 

Polarographic oxygen electrodes are most frequently applied for aquatic ani- 
mals. In his book Polarographic Oxygen Sensors [61] Gnaiger described the 
combination of flow calorimeters with a twin-flow microrespirometer developed 
in his group at the University of Innsbruck [62]. An LKB flow sorption 
microcalorimeter with a sorption chamber of 0.5 mL was best suited for this 
purpose. A few examples were given for the successful application of this 
combination for investigations of aquatic animals, among them water fleas and 
fish larvae (section 7.3.). This specific microrespirometer is used in many 
laboratories. Other oxygen sensing systems applied in connection with direct 
calorimetry may be found in the corresponding literature (e.g. [63]). 

However, the same type of sensor can also be used in terrestric investigations, 
yet with a strongly reduced sensitivity. A Beckman-Monitor-System (type 
123301 O2/T) was adapted to 100-mL vessels of a Calvet microcalorimeter. The 
electrode was placed high enough above the heat flux meter that no interference 
between the two signals could be observed. This system was - e.g. - applied du- 
ring investigations of crabs [64] or snakes and lizards [38,65]. 

In parallel to this device an oxymeter plus transoxode - normally applied for 
transcutaneous determination of oxygen tension in b lood-  was used in experi- 
ments similar to those mentioned above. The transoxode was incorporated in the 
top cover of the calorimetric vessel or used with larger separate containers for a 
long-term monitoring of respiration in animals with weights of more than 1 g. 

Moreover, lately developed galvanic oxygen sensors (GS Japan Storage 
Battery Co., Japan) were adapted to 100 mL vessels of a Calvet calorimeter. 
These sensors have just the correct diameter tbr the calorimeter, life times 
between 5 and 10 years, voltage outputs of 40 to 180 mV in pure oxygen, linear 
correlations between voltage and oxygen concentration and reaction times of 5 to 
60 s for 90 % of the final signal, depending upon the type chosen. Mounted on 
top of the vessel they introduced no disturbance of the heat flow signal. The type 
KE-50 was successfully applied in investigations of bee groups, especially under 
the influence of alarm pheromones (H. Gehrs, E. Schmolz and I. Lamprecht, 
unpublished results). 

Further information on a broad spectrum of non-polarographic gas sensors may 
be found in the book Gas Sensors by G. Sberveglieri [66]. 
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In a calorimetric investigation of bumblebees Schultze-Motel applied a para- 
magnetic oxygen analyzer (OXYNOS-1, Leybold-Heraeus, Germany) connected 
to a Calvet calorimeter in flow-through mode [67,68]. The air stream through the 
vessel was chosen at such a level that the oxygen concentration never dropped 
below 20 %. Nevertheless, changes in the oxygen tension of 0 . 0 1 %  could be 
easily detected in the analyzer signal. Moreover, an infrared carbon dioxide ana- 
lyzer (BINOS, Leybold-Heraeus, Germany) was shunted in the same air stream to 
determine the CO2 production and from it the respiratory quotient RQ. For a 
comparison of the temporal behaviour of the three signals, all had to be desmea- 
red (sections 1.2. and 5.4.3.) with their specific time constants: calorimeter 581 s, 
CO2 analyzer 239 s and O2 analyzer 77 s. This triple combination rendered fruit- 
ful information about locomotor activity, discontinuous ventilation, sound genera- 
tion and heat production as well as general metabolism. It could be further used 
for hibernating hornet queens [69] and activity investigations on several other 
insects. 

3.3.2. Pressure monitoring 
To perform simultaneous indirect calorimetry in a closed batch system, an 

electronic pressure transducer with integrated amplifier (Pressure Transducer LX 
1601f or LX 1602a, National Semiconductors) was integrated into a Calvet 
microcalorimeter of 100 mL active volume [70]. To avoid any disturbance of the 
heat signal due to the measuring current of the transducer or the absorption of 
CO2 in potassium hydroxide, absorber container and transducer were placed a 
few centimeter above the calorimetric vessel. The transducer output was fed to 
the same recorder so that heat production rate and pressure change due to oxygen 
consumption could be compared directly in the graph. Figure 5 illustrates the ob- 
tained results of the power-time curve Q, its integrated analog Q for the total 
amount of heat production and the oxygen consumption Vo2 for a noninfected 
water snail (Biomphalaria glabrata, see below). [70]. 

3.4. Electrical stimulation 
Lizards and snakes are known to use anaerobic energy sources during the in- 

itial stages of activity bursts, even in the presence of oxygen [71]. To investigate 
these anaerobic contributions during aerobic heat production, electric shock sti- 
mulation of the animals was applied [38]. Two electrodes extended into the full 
length of the 100 mL vessel of a Calvet microcalorimeter, leaving enough space 
for the animals to move around freely (Figure 6). An additional polarographic 
oxygen electrode was placed on top of the vessel. A current source and a voltme- 
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ter were connected to the electrodes. To avoid dangerous high voltages the ani- 
mals were smeared with an electrode cream like that for electrocardiograms in 
human medicine. Prior to stimulation, the voltmeter was used to find a moment of 
"appropriate" position of the animal by means of the electrode resistance. It figu- 
red around some M ~  in an "open" state without contact and dropped to some kD 
when the animal was in contact with both electrodes. In this moment a pulse of 
slowly oscillating 30 V and 30 s was given, sufficient to induce a strong burst of 
activity with a large anaerobic contribution to heat dissipation. Further informa- 
tion is given in section 4. 
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Figure 5. Different metabolic rates for a noninfected water snail. See text [70]. 

3.5. Poor man's calorimeter PMC 
There yawns a large gap between commercial (micro)calorimeters with ma,'d- 

mum vessel volumes of 25, 30 or 100 mL and instruments of many litres for 
smaller domestic animals. The only exception known to the authors is the Seta- 
ram GF 108 1-L instrument used in the Leyden group [72]. A low-price solution 
for an intermediate size calorimeter was found in coolin~ffwarming boxes sold as 
picnic equipment for less than US$ 200 [73]. They are equipped with a Peltier 
battery as a heat pump between the inner volume of the box and the environment. 
In the same way the heat pump can work as a Seebeck heat flow sensor to de- 
termine heat production rates inside the box. The inner walls of the box may be 
additionally covered by copper foil of h i ~  thermal conductivity to facilitate heat 
flow to the sensor. 
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The first 8-L version of such a PMC (Figure 7) was applied to metabolic inve- 
stigations on medium sized animals, among them the Japanese quail Coturnix 
coturnix japonica [74]. The calorimeter box-  additionally equipped with a pola- 
rographic oxygen sensor, a humidity detector and a digital thermometer - showed 
a sensitivity of 8.0 mV/W and a very large time constant of 41 min. (But this was 
of no meaning for the investigations in such PMCs as the signals showed no 
short-term fluctuations.) Moreover, the instrument was placed in an insulating 
box for better thermal stability. Air flow through the PMC amounted to 10 L/h in 
experiments with quails between 130 and 180 g. 
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Figure 6. Stimulation device for 100 mL vessels of Calvet microcalorimeters con- 
sisting of two electrodes (5) with electric connections, air in- and outlet (7,8/9) 
and a Beckman polarographic oxygen sensor (1) on top. 

In further developments for the investigation of social insects such camping 
boxes were used for the metabolic observation of whole bumblebee colonies 
throughout a season [67] and in a differential twin setup with boxes of 24 L for 
the observation of hornet nests or honeybee winter clusters [75,76]. More 
information about results with these instruments are given below (section 5.5.). 

Winclder produced a modification of the PMC for aquatic organisms [77]. A 
camping cooler of 18 L served as an air-bath thermostat for the main calorimetric 
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vessel of 1 L. All 6 sides of the rectangular metallic vessel were equipped with 
Peltier batteries as heat flow sensors which carried large metallic heat sinks as 
usually applied for cooling of power transistors. The open parts of the vessel sur- 
face were covered with polyurethane foam to force the main heat flow through 
the Peltier batteries. The sensitivity of this calorimeter amounted to 130 mV/W, 
its time constant to about 20 rain. First results were obtained with the cichlid fish 
Cichlasoma nigrofasciatum of several gram in relation to developmental pro- 
gress. 

Figure 7. Sketch of the first camping box used as a Poor Man's Calorimeter 
( PMC) [73]. 

4. A M P H I B I A  AND R E P T I L I A  

Many animals answer to the stress of hypoxia and anoxia with a reduced meta- 
bolism and a strongly decreased heat production. While this effect is frequently 
investigated in aquatic animals (section 7), such data about air-breathing animals 
are rare in the literature. The common frog Rana temporaria was studied in a 
flow-through batch calorimeter under defined gas compositions [78,79]. The frog 
- immobilized by curare - dropped its normoxic metabolism of about 5 mW (0.16 
mW/g) to a final steady state of 25 % during hypoxia and anoxia, a reduction 
comparable with that of other vertebrates. Reoxygenation after 2 h led to a steady 
state of many hours, higher than that before the stress. 

Most metabolic research on reptiles was performed by indirect calorimetry of 
respiration or biochemical analysis. The first direct calorimetric results were 
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published in 1899 [7]. Hill reported quantitative data for a grass snake [80]. Al- 
though several authors pointed out that direct calorimetry would be a prospective 
or even indispensible tool for metabolic research in reptiles, no such data from 
other groups were found in the literature. 

Schaarschmidt and coworkers investigated three snake species (Coluber ge- 
monensis, Coronella austriaca and Elaphe lon~ssima) in a 100 mL Calvet 
microcalorimeter combined with a Beckman oxygen electrode for redirect mea- 
surements [65]. The obtained power-time curves were desmeared using the Tian 
equation (section 1.2. and Figure 1) to obtain the true amplitudes of locomotor 
activities. Snakes with a weight of about 13 g showed a mean heat production 
rate of 0.61 mW/g, a 50 % higher maximum rate and a 26 % lower minimum rate 
at 25 ~ Simultaneous direct and indirect measurements led to oxycaloric equi- 
valents of-457 kJ/mol 02 for the mean and -638 kJ/mol for the maximmn meta- 
bolic rate with one extremely high value of-856 kJ/mol for C. austriaca at loco- 
motor activities. The figure of-457 kJ/mol 02 was in good agreement with litera- 
ture data [81]. The differences between the maximum and the mean value indica- 
ted to which extent the snakes used anaerobic metabolism during their short 
bursts of activity. 

The energy metabolism of three lizard species (Podarcis milensis, Podarcis 
muralis and Lacerta a~lis) was investigated by means of simultaneous microca- 
lorimetry and respirometry. It rendered mean maximum values of 3.9 mW/g and 
mean average rates of 2.1 mW/g at animal weights between 2 and 10 g [82]. 
Analyses of time desmeared power-time curves showed that the resting metabo- 
lism contributed with about 60 % to the mean routine heat dissipation. The re- 
mainder originated from locomotor activity, mainly from anaerobic metabolism. 
Comparison of respiration and heat production led to an oxycaloric equivalent of 
18.6 J/mL O2 or-417 kJ/mol which increased to 26.6 J/mL 02 (-596 kJ/mol) du- 
ring bursts of activity. These values were close to those published by McDonald 
[81]. The only other calorimetric experiment on lizards found in the literature is 
100 years old Krehl and Soetbeer [7] determined the heat production rate of a 
much larger Lacerta viridis (110 g) to 0.95 mW/g at 25.3 ~ Applying a publi- 
shed allometric metabolism/mass relationship [83], their result coincided with the 
data given above. 

Moreover, temperature dependence of energy metabolism could be investiga- 
ted with the setup described in section 3.4. It rendered the known parabolic be- 
haviour of heat production rate as function of temperature with a maximum 
around 32 ~ Due to aerobic metabolism in the closed vessel the oxygen concen- 
tration dropped permanently. Lizards were able to cope with these changing 
conditions when longer lasting periods below 9.3 kPa pO2 were avoided [83]. 
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Electric stimulation of lizards in this device (section 3.4.) induced large bursts 
of anaerobic metabolism [38]. Figure 8 shows the traces of simultaneous calori- 
metry (structured curve) and respirometry (smooth curve). The power-time curve 
before stimulation fluctuated due to locomotor activities of the animal but was 
constant in the mean slightly above 20 mW. In the moment of stimulation a strong 
increase in heat output was observed which returned to the previous level within 
40 min. This additional peak amounted to 22.9 J provoked in 30 s, i.e. to an addi- 
tional power of 763 mW or a 35-fold higher rate than prior to stimulation (100.1 
mW/g compared with 2.9 mW/g under normal conditions). This result agreed 
with observations of Cragg [84] who found a 25-fold stimulation in Lacerta viri- 
dis from 7.06 mW/g at rest to 173.7 mW/g. Moreover, it is seen in Figure 8 that 
the change in the oxygen consumption rate started immediately at stimulation but 
took more than 40 min to return to a constant value comparable to that observed 
before. During this period the oxygen debt was paid back. The oxycaloric equiva- 
lent of 20.8 J/mL 02 (-466 kJ/mol) indicated that glucose was used for compen- 
sation. 
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Figure 8. Power-time curve (structured graph) and oxygen consumption of an 
Ocellated lizard (L. aulis) before, during and after an electric stimulation of 30 V 
and 30 s [38]. (The time scale should read "min", not "h".) 

These experiments showed the great advantage of calorimetry plus respirome- 
try for metabolic investigations as no animal was really harmed during the expe- 
riment. This is in contrast to biochemical experiments where animals have to be 
sacrificed in order to determine the increased level of lactate in blood and tissue 
after stimulation. 
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5. INSECTS 

5.1. Insects in General 
On account of their small size and frequent aptitude for living under confined 

condin'ons, insects constitute an excellent material for microcalorimetric inve- 
stigations. [85] 

In his review about Calorimetry of Higher Organisms Prat presented a few 
introducing examples of microcalorimetry on insects, including economy periods 
(of basal metabolism) and spontaneous and provoked paroxism, development, 
aging and metamorphosis as well as of group effects [85]. Most investigations 
were run in a more analytical than quantitative manner, although some heat pro- 
duction rates were given and further might be found in the original literature. Fi- 
gure 9 shows a power-time curve of a male cockroach (Periplaneta americana) 
with a few sponatenously occuring paroxisms (A2 to As) and 3 paroxisms (t31 to 
B3) provoked by olfactory stimulation with whiffs of alcohol vapour. The first 
stimulation (Z~) led to a sevenfold increase in heat output, the second (Z2) to a 
more than twentyfold increase with a new higher steady state afterwards and Z3 
to a thirtyfold jump. Such increasing sensitization of an animal may result in a 
permanent perturbation and in death through exhaustion. Similar stimulations 
were observed with sexual odours from female cockroaches. 

A rather large compilation of respiration rates of insects can be found in an ar- 
ticle of Keister and Buck [86]. They observed a typical value of 1 mL O2/(g-h) for 
the resting metabolism of many insects, which transforms to about 6 mW/g. 

A rough estimate of the hexose metabolism of flying insects which is about 
100-fold higher than at rest is given by Sacktor [87]. A 50 mg insect should con- 
sume in the average an amount of 30 ~tmol hexose/(g'mm) in flight and have a 
yield of-1300 kJ/mol O2. 

Evaporation of water as a strong endothermic effect (with 2.27 kJ/g water) 
plays an important role in life (and calorimetry). However, insects are often well 
protected against water loss by their cuticula and special forms of behaviour like 
discontinuous ventilation during resting metabolism. This situation changes when 
insects fly, breath regularly and use liquids for cooling purposes. Nevertheless, 
even in power-time curves of resting metabolism short-term endothermic trans- 
ients were observed (see below) which were mainly due to active water loss for 
cooling or passive loss at ventilation. 

Comparing the calorimetrically obtained heat output - corrected for the value of 
evaporation - with that found in respirometry of the mealworm Tenebrio molitor, 
Peakin registered no significant differences between both methods and observed 
the familiar U-shaped curve of metabolism during pupation [88]. He argued that 
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respirometry put some degree of stress on the investigated insects because potas- 
sium hydroxide, used for the absorption of C02, also lowered the relative humi- 
dity of the experimental atmosphere; and moreover, that modem calorimetry - in 
contrast to respirometry - would be able to offer any specific atmosphere 
necessary for the natural welfare of the animal. 
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Figure 9. Power-time curve of an adult male cockroach (P. americana) stimulated 
by 3 whiffs of alcoholic vapour (Zl to Z3) [85]. 

Group effects are rather common among insects, leading to a reduced mass 
specific heat production rate compared to that of an isolated animal when several 
individuals of the same species are put together in the calorimeter. Prat [85] 
showed that the heat dissipation of a female fruit fly (Drosophila) of about 1 mg 
dropped from 0.12 mW to 0.08 mW when together with 4 further fruit flies. This 
effect is even more pronounced in social insects like honeybees which produce a 
collective thermogenesis resulting in social homeothermy. 

When insects are used for metabolic experiments, handling introduces an un- 
avoidable stress to the animals which can last for minutes, hours or even days and 
interfere with the intended investigations. The mealworm T. molitor was used to 
show that insects may be grouped calorimetrically by their irritability during pre- 
treatment and that such groups render significantly different results [89]. For this 
end a combination of differential calorimeter and an automatic electrolytic 
microrespirometer-actograph was applied. Four groups of mealworms could be 
distinguished calorimetrically by their breathing patterns, abdominal pulsations, 
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hyperactivity and wriggling movements. The group with chaotic rhythms of C02 
release, irregular pulsations, larger water loss and high irritability comamed those 
animals which were most susceptible to toxicants and chemical stress. 

5.2. Calorimetric investigations on special insects 
To our knowledge, the first calorimetric experiments on insects were published 

by Tian and Cotie in 1924 [90]. The authors used a single heat detector setup (a 
predecessor of the famous twin differential Tian-Calvet microcalorimeter) placed 
in a cellar to get a constant ambient temperature and a stable base line. The au- 
thors collected 23 flies (Musca domestica) in a glass vessel of 5.4 cm 3 and sealed 
it. After a period of 90 min of high heat production the rate decreased, returned to 
a small secondary peak at 2 h and dropped steeply to the base line. Due to the 
consumption of oxygen in the closed vessel the flies at first reduced their 
metabolism (90 min), made an effort to escape (peak at 2 h) and then entered a 
state of asphyxia of strongly reduced metabolism which could not be separated 
from the experimental zero line. Brought back to oxygen the flies became active 
again. The paper ended with a sentence that could be the motto of a textbook of 
biological calorimetry: Nous ne connaissons pas de mdthode qui ~ut permis de 
suivre avec une dgale facilit~ et une pareille prdcision dans le ddtails une obser- 
yahon biolo~que du genre de celle que nous venons d'exposer. 

Several insect species were investigated by means of a Calvet-type microcalo- 
rimeter, among them 5 species of grasshoppers (Melanoplus sp.), 2 different 
moths (Galleria mellonella, Tineola spec.), the fruit fly Drosophila melanogaster 
and the cockroach Periplaneta americana [91]. The author observed strong 
fluctuations in the power-time curves of the insects at the time of moulting, during 
metamorphoses and at egg deposition. Diurnal rhythms could be detected in some 
cases which were most pronounced in P. americana with a maximum of heat 
dissipation in the afternoon. 

Early calorimetric investigations were performed on pupae of the wax moth 
Galleria mellonella by means of a differential adiabatic setup [92]. Galleria re- 
presents an important pest for weak honeybee colonies where it feeds on wax, 
honey, pollen and other organic material. Individual pupae were kept in small 
Dewar flasks of 5 cm 3 for measurements of 10 to 60 min, which were repeated in 
regular intervals through the whole pupal metamorphosis of about 7 days. The 
calorimetric experiments alternated with manometry (indirect calorimetry) to 
evaluate the RQ and to find hints about the type of metabolism. Heat dissipation 
was monitored by electrical heating of the reference flask to keep the temperature 
difference between both Dewars close to zero. In this way composite curves for 
male and female moths and both direct and redirect calorimetry were established. 
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Moreover, the manometric data were transformed to heat dissipation and compa- 
red with the direct values. The considerable differences between both might be 
due to evaporation and to a wrong assumption that only fat and no protein was 
metabolized during metamorphosis. Sex differences as well as an U-shaped 
course of energy turnover during pupal metamorphosis occured, observed also by 
other authors. 

A similar combination of microcalorimetry and respirometer/actograph as that 
cited above was applied to investigations on the influence of plant extracts on the 
metabolism of diapausmg pupae [93]. The system chosen as an example for 
chemical ecology consisted of the cabbage butterfly Pieris brassicae and an ex- 
tract of the painted daisy Pyrethrum roseum, a long- and well-known neurotoxic 
substance for plant protection. The distinct cycles of gas exchange seen in the 
power-time curves and similar to those found in T. molitor were abolished and 
changed to chaotic rhythms. Moreover, body mass losses per day increased by 
more than 40 % in treated pupae and the further pupal development was changed 
or stopped. 

The Mediterranean fruit fly Ceratitis capitata represents a serious threat in the 
fruit-growing industry, especially during the time of shipping. Seo and coworkers 
made a somewhat exotic indirect calorimetric investigation on the heat production 
and thermal conductivity of fruit fly pupae at different temperatures [94]. From 
oxygen consumption and carbon dioxide production rates of 44 g of pupae enclo- 
sed in a copper cell they determined a RQ of about 1.0, assumed carbohydrate 
metabolism and calculated mass specific heat production rates of 0.80 to 8.02 
mW/g for temperatures between 10 and 35 ~ Because irridiated pupae enclosed 
in polyethylene bags in millions or more showed poor emergence after shipping in 
earlier experiments, the question of an inactivation by prolonged metabolic heat 
exposure was raised. The authors determined a maximum conductivity of 1.70 
mW/(~ and a maximum critical radius for the bags of 3.4 cm at 32.2 ~ 

The same organism was used much earlier by Fourche and Lemaitre comparing 
heat production and respiration during metamorphosis [95]. Pupae are specially 
suited for such investigations as they do not feed any more and just show gas 
exchange with the environment during metamorphosis. A Calvet-type 
microcalorimeter at 26 ~ was charged with 20 pupae that dissipated a maximum 
heat of about 90 mW per individual at the beginning of the phase. A clear U- 
shaped slope of heat production as well as oxygen consumption rate was obtained 
as with the wax moth G. mellonella and the mealworm T. melitor with a mini- 
mum rate of 12.4 roW/pupa corresponding to a reduction to about 7 %. After this 
minimum the heat dissipation increased till the emergence of the imago to 41.4 
mW/pupa or 45 % of the initial value. 
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Two insects, the locust Locusta migratoria and the hawk moth Manduca 
sexta, which are known for their different tolerance against hypoxia and anoxia 
were studied by microcalorimetry in a flow-through mode for defined gas mixtu- 
res [79,96]. Both showed no alterations in behaviour or heat production during 
hypoxia down to oxygen concentrations of 2 %. In the critical oxygen range 
between 2 and 1 %  the insects became agitated, hyperventilated and tried to 
escape. A few minutes later they were completely immobile. During that time the 
heat production rate was just 5.3 % of the normoxic value for Locusta and 3.6 % 
for Manduca. More pronounced differences were seen between the two species 
in the tolerable length of the anoxic period and in their response when gas flow 
was switched back to air after some hours of anoxia. 

Wilson and colleagues used a Tian-Calvet-type microcalorimeter [97,98] to in- 
vestigate the German cockroach Blattella germanica which is the most important 
insect pest infecting households, hospitals, restaurants and hotels, being resistant 
against many pesticide chemicals [99]. The interest of the authors concentrated 
on a calorimetric determination of circadian rhythms, followed over several days. 
They kept individual male cockroaches in a small gelatine capsule inside the ca- 
lorimeter vessel of about 10 cm 3 in complete darkness (as in most calorimetric 
experiments with insects!). Although there were considerable differences in heat 
flow transients and frequencies between the insects, a basic rhythm was esta- 
blished for all of them. Phases of activity lasted about 12 h, mainly during the 
night. In these periods the total heat output was 2.7 times higher than during day- 
time. In general, heat dissipation was considerably larger in unentrained than in 
entrained animals, supposedly due to strong locomotor activities. 

Periodically occuring exothermic peaks (Figure 10) in power-time curves of 
pupae of the mealworm T. molitor and the wax moth G. mellonella could be 
traced to muscular activities which act as tracheal ventilation, accelerate the 
hemolymph circulation and support the heartbeat [100]. In these two insects they 
amounted to only 1 %  of the total heat output during pupal metamorphosis and 
could be neglected. In contrast to these observations the same authors found 
significantly increased heat flows during ventilation in the Colorado beetle 
Leptinotarsa decemlineata and the weevil Hylobius abietis with contributions of 
12 to 18 % [101,102]. Endothermic peaks which were also observed in the 
calorimeter curves resulted from water vapour liberated with CO2 [101,102]. 

Custom-made simple thermocouple calorimeters of 0.25 mL active volume and 
a sensitivity of 20 ~tV/mW were applied to study the growth regulating and to,'dc 
effects of Ledum palustre extracts on the growth of pupae of T. molitor [103]. 
They exhibited the U-shaped course of mass-specific heat production rate (max. 
2.8 roW/g, min. 1.2 roW/g) as described also by other authors (e.g. [88,92]). Su- 
perimposed on the slope were longer-lasting clear endothermic structures during 
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ecdysis and additional leaking of exuvial fluid, while muscular hyperactivity prior 
to ecdysis rendered strong exothermic effects. The individual power-time curves 
of the pupae showed strong fluctations due to bouts of rhythmic abdominal mo- 
vements and to cyclic emission of CO2 from tracheae. These structures were 
considerably changed by application of L. palustre extracts with a less pronoun- 
ced U-shape, only partial ecdyses, shortening of the interecdysial periods, chan- 
ges in the bending movements and disappearance of intermittent CO2 release. 
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Figure 10. Periodically occuring exothermic peaks in the heat production in pupae 
of G. mellonella (above) and T. molitor (below) due to muscular activities and 
rotating or twisting movements R [100]. 

Microcalorimetric experiments were used to analyse the well-known drastic 
temperature increase in laboratory cultures of Galleria mellonella during larval 
development. The authors showed that the temperature rise was due to an 
approximately threefold increase in mass specific heat production rates from 
about 50 mW/g for the larval stage L3 to about 140 mW/g for L4 and L5 
(followed by a drop to 75 mW/g for L6) [104]. The observed aggregation of lar- 
vae inside silken tubes was thus unlikely to be responsible for the temperature 
jump from 32 to 40 ~ during stages L4 and L5 which are typical for G. mello- 
nella in laboratory cultures. 

A very sensitive differential calorimeter (~ 150 g V/mW) with Seebeck ther- 
mopiles [105], two flat cylindrical glass vessels of about 5 cm 3 and gasification 
and exhaust trains was described for investigations on insects [106,107], shown 
in Figure 11. Basal metabolic rates and heating or cooling transients were monito- 
red for single individuals of the yellow fever mosquito Aedes ae~vpti and the 
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German cockroach Blattella germanica [107]. The insects were confined in the 
glass vessels but free to move around. The obtained power-time curves showed 
the expected steady line for the basal metabolism superimposed by transients. 
The basal metabolism of blood fed mosquitos amounted to 4.6 mW/g, the cooling 
transients to 6 mJ (corresponding to 16 ~tg water or 0.6 % body mass) and the 
heating transients to 15 mJ (corresponding to 24 ~ag of hexose - if carbohydrates 
were metabolized). The latter figure is threefold higher than before feeding so that 
the observed effect might be understood as a specific dynamic action, the extra 
heat production by an organism after feeding [108]. 
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Figure 11. Sketch of the twin microcalorimeter applied for insect investigations 
(see text) [107]. 

With the same calorimeter, B. germanica was investigated for its answer to 
anaesthesia with CO2. The basal metabolic rate amounted to about 1.3 mW/g at 
25 ~ Introduction of CO2 into the gas flow induced an irritation of the insect 
and a subsequent cessation of heat production. A re-aeration 2 h later led to an 
enormous increase of heat production up to more than 9 mW/g and later 6 mW/g 
which returned to the initial level of basal metabolism only after a few days [107]. 

The same calorimeter was applied for monitoring embryogenesis of the flour 
beetle Tribolium confi~sum, a worldwide pest in stored grains. These beetles 
survive a manifold of adverse storage conditions, and their embryos cannot be 
killed by contact insecticides due to their wax layer. Eggs of this beetle were in- 
vestigated in sample sizes of 600 eggs (about 36 mg) to obtain a detectable signal 
during the first day [106]. Fourty h before hatching the eggs showed a constant 
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heat production rate of 5.9 mW/g which increased more than twofold after hat- 
ching with longer lasting spikes of threefold turnover. 

A further application of this calorimeter was for airbom irritations like attrac- 
tams, toxic compounds, anaesthetics or allochemicals on individual insects [47]. 
Larvae of the cabbage looper (Trichoplusia hi) were tested against microgram 
amounts of benzene. They produced a strong, but short exothermic effect because 
the benzene was washed out by the air stream. A young male of the rootworm 
Diabrotica longicornis answered with a pronounced exothermic heat output to 
the exposure to pheromones prepared as extracts from female corn rootworms. 
Moreover, the male moved immediately towards the source of the stimulant. 

Pregnant females of the viviparous cockroach Nauphoeta cinerea showed a si- 
gnificantly (p < 0.001) smaller mass specific heat production rate (0.80 mW/g) 
than males (1.45 mW/g) or virgin females (1.53 mW/g) [ 109]. Thus, the general 
expectance that pregnancy increases the metabolic turnover could not be confir- 
med. As the power-time curves of the animals were rather constant with only a 
few fluctuations, reduced locomotor activities in pregnant females could not be 
responsible for this effect. The mass specific data of males and virgin females 
fitted well to an allometric equation established by Coelho and Moore [110] via 
redirect calorimetry for resting cockroaches, while the pregnant females were si- 
gnificantly out of the range [109]. Preliminary investigations on the much heavier 
Gromphadorina portentosa (mass between 4.9 and 7.8 g with a mean of 6.5 g) 
proved that their metabolism also obeyed the mentioned equation with 0.60 
mW/g at 30 ~ and 0.19 mW/g at 15 ~ (H. Zwettler, personal communication 
1997). 

The Mexican jumping bean, the larva of the moth Laspeyresia saltitans (earlier 
named Carpocapsa salu'tans) is better known as a curiosity or a gimmick than as 
an object of scientific interest (but see e.g. [111 ]). However, it may be used to 
show calorimetrically its low level of basal metabolism and the high heat output 
during locomotor activities. The larva reside the empty bean tries to find a place 
of convenient temperature by rocking and jumping in a temperature gradient. 
Jumps up to a few centimeters are possible. Figure 12 demonstrates the large 
differences between rest and activity with long quiet periods (I. Lamprecht, unpu- 
blished results). With mean masses of 70 and 5 mg for the bean and the larva, 
resp., and taking into account that the maximum amplitudes are smeared by the 
time constant of the calorimeter one arrives at specific heat production rates 
around 100 mW/g, comparable to those of flying insects. 
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5.3. Flight calorimeter for small insects 
An isoperibolic heat flow calorimeter (sensitivity 63.6 ~tV/mW) was con- 

structed for direct monitoring of heat production rate during flight of smaller 
insects [112]. It incorporated a roundabout of small friction with a diameter of 
144 ram, light guide illumination, microphone for acoustical investigations and an 
inductive proximity sensor for counting the revolutions per minute and determi- 
nation of the flight speed. Figure 13 presents a sketch of the insmmaent which is 
housed in an LKB air bath thermostat. Preliminary experiments were performed 
with various insects, among them honeybees, hornets, flies, moths and several 
beetles. For some of them illumination was not strong enough so that they resi- 
sted to fly. Hornets were most willing to cooperate with flight times up to several 
hours without break. However, their speed and thus also their heat output rates 
were lower than expected, presumably because of the low light level and the nar- 
row radius of the carousel. 
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Figure 12. Power-time curve of a Mexican jumping bean of about 70 mg at 25 ~ 

5.4. Insect Development 
Prat [85] presented two calorimetric examples of development and aging in his 

survey article about calorimetry of higher organisms. One concerned the growth 
of the wax moth Galleria mellonella from hatching of the egg through larval and 
pupal stages until emergence of the adult butterfly with different metamorphoses 
and the energetically accentuated period of transition from the pupa to the imago. 
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The larval development of the same insect was followed recently also by 
means of Calvet microcalorimeters [104]. Individual larvae could be monitored 
continuously over 40 days in their metabolic behaviour. Figure 14 shows the 
strong increase in heat production rate up to the larval stage L7, the subsequent 
drop to the extremely low level of pupal metabolism and the intensive fluctuations 
in heat dissipation because of locomotor activities. Moreover, moulting phases 
were indicated by a drastic decrease of heat production down to 7 to 20 % of the 
preceding value followed by a rapid increase to the next maximum. These results 
should be compared with the very early investigations of Taylor and Crescitelli 
[92] on the same organism (section 5.2.). 
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Figure 13. Schematic sketch of a carousel calorimeter for small insects with 1: 
LKB air bath thermostat, 9: flight carousel, 12: proximity sensor, 13: microphone, 
14: light guides, 15: Peltier heat flux sensors and 17: insect [1 12]. 

In a line of theoretical investigations concerning biological thermodynamics of 
irreversible processes and heat dissipation functions, T. molitor and B. germanica 
were followed manometrically and calorimetrically through their complete deve- 
lopment [1 13,1 14]. Aperiodic fluctuations of heat output due to spontaneous lo- 
comotor activities were found in power-time curves of both insects, and B. ger- 
manica showed additional periodical heat bursts during the night which were 
connected with discontinuous ventilation (spontaneous paroxysm). 7". molitor 
exhibited changes in its mass specific heat production rates during development 
with a distinct maximum in the larval stage (around 20 mW/g), clear indication of 
moulting and metamorphosis and a strong decrease to the low metabolic level of 
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the adult larva (about 2 mW/g). The U-shaped course of pupae development as 
published by other authors [88,92,103] could not be seen. 
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Figure 14. Power-time curve of an individual wax moth larva (G. mellonella) du- 
ring the development. For further details see text [104]. 

5.5. Social Insects 
5.5.1. Some general features 

Most existing animals are poikilotherm, i.e. the temperature of theft body fol- 
lows that of the environment. Only birds and mammals developed the technique 
of homeothermy (constant body temperature) which made their metabolic 
processes independent of the ambient temperature. A corresponding homeo- 
thermy is found in social insects, but not aimed at the individuals as in birds or 
mammals, but at the social community such as bee hives or clusters, homet colo- 
nies or bumblebee nests. There exists no control center (as the hypothalamus of 
the brain of higher animals), but each single social insect forms the control center 
and the performing organ. Homeothermy in social insects is used to keep the nest 
temperature constant in less favourable climates and to ensure a quick and ef- 
fective breeding of offspring. For this end, heat production rates in small (bee) 
populations are as high as that of small mammals. Different physiological and 
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behavioural techniques were developed in these insects to protect their colonies 
against overheating and-  more important - against undercooling in unfavourable 
periods. Increase in metabolic activity, periodic contractions of the flight muscles 
on the physiological side, insulation by special paper-like envelopes (homets, 
wasps) or clustering (honeybees) on the mechanical/behavioural side are applied 
for this end. 

5.5.2. Honeybees 
Although a large body of metabolic investigations on honeybees has been per- 

formed due to their economical, ecological and scientific importance, only very 
few calorimetric experiments are found in the literature. The usual research on 
energy tumover in honeybee larvae, pupae and adults of different castes are per- 
formed in the indirect way via 02 consumption and CO2 production by Warburg 
or other techniques, assuming a respiratory quotient of exactly 1.00, an oxycalo- 
tic equivalent of 21.1 J/mL 02 and an energy content of 15.8 kJ/g in sugar. Other 
approaches include sugar consumption or difference measurements between the 
temperature of the bee thorax and that of the environment. For a literature survey 
see [56,57,115]. 

True calorimetric experiments have been performed only a few times in the 
past [116-118]. A number of papers, both on the European (Apis mellifera car- 
nica) and the Egyptian honeybee (A. m. lamarcla 0 appeared during the last 10 
years from the Berlin group [56,57,75,76,115,119-121]. They concerned metabo- 
lic differences between the two races, investigations on heat production rates du- 
ring development and of the castes: queens (virgin and laying), drones, workers, 
larvae and pupae, locomotor activities and their observation by endoscopic and 
acoustic techniques as well as seasonal and temperature dependences. 

Communication in the bee hive and among its different members occurs by va- 
rious means, among them mixtures of chemical compounds called pheromones 
for different informations. Alarm pheromones were chosen in microcalohmetric 
experiments as they were known for their dramatic effects. Groups of 30 bees 
were collected in 100 mL vessels of a Calvet calorimeter working in a flow- 
through mode (H. Gehrs, E. Schmolz and I. Lamprecht, unpublished results, see 
also [76]). After establishment of the base line the pheromone or single compo- 
nents of it were introduced into the air flow and strongly enforced heat outputs 
occured immediately which returned to the former level after a few minutes, or 
even lower due to an exhaustion of the honeybees. Desmearing of the calorime- 
tric signal (section 1.2.) rendered an instantaneous, nearly steplike upward jump 
of the heat production at the pheromone addition. 

In connection with the discussion about Africanized killer bees in America, it 
was interesting to compare metabolism and activity of the usual European honey- 
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bee Apis mellifera carnica (about 120 mg) with the much smaller Egyptian race 
A. m. lamarckii (about 78 mg). The latter one is more alert and ready for attack 
than the calmer European race. Such differences were reflected in the heat pro- 
duction rates of both subspecies at all investigated temperatures between 20 and 
40 ~ As expected the most pronounced difference was seen at 20 ~ with a 80 
% higher mass specific rate in A. m. lamarckTi than in A. m. carnica [76,120]. 

Although the weight of a worker honeybee was approximately constant 
throughout its life, slightly above 100 mg, the weight specific heat production rate 
increased from around 30 mW/g at 30 ~ for a freshly hatched bee to around 180 
mW/g for an adult forager bee [57,115]. Temperatures of 20 and 25 ~ produced 
higher values than 30 ~ with a maximum around 12 days of age [57]. Caste 
specific differences were seen at all temperatures and are presented for 25 ~ in 
Table 3. The heavy drones increased their metabolic turnover 3.4 times at 30 ~ 
and even 19.7 times at 20 ~ during life time. Virgin queens had a significantly 
higher weight specific heat dissipation than the 21 days old egg laying queen. 
Lowest values were found in brood of workers and drones. 

Table 3. 
Mean heat production rates p of isolated members of the different castes of the 
European honeybee Apis mellifera carnica at 25 ~ SD = Standard Deviation. 
[571 

Caste Age Weight p SD 
mg mW/g mW/g 

Workers hatched 105 56 24 
young 120 142 23 
adult 100 209 21 

Drones juvenile 236 68 19 
fertile 205 184 37 

Queens virgin 176 117 16 
laying 258 102 12 

Brood larvae 155 4.4 0.6 
pupae 120 1.8 0.4 

Energetic data for single individual honeybees are open to criticism as these 
social insects exhibit a high degree of unrest when they are separated from their 
nest mates. To study such effects, honeybee groups of increasing number were 
transfered to 100 mL vessels of a Calvet calorimeter and monitored by heat dissi- 
pation and endoscopic observation [56,57]. Larger groups than 18 animals were 
difficult to handle and had to be anaesthetized by CO2 or cooling down. As such 
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handling had severe influences on the metabolic response of the bees, it was 
avoided. Figure 15 shows the strong decline in the weight specific heat dissipa- 
tion rate down to a final steady value of 5 to 7 % of the rate of an isolated bee. 
Corresponding effects had been reported by Roth [117,118]. Similar reductions 
could be obtained when small groups of 6 workers were investigated together 
with a queen or brood which both induced social activities and calmed down the 
bees. Groups of 12 drones behaved as workers with a reduction of heat dissipa- 
tion down to 12 %, quietly sitting on the bottom of the vessel or the climbing 
stick. 

150 
. . - . , .  

"7' 

N 

.~ 100 
N 

. , . . .  

._. 50 

e . .  

. _ ~  

0 o ~, ~'o ~l~ 2'0 
number of bees (n) 

Figure 15. Weight specific heat production rate of honeybee workers (A. m. car- 
nica) at 30 ~ as function of the group size [56]. 

5.5.3. Bumblebees 
Bumblebees form smaller colonies than honeybees which exist through the 

summer season and die out in the autumn. Only inseminated queens survive the 
following winter and establish new colonies in the spring. But they have many 
other features in common with honeybees so that it is worthwile to study bumble- 
bee colonies by means of calorimetry. Although the temperature balance of their 
nests has been evaluated extensively, there are no investigations on whole colo- 
riles reported in the literature. 

Small initial nests of the bumblebee Bombus lapidarius were translocated from 
the outside into a calorimetric (cooling) box as described in detail above (section 
3.5.) placed in the basement of the institute [67,68]. The queen and a few already 
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existing workers could continue their normal life as the box was connected to the 
environmem by a walkway of 60 cm. Temperatures outside and inside the box 
near to incubated brood cells were monitored continuously together with the heat 
production rate of the nest. The brood temperature remained almost constant du- 
ring the day between 30 and 32 ~ while the heat flow showed a diumal rhythm 
with a maximum around 1.6 W in the early moming and a minimum of 0.9 W in 
the night. After the death of the queen heat dissipation and brood temperature 
decreased significantly. 

The heat production rate of workers exhibited a U-shaped form during the de- 
velopment of the nest with high values at the beginning and the end of the season 
and a pronounced minimum during the main nest phase. In this period the heat 
loss per individual ranged from 5 to 30 mW (30 to 200 mW/g). The results ob- 
tained in this investigation indicated that bumblebees are capable of freely adap- 
ring their metabolic heat production to guarantee a constant nest temperature for 
the brood [67,76]. 

Endoscopic observations on bumblebees in the Calvet calorimeter showed that 
there was a one-to-one correlation between sound production and wing move- 
ments so that it was interesting to investigate this correlation in some more details 
[59]. Power-time curves rendered distinct periods of increased heat production 
connected with strong sound generation (Figure 16). Between the periods the heat 
output dropped from more than 200 mW/g to a basal value of 10 roW/g, while 
during continuous wing buzzing rates of more than 350 mW/g were determined - 
as high as those of insects in free flight. It was observed that the increase in heat 
dissipation started 5 min earlier than the first sound generation presumably due to 
a warm-up of the muscles before wing movements. The results underline that the 
simultaneous monitoring of calorimetric and acoustic signals is a suitable method 
to get more insight into insect metabolism and locomotor activity. 

5.5.4. Hornets 
Social thermogenesis is common for many wasps and often studied by ther- 

mometry. But no information about the nest metabolism - obtained by direct or 
redirect calorimetry- is presented in the literature. Nevertheless, such data would 
be interesting for energy balances of a complete nest during the season and the 
contributions from the different castes of the wasps, the environmental tempera- 
ture, the size of the nest and the insulating properties of the envelope. To fmd an 
answer to such questions, experiments similar to those with bumblebee nests 
were performed on the hornet Vespa crabro. 
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Figure 16. Heat production and sound generation of a bumblebee worker (B. lapi- 
darius) of 105 mg. The vertical lines represent the sound generation as the vol- 
tage output of the microphone. The strong heat flux rates at the beginning and the 
end of the trace are artifacts due to heat of friction during introduction and remo- 
val of the calorimetric vessel [59]. 

To this end, young, intact hornet colonies were transfered from their natural lo- 
cations into camping cold boxes (section 3.5.) of 24 L volume equipped with a 
free access to the outdoor environment [75]. The hornets continued to construct 
the vertically hanging combs and the multilayered nest envelope during the 
season so that continuously growing colonies could be studied. The heat output 
for a typical nest ranged from 1.2 W at the end of the season in October to 12.5 
W at the time of maximum insect number. Hornet workers contributed with 70 to 
90 % at 49 mW/g at 20 ~ drones with 36 mW/g [122,123]. Heat flux from the 
nest showed a diurnal rhythm like that of bumblebees but shifted in time to a ma- 
ximum around noon. Comparing hornet nests of different sizes rendered a clear 
positive correlation between size and internal temperature as well as heat pro- 
duction rate. 

The nest envelope constructed from paper-like material was produced by the 
hornets from small pieces of wood (about 7 mg) collected in the environment. 15 
min were needed in the mean to collect one piece, so that 725 h of flight were 
invested in a nest envelope of 22 g. The total energy consumed amounted to 780 
kJ, equivalent to the energy used in 5 days heating of the nest. As the envelope 
established a significant temperature gradient between the nest interior and the 
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environment and thus reduced the heat flow considerably, the advantage of such 
an insulation became obvious [76]. 

At the end of the season, hornet colonies die out and only the inseminated 
queens survive hibernating in protected places. During this period they show a 
strongly reduced metabolism to save energy and especially water to escape death 
from desiccation. Discontinuous ventilation is a means to avoid water loss. This 
behaviour was investigated via heat and CO2 production in isolated queens at dif- 
ferent temperatures [69,124]. The periodic release of CO2 was visible in the po- 
wer-time curves as sudden drops of heat flow by 30 to 50 ~tW, presumably due to 
water loss and evaporation. The CO2 production showed temporally correspon- 
ding bouts from near zero up to 160 ~tL/h. The frequency of these bouts increased 
from 0.05 h 1 at 5 ~ to 5 h ~ at 20 ~ The mean heat output amounted to 0.91 
mW at 15 ~ The weight loss of the queens was monitored during the whole hi- 
bernating period and was assumed to result from metabolic combustion of fat 
(39.8 kJ/g). Thus, this weight loss corresponded to a heat production rate of 1.05 
mW equivalent to that determined directly. 

5.5.5. Wood ants 
Socially living ants establish above-ground and underground colonies to gua- 

rantee an effective development of their brood in varying climates. These colonies 
are often characterized by hills of considerable size and an appropriate shape to 
collect solar irradiation. Measurements show that the temperature in the central 
brood zone remains rather constant inspite of fluctuating ambient values. More- 
over, these temperatures are significantly above the environment, typically around 
25 ~ in nests of the wood ant Formica polyctena. Several theories were develo- 
ped to explain the increased temperature in the nest: 

�9 The mare source of energy is solar irradiation. 
�9 Heat is transported into the nest by stm-bathing ants (heat carriers). 
�9 The adult ants are responsible for the necessary heat production. 
�9 Most heat in the nest is produced by microbial degradation of nest material. 
All earlier investigations on ant hills were carried out by thermometry of the 

nests and indirect calorimetry of the developmental stages of the ants. Later it 
was shown in the Berlin group by means of direct isoperibolic and quasi-adiabatic 
calorimetry that the heat production rates at 20/30 ~ for adult ants (2.6/5.2 
roW/g) and pupae (0.8/1.9 mW/g) were significantly higher than those of the nest 
material taken from the periphery (0.18/0.45 mW/g) or even from the center 
(0.32/0.65 mW/g) [125-128]. However, due to the 40 to 100 times higher mass of 
the nest material in the different layers (I: periphery, II: intermediate zone, III: 
center) the heat balance was shifted to the microbial degradation as shown in 
Table 4. As a rough estimate one could state that about 85 % of the biological 
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heat production of the ant hill resulted from microbial activity. These results were 
doubted by other scientists [129-132] partly due to the assumption that the inner 
part of the nest is kept sterile by the ants and that the humidity in the nest is not 
high enough for the development of microorganisms. Further investigations are 
necessary to clarify these contrary opinions. 

Table 4. 
Temperature O, mass of nest material mN, number of ants rtA, mass of ants mA and 
heat production rates by nest material PN and ants PA in the 3 layers of a typical 
German ant hill (Formica polyctena) in summer. [125] 

Layer 0 mN nA mA PN PA PN/PA 
~ kg kg W W 

Layer I 16 52.0 52 100 0.521 7.80 1.04 7.5 
Layer II 20 25.5 45 000 0.450 6.25 1.17 5.3 
Layer III 24 4.8 11 500 0.115 2.16 0.41 5.3 
Total 82.3 108 600 1.086 16.21 2.62 6.2 

To establish a more complex picture of an ant hill throughout the active season, 
a nest in the forest was investigated from early spring to late autumn monitoring 
all demographic, biological, physical and meteorological parameters. Equalized 
heat flow balances were found for sunny and rainy days with the important - and 
nearly constant- biological heat production. The following contributions were 
determined (Table 5): 

Table 5. 
Heat contribution P by different sources to the energy balance of a hill of the 
wood ant Formica polyctena on a summer day [127]. 

Heat gain by P/W 
Direct irradiation 
Heat carriers 
Microbial metabolism 
Ant metabolism and activity 

15 
0.3 
16 
3 

Negative contributions stemmed from evaporation, back radiation, convective 
heat loss at the surface and heat conduction to the soil [127]. 
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6. P R O T O Z O A  

Although in modem systematics the taxon "Protozoa" is no longer existent, we 
included heterotrophic protists in this chapter as all metazoons (multicellular 
animals) originate from a part of this taxon. 

As the (single cellular) protozoon Amoeba proteus is used as research object in 
many aspects, N~ssberger and Monti [133,134] thought it worthwile to apply 
microcalorimetry to it. Samples of 0.1 to 1.0 mL with 1500 to 4800 cells were 
filled in 1.1 mL ampoules of a standard LKB microcalorimeter at 25 ~ The me- 
tabolic heat output strongly depended on the duration of a preceding starvation 
and amounted to 0.84 • 10 .9 W/cell, comparable to a figure of 3.3 • 10 .9 W/cell 
for another protozoon, the ciliate Tetrahymena pyriformis [135]. Moreover, a 
pronounced crowding effect was observed at increasing cell numbers in the calo- 
rimetric vessel with a reduction to 60 % when doubling the cell concentration. 
Stimulated pinocytosis - the uptake of soluble materials from the environment - 
led to a significantly increased heat production rate as shown in Figure 17 for a 
stimulation by lysozyme [ 134]. 
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Figure 17. Lysozyme stimulated pinocytosis in Amoeba proteus. Changes in heat 
output due to different lysozyme concentrations (0.04, 0.21 and 0.43 mg/mL). 
The baseline is indicated before the arrow, A represents the basic metabolism, B 
the heat output during pinocytosis [134]. 
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7. AQUATIC ANIMALS 

7.1. General Considerations 
While most terrestrial animals are investigated in batch systems, sometimes 

supplied with a flow of air, oxygen or gas combinations, the type of applied calo- 
rimeter is more important for aquatic animals. In a closed batch system, the oxy- 
gen concentration in the water will continuously drop during the experiment. As 
the oxygen solubility in water is rather small with only 2 to 5 % of the concentra- 
tion in air, this reduction may occur rapidly. Moreover, excretion of products 
from the anaerobic metabolism changes the ambient conditions considerably, 
often in an uncontrolled manner. 

Flow calorimeters can help to avoid such problems and to guarantee a constant 
or controlled environment for the aquatic organisms. Flow-through vessels of dif- 
ferent sizes are available nowadays which are constructed in such a way that the 
steady flow of water does not influence the calorimetric signal to a significant 
extent and that constant conditions can be pertained for indefinite periods. If such 
flow systems are applied in anoxic experiments the usual teflon tubings have to 
be exchanged for gold capillaries which prevent gaseous diffusions. 

Hypoxic conditions are typical in aquatic systems. They are partly man-made 
by surface pollution and eutrophication, partly they occur seasonally under ice, 
especially when it is covered with snow and photosynthesis is prohibited, during 
summer stagnation in smaller lakes or as stratification in larger lakes (Lake Tan- 
ganyika, e.g.) and by overstocking of fish ponds. Aquatic organisms exhibit diffe- 
rent responses to hypoxia which may be investigated by calorimetry, respirometry 
or a combination of both, in some cases supported by 31p-NMR [136]. Examples 
of such experiments are given below. 

A further burden for aquatic systems is an acidification of weakly buffered 
water, mainly by acid rain. The pH value of the water may drop from a nearly 
neutral value around 7.0 to extreme figures below pH 5.6. Fish populations may 
answer in different ways, among them changes in metabolic rates, ionic balances 
or substrates, behavioral modifications, reduced reproductivity and increased 
mortality. As such variations are seen in the metabolism of the objects, calorime- 
try is a suitable tool for corresponding research [136]. 

In an early review article on microcalorimetric monitoring of ecological, toxi- 
cological and pharmacological effects on aquatic animals Gnaiger discussed pro- 
blems where direct calorimetry provided an indispensable technique [137]. He 
paid special attention to oxygen depleted micro-habitats and anoxic aquatic envi- 
ronments and compiled data of several other authors. 

There are a few problems encountered in calorimetric determinations of meta- 
bolism of aquatic animals. The instrument must guarantee that rapid media chan- 
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ges are possible to study responses to varying environments. This implies that the 
active volume has to be as small as possible for the investigated species. Spaarga- 
ten recommended a minimum of 10 mL for a 2 g shrimp [40]. Moreover, the heat 
production rate of aquatic animals is often rather small with a typical figure of 0.2 
mW/g for poikilotherms [ 138]. Due to the large heat capacity of water such rates 
lead to only small temperature rises at large time constants which introduces a 
smearing of the thermal signal. 

Antibiotics are often used against microorganisms in experiments with aquatic 
animals without concern about their influence on the animals themselves. Gnaiger 
showed that streptomycin, penicillin and neomycin or combinations of them may 
have stimulatory as well as inhibitory effects, both depending on the organism, 
the oxygen concentration in the water and on possible combinations of the drugs 
[139]. Biological samples for this combined direct and indirect calorimetry were 
aquatic oligochaetes, zooplankton, or fish eggs and larvae. Gnaiger's investiga- 
tion underlines that one has to be careful in the interpretation of metabolic results 
when antibiotics have been applied. 

Spaargaren presented a simple, low-cost, sensitive and rapidly responding 
flow-through microcalorimeter based on temperature difference measurements by 
a thermocouple [ 140] (see also [40,141 ]). The volume of the instrument could be 
easily adapted to the mass of the aquatic animal under investigation. Flow rate 
were adjusted between 1 and l0 mL per minute so that short-term changes in the 
environment could be realized. 

Electric heaters are usually applied for calibration of calorimeters, especially 
for heat-flow instruments equipped with thermopiles or Pelt~er sensors. But often 
a chemical calibration is more appropriate and matching the experimental condi- 
tions more closely. For this end Wads6 and coworkers recommended the hydro- 
lysis of triacetin in imidazole/acetic acid buffer with stable, long-lasting heat pro- 
duction rates between 7 and 90 ~tW/mL at 37 ~ [142,143]. Some other possible 
reactions were cited and discussed in connection with the most important types of 
calorimetric vessels, batch forms as well as flow-through containers. 

7.2. Fish 
Direct calorimetry of fish is scarce, and indirect calorimetry started even later. 

Davies [144] determined heat production rates for goldfish, Smith and coworkers 
[145] investigated those of 4 salmonids at different temperatures. Group effects 
(see section 5.1.1. and 5.4.2.) could also be observed. Van Waversfeld and col- 
leagues presented an appro~mate rate of 700 J/h/row (0.20 W/mw) for fish at 20 
~ where mw indicates the metabolic weight, i.e. the body mass m in kg to a bro- 
ken power of 0.85 (mw = m TM) [146]. 
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A broad spectrum of investigations on fish were carried out in a 1-1itre diffe- 
rential flow-through calorimeter (Srtaram GF 108) developed and described by 
Addink and his group [63,72]. Thanks to the continuous perfusion it is suited for 
long-term monitoring of aquatic animals between 1 and 50 g under stress-free 
constant normoxic or hypoxic conditions. The water flowing through the calori- 
meter can be saturated with air for the usual normoxic metabolism or with nitro- 
gen for reduced oxygen concentrations (hypoxia) or even anoxia. The calorimeter 
works with a sensitivity of 100 m V/W and a time constant of 33 min. A part of 
the outflowing water is sent to an oxygen sensor for simultaneous redirect calori- 
metric recordings. The smearing of the thermal signal due to the high time con- 
stant was compensated by a deconvolution procedure described in [147]. This 
calorimeter was used for investigations on groups of the goldfish Carassius aura- 
tus [146-150] and tilapia (Oreochromis mossambicus) [58,63]. Recently the ca- 
lorirneter was equipped with a video tracking and motion analysis system (section 
3.1.) which allowed to follow complex movements of the fish like accelerations, 
fin movements or branchial ventilation [63]. 

Goldfish (C. auratus) are very tolerant to anaerobic conditions and survive an- 
oxia up to 16 h. They are thus very suited for calorimetric studies of normoxia 
and hypoxia in fish [146-150]. Goldfish in groups of 4, long-time acclimated to 
the experimental conditions, were introduced to the flow-through calorimeter for 
more than one week. Only after 2 days the normoxic metabolism was determined 
so that all handling stress for the animals vanished before, which usually led to an 
overestimation of heat output in usual short-term experiments. Simultaneous indi- 
rect calorimetry and metabolite determinations showed that glycogen storage ap- 
peared to be crucial for surviving under anoxia. The normoxic metabolic rate of 
about 0.20 W/mw was reduced to 0.06 W/mw under anoxia. During this period 
only 5 % of the metabolizable energy was used for the energy metabolism, while 
about 60 % and 40 % were converted to ethanol and fat, resp. [149]. 

By means of the video tracking system it was possible to observe the behaviou- 
ral response of tilapia (O. mossambicus) during severe hypoxia [58]. The authors 
found no differences to the normoxic state so that the calorimetrically determined 
50 % reduction of the heat production rate had to be ascribed to a lowered cellu- 
lar energs' metabolism which is known as metabolic depression. Moreover, 
strong fluctuations between aerobic and anaerobic periods were observed in the 
power-time curves. A slow acidification of the water had no influence on heat 
production, oxygen consumption and oxycaloric equivalent of tilapia under nor- 
moxic conditions. And even an additional stepwise hypoxia showed no potentia- 
ting effect [136,151 ]. 
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7.3. Aquatic Invertebrates 
Heat production rates of juvenile mussels (Mytilus edulis) of about 10 mg were 

determined by direct calorimetry for mussels feeding on algae at different rates 
[152,153]. Heat dissipation was partitioned into the cost of food acquisition, 
maintenance, absorption/digestion and growth and compared with theoretical 
estimates. Total heat output varied between 3.83 and 7.15 mW/g at 15 ~ and 
3.3 % salinity, depending on the rate of feeding. 

Combined calorimetry and polarography on another mussel (Modiolus demis- 
sus) were described for a closed system and for a setup in which the calorimetric 
vessel could be flushed from time to time to reconstitute the original oxygen ten- 
sion [154]. Pronounced metabolic cycles were seen in the power-time curves 
each lasting for about 10 h. They were connected with the periodic opening and 
closing of the shell, the consumption of oxygen trapped in the shell and an ap- 
proach to basal aerobic or even anaerobic metabolism in the intervals. More de- 
tailed information may be found in [155,156]. 

Microcalorimetric investigations of the host-parasite relationship between the 
water snail Biomphalaria glabrata and the pair-worm Schistosoma mansoni were 
performed to evaluate the energetic influence between the parasite and the host 
[70] (see also [157]). No differences in the heat production rates of infected and 
uninfected snails were found as long as they were compared on a wet weight 
basis, while they became highly significant per dry weight (12.63 to 8.94 mW/g 
dw, resp., p< 0.0001). The same results were obtained with indirect calorimetry 
by means of the Warburg technique. As such manometric experiments are at best 
in parallel, an electronic pressure transducer was incorporated into the 
calorimeter to allow for truely simultaneous indirect measurements (section 
3.3.2.). Because both indirect approaches rendered identical values, these results 
were used. They showed that aerobic metabolism sufficed to explain the observed 
heat production rates and that no anaerobic contributions took place. Periodic 
structures were seen in the calorimetric traces, but not in the indirect signals as 
they have integral character in contrast to the derivative one of calorimetry. The 
authors explained the observed structures with oscillations in the glucose 
concentration of the snail's hemolymph. Later endoscopic observations of the 
snail in the calorimeter underlined that the periodic fluctuations were not 
connected with any locomotor activities [55]. 

In a further calorimetric paper on B. glabrata infected or uninfected by S. man- 
soni, Becker showed that there was no difference between the active metabolism 
of both groups while animals in a relaxed state - due to an injection of suc- 
cinylcholine chloride - differed significantly (p _< 0.001) in their heat production 
rates (1.02/0.22 mW/g for unrelaxed/relaxed uninfected snails and 0.96/0.30 
mW/g for infected snails) [158]. This could be explained by a reduced locomotor 
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activity in infected snails to such an amount that the active metabolism remained 
equal. Figure 18 presents the energetic states of relaxation, recovery (arrow) and 
activity for an infected animal. 

The semiterrestrial fiddler crab Uca pugilator experiences periodically chan- 
ging salinities in its tidial environment. Uca developed effective mechanisms to 
regulate its hemolymph concentrations in the sense of an excellent osmoregulator. 
Simultaneous direct and indirect calorimetry on these crabs were performed at 3 
different salinities: 33, 100 and 167 % of sea water salt concentration before, du- 
ring and after some days of adaptation to the new conditions [64]. The metabolic 
heat output was approximately doubled at both altered salinities compared with 
that of standard salt concentration (0.29 mW/g). The basal metabolic rate as well 
as the locomotor activity were specially raised at high salinity, and less pronoun- 
ced at low values. 
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Figure 18. Power-time curve of a snail (B. glabrata) infected by S. mansoni and 
relaxed by an injection with succinylcholine chloride at time 0 h (out of scale) 
[1581. 

The brine shrimp Artemiafranciscana is a frequently used model organism for 
metabolic investigations as its embryos exhibit an astonishing tolerance to anoxia 
over prolonged periods. A number of direct calorimetric experiments are found in 
the literature [159-166]. Hand and Gnaiger showed that the energy flow is 
reduced to 2.4 % in the reversible transition of brine shrimp embryos from 
aerobic development to anaerobic dormancy [160]. This is supposedly due to 
changes of the intracellular pH and mobilization of trace amounts of trehalose. In 
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longer periods of anaerobiosis the metabolic depression went down to extreme, 
but still detectable 0.5 % of the aerobic level [163]. In a later paper of Hontoria 
and coworkers it was shown that with their calorimetric equipment no heat 
dissipation could be detected in encysted embryos after 1.5 h of anoxia [164]. But 
in a reexamination of his earlier experiments Hand used higher amounts of brine 
shrimps and observed 8 gW for 2.3 g shrimps after 50 h of anoxia and 60 gW for 
20 g, while the blanks resulted to 0.5 gW [166]. The 60 gW were in contrast to 
35 mW for fully aerobic embryos indicating a reduction to 0.17 % in the 
anaerobic state and a heat dissipation of 12.8 gW/g dry weight against 6.35 
mW/g under aerobic conditions. 

The freshwater amphipod Gammarus pulex and the brackish-water amphipod 
G. tigrinus - typical for large German rivers intensely salt-polluted by potash-mi- 
ning - were investigated by flow-microcalorimetry and 3~p NMR spectroscopy to 
determine their energetic behaviour under salt stress [167]. After addition of KC1, 
both answered with an immediate increase in heat production which was driven 
by forced aerobic metabolism. In both animals a second increase occured after 
about 1 h. After a more or less pronounced plateau both heat production rates 
dropped, in G. tigrinus to a value 20 % above the basal metabolism, while in G. 
pulex aerobic and anaerobic metabolic capacity were not high enough to cope 
with the salt stress. The animal died. Nevertheless, the energy output continued 
on a level similar to that of the basal metabolism before stress. This effect might 
be partly due to microbial contamination and intracellular degradation processes 
but could not be fully explained by the authors [167]. In contrast to these obser- 
vations a vanishing of locomotor activities and a subsequent gradual decrease to 
the baseline was seen in the death of the terrestric pillbug Armadillidium vulgare 
[60l. 

The medicinal leech Hirudo medicinalis was investigated under normoxic and 
severe hypoxic conditions by direct and indirect calorimetry and biochemical 
analysis [168]. Animals showed a reduction of heat production down to 13 % and 
of ATP turnover to about 30 % of the aerobic rate under artificial or self-induced 
hypoxia (Figxlre 19). The mean heat production rate under long-term aerobic incu- 
bation amounted to 0.13 mW/g, that at the end of the hypoxic phase to about 0.03 
mW/g in the mean. This reduction ensured the survival during environmental 
anaerobiosis. Biochemical analysis of substrates and endproducts provided a 
means to calculate heat dissipation indirectly and to compare it with the calorime- 
tric results. Under long-term hypoxia only 7 1 %  of the observed heat production 
rate could be explained biochemically. 

The aquatic worm Sipunculus nudus is counted as an o,xvconformer since its 
oxygen consumption rate declines linearly with the ambient oxygen tension with 
an onset of anaerobic metabolism at low concentrations. At extreme hypoxia it 
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exhibited a metabolic rate of 6.0 gW/g which could be fully explained by the en- 
thalpy changes during formation of anaerobic end products [169]. 

The aquatic oligochaete Lumbriculus variegatus is known to survive long pe- 
riods of anoxia so that it represents a suited object for various calorimetric inve- 
stigations. Groups of 10 individuals of this species with 1 to 2 mg dry wei~ t  
were placed in a perfusion chamber of a flow calorimeter connected to a twin- 
flow respirometer (section 3.3.1 .) for simultaneous direct and redirect calorimetry 
[170]. They were exposed to normoxic and anoxic conditions and showed a dra- 
stic reduction of heat dissipation under anoxia down to 15 % of the aerobic rates. 
Switching back to aerobic conditions, heat dissipation increased immediately. 
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Figure 19. Power-time curve of a medicinal leech (Hirudo medicinalis) under 
normoxic and hypoxic conditions and in the subsequent recovery phase. The pro- 
nounced heat production (overshoot) after introduction of air is clearly visible 
[1681. 

The same organism was investigated calorimetrically over periods of up to 7 
days under aerobic and anoxic conditions [171]. While animals showed synchro- 
nized peaks of activity under aerobic conditions, flat and smooth power-time cur- 
ves without structures were observed during anoxia. Aerobic heat production of 
0.44 mW/g at 12 ~ dropped to 0.19 mW/g under anoxia, and from 0.86 to 0.30 
mW/g at 20 ~ The aerobic heat production rates could be fully explained by the 
oxygen consumption, but only less than 50 % of the ano:dc heat production was 
recovered by the formation of secondary end products from glycogen 
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fermentation. The rest remained unexplained, similar to results of the bivalve 
Mytilus edulis [ 172-174]. 

Simultaneous direct and indirect calorimetry was applied to monitor decreased 
oxygen concentrations m combination with hydrogen sulphide contaminations of 
freshwater on two annelides, Limnodrilus hoffmeisteri and Tubifex tubifex 
[175,176]. Such combined adverse conditions are typical for polluted lakes and 
rivers with high organic load. Complete anoxia reduced the normoxic heat pro- 
duction rates (0.83 and 0.56 mW/g for L. hoffmeisteri and T. tubifex, resp.) to 
less than one fourth. Presence of 100 gmol/1 HzS depressed the heat dissipation in 
L. hoffmeisteri at each oxygen level, mainly due to the strict inhibition of aerobic 
respiration. In contrast, heat dissipation increased in T. tubifex (up to 170 %) be- 
cause of its detoxification system which protects respiration. 

Pronounced levels of hydrogen sulphide are not only found m water, but also m 
sediments as a consequence of polytrophic conditions. The polychaete Marenzel- 
leria viridis from the southern Baltic Sea was chosen as a representative of the 
group of sediment living aquatic animals influenced by HzS [177]. Direct (and 
indirect) calorimetry showed a significantly enhanced heat production rate in the 
presence of sulphide under hypoxic conditions, due to changing detoxification 
processes dependent on the presence or absence of oxygen. Figure 20 exhibits a 
typical power-time curve of M. viridis without and with HaS in its environment. 
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Figure 20. Power-time curve of a polychaete (M. viridis) of 71 mg at 10 ~ a sa- 
linity of 5 %o and a moderate hypo,,da. The larger bouts of heat production are due 
to locomotor activities, the smaller to ventilation. The period of pollution by 
sulphide is indicated [177]. 
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Moreover, the metabolism of M. viridis was investigated by simultaneous 
flow-through calorimetry and respirometry at different temperatures, salinities and 
oxygen partial pressures. It was compared to that of the indigenous species 
Nereis (Hediste) diversicolor [178]. Larvae of M. viridis showed no change m 
their metabolism at decreasing oxygen concentrations down to severe hypoxia, 
while adults gradually lowered their activity. They followed an oxyconformer 
model when an additional hyposmotic stress of 0.5 %0 salinity was applied. The 
metabolic behaviour of larvae and adults is demonstrated in Figure 21. 
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Figure 21. Heat dissipation and oxygen consumption rates of the polychaete M. 
viridis at varying oxygen partial pressures at an average biotope salinity of 5 %0. 
Left: Larvae follow an oxyregulator model down to severe hypoxia. Right: Adult 
animals react more according to an oxyconformer model with decreasing meta- 
bolic rates at progressing hypoxia [178]. 

The sediment living polychaete Neanthes Wrens is frequently used as a test or- 
ganism for toxic chemicals in the marine environment. Therefore, direct calori- 
metric experiments were performed to show the stress induced on these worms 
when they are kept without sediments as often done in environmental monitoring 
[179]. Alternating periods of hyperactive and resting animals found in the power- 
time curves indicated that N. virens was in an abnormal state, not useful for signi- 
ficant toxicity tests. 

The same author investigated a model soft-bottom ecosystem consisting of 
flooded clean sand with food, microorganisms, nematodes (Diplolaimella chit- 
woodi) and polychaetes (Capitella capitata) and looked for their mutual inter- 
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actions [180]. He could show that direct calorimetry was an elegant and suitable 
tool for such experiments, but that it was difficult to partition the energy flows in 
this system without uncoupling interactions. 

8. ECOLOGY 

When we talk about ecosystems, rather complex entities of different trophic 
levels and a manifold of interacting organisms are meant, plants as well as micro- 
bes and animals. Of course, it is impossible to investigate a complex ecosystem in 
total by means of calorimetry, but only isolated members of it without connection 
to the rest of their environment. In this sense, all the calorimetric determinations - 
direct, indirect or by combustion - are just first approximations to a full energetic 
picture of the system. Nevertheless, separated animals may be used to monitor 
changes in the system or influences by xenobiotic substances or pollutions. 
Again, direct calorimetry renders a more comprehensive description because 
aerobic plus anaerobic metabolism is determined while the latter is lost in 
respiration tests. 

Widdows presented an introduction to microcalorimetric methods in ecology 
and discussed applications from microbial ecology to investigations of aerobic 
and anoxic metabolism in aquatic invertebrates or fish and to toxicological and 
pharmacological experiments [181]. A number of special examples might be 
found on those pages. Reh listed a manifold of direct calorimetric experiments 
connected with ecological questions [13]. They ranged from microorganisms and 
microbial degradation of litter or sludge over aquatic and terrestrial animals to 
populations under the influence of xenobiotic pollutions. Many further investiga- 
tions have been run with indirect or combustion calorimetry. Another short in- 
troduction to this field is given in [182]. 

Some of the papers mentioned in section 5.1. may be cited here as also ecolo- 
gically orientated. These are the investigations of Seo and colleagues [94] on the 
Mediterranean fruit fly Ceratitis capitata, of the Estonian group around Kuusik 
about the interaction between plants and insects [103] and of Lovrien and his co- 
workers on the effects of toxic compounds on beetles [47]. Another example re- 
sults from combustion calorimetry (see Combustion Calorimet~ in this volume 
of the handbook) on chrysomelid beetles (Agelasnca alni) exclusively feeding on 
alder leaves [183,184]. 

The sorption chamber of an LKB sorption flow calorimeter was enlarged from 
the usual 0.5 mL to the maximal possible size of 3 mL to house single individuals 
of the freshwater snail Planorbis corneus during toxicity tests with the heavy 
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metal cadmium [185]. Low flow rates of 9.5 mL/h did not disturb the thermal si- 
gnal, did not cause the animals to draw back in their shells and facilitated the ex- 
posure to cadmium concentrations between 0.01 and 1000 ~tg/L. Heat dissipation 
of snails amounted to 0.45 mW/g under normal conditions and dropped signifi- 
cantly at all chosen Cd concentrations. The typical result of intoxication showed 
an immediate short fluctuation due to the forced introduction of contaminated 
medium, a more or less constant shoulder and a steady decline to a new constant 
level (Figure 22). As the physiological action of cadmium is rather complex, the 
calorimetric response remained unspecific with no attribution to a special chemi- 
cal or metabolic event. Nevertheless, the results with 0.01 ~tg/Cd underline the 
high sensitivity of the applied method and the short-time availability of the an- 
swer. 
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Figure 22. Typical power-time curve for the action of cadmium intoxication on a 
freshwater snail (Planorbis corneus). At the arrow, contaminated water is intro- 
duced to the sorption chamber at a higher flow rate to guarantee for a quick and 
effective water exchange. The bar near the ordinate indicates the standard devia- 
tion for a superposition of 3 individual traces [182]. 

Pentachlorophenol (PCP) is one of the most intensively used pesticides in the 
world because of its fungicide, herbicide, insecticide, molluscicide and defoliant 
action [186]. As a technical product it is contaminated with a number of impuri- 
ties which make PCP even more toxic than the pure substance. This has to be 
kept in mind when laboratory results are compared with data from environmental 
pollution. In a line of direct calorimetric experiments, different members of a fo- 
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rest ecosystem were investigated for their metabolic response to a treatment with 
increasing concentrations of PCP [182,187,188]. Besides soil and litter several 
typical animals found in such a biotope were included in the investigation. As 
PCP is known to be a strong decoupler of oxydative phosphorylation [189] a sti- 
mulating action on the heat production rates was expected at low concentrations 
and a fatal poisoning only at higher ones. This expectation was met by the power- 
time curves without and with PCP as shown in Figure 23 for the earthworm Eise- 
niafoetida. Similar traces were found for the pill bug Armadillidium vulgare, the 
wood louse Oniscus asellus and the carabid beetle Nebria brevicollis. Typical 
stimulations resulted in an increase of about 30 % under medium PCP concentra- 
tions. Problems arose with the best way of PCP application. Bathing the animals 
for a few minutes in a PCP solution rendered the most homogeneous results and a 
linear uptake with time, but stressed the animals considerably, while kreeping 
around on filter paper sucked with the solution was stress free but less repro- 
ducible. 
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Figure 23. Power-time curve of an earthworm (Eiseniafoetida) before and under 
the stimulating influence of pentachlorophenol (PCP). For further details see text 
[ls2]. 

The ground-beetle Pterostichus oblongopunctatus is a typical representative of 
terrestrial ecosystems, frequently investigated and used as an indicator for sound 
or polluted biotops. It was chosen for preliminary batch calorimetric experiments 
under normal conditions and under the influence of lead-contaminated food and 
SO2-1oaded air [190]. SO2 exposition as high as 100 times the usual level resulted 
in nearly no change in heat output (1 mW/g), while Pb led to a significantly in- 
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creased metabolic turnover to more than twice of normal values. Combined action 
of both poisons lowered the stimulation by Pb, so that no synergistic effect be- 
came visible. 

9. CONCLUSIONS AND PERSPECTIVES 

The preceding pages have shown that Calorimetry of Small Animals is a wide 
field with investigations of little aquatic invertebrates like Tubifex tubifex (section 
7.3.) as well as of larger reptiles (section 4.) or whole colonies of social insects 
(section 5.5.). Nevertheless, it became clear from the compilation of results that 
the choice of examples was a very personal one of the authors guided by their 
specific interests, experimental possibilities and existing co-operations. These ex- 
amples were just a reduced sector of the broad spectrum of potential applications. 
Neither small mammals nor birds were mentioned in the text although mice, rats 
and hamsters could have been included. But they are usually investigated in re- 
search groups working in the medical area or with larger domestic animals. 

Moreover, the different sections demonstrated that direct calorimetry in con- 
trast to the various indirect methods mentioned in section 2. is indispensible in 
situations when organisms experience severe hypoxia or anoxia. Such states are 
often supposed to be only typical for aquatic systems - at least periodically or 
seasonally (section 7.3.). On the contrary, hypoxic situations may also occur for 
terrestric organisms. It was shown recently that significantly reduced oxygen con- 
centrations can be used by honeybees to reduce and regulate their metabolism in 
the core of winter clusters [191]. On the other hand, geophysical data point to the 
fact that atmospheric concentrations of oxygen and carbon dioxide have changed 
dramatically during palaeontological periods [192]. Organisms were forced to 
adapt their metabolism to such varying environmental conditions. As it is well- 
known that physiological traits are often highly conservative in evolution it makes 
sense in this respect to look for metabolic adaptations of extant forms to artificial 
states of modified atmospheric parameters, although these animals will never ex- 
perience such conditions in their normal life. But these investigations may render 
further insight into metabolism, its adaptation and regulation. 

Future investigations on small animals will depend on further development of 
calorimeters and of combinations with indirect methods. Until now, no calorime- 
tric experiments were performed with specimens under higher pressure. But some 
data on metabolic research and pressure are found in the literature [193-195]. In 
the opinion of the authors, an experimentally difficult, but fascinating field opens 
here. Invertebrates (like gammarides, worms or snails) from deep freshwater (e.g. 
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Lake Baikal with depth down to 1 700 m, temperatures just above zero and high 
oxygen tensions) could be compared with corresponding marine organisms, e.g. 
the astonishing Pompeii worm (Alvinella pompejana [196]) from hydrothermal 
vents in several thousand meter depth at temperatures up to 80 ~ On the other 
hand, it could be interesting to study the influence of low pressure or the 
transition to lower pressure in terrestric animals, e.g. insects living in high 
altitudes of the Alps or other mountaineous systems. 

Microorganisms have been used for a long time to investigate the actions of 
drugs or of man-made xenobiotics by means of calorimetry. In the same sense, 
small animals will become valuable calorimetric test systems for all kinds of 
environmental pollutions, terrestrial as well as aquatic. Many of them are easy to 
breed and to keep in large numbers under standardized conditions so that highly 
reproducible results can be expected. Control experiments of drugs for human 
application or of environmental disturbances which are performed with higher 
vertebrates nowadays, should be shifted to this invertebrate range and might thus 
reduce ethic scruples about the usual "animal experiments" 

Many experiments on small animals were performed in a (too?) short-term 
manner, so that the question remained if artifacts were measured or true physio- 
logical phenomena. Flow-through systems with air or water as applied by some 
scientists for fish (section 7.2.), aquatic invertebrates (section 7.3.) or insects 
(section 5.) would help to avoid such mistakes - if the animals are kept in an 
adequate state and environment during prolonged experimental periods. In any 
case, one has to have a great staying power for working calorimetrically with 
animals, keeping in mind the old Persian proverb: 

You can find out all about a man in two days,  
about  an animal  in four. 
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I ,  INTRODUCTION 

In addition to the established applications i n  tlie fields of chemistry and 
bioclicinistry, isotherinal calorimetry offers a number of experimental 
advantages in studies of animal physiology. Key applications include the 
ineasiireinent of energy flow under conditions of oxygen limitation, where 
availability of the common electron acceptor for eukaryotic respiration is 
sufficiently low that fermentative pathways are recruited. Flux through 
feriiieiitativc pathways is invisible to estimators of energy metabolism that rely 
011 oxygen coiisiiinption as the ratc indicator. Caluriinetry7 when combined with 
simultaneous mcasureinents o f  oxygen consuinption, allows t l i e  noninvasive 
assessinetit of aerobic to aiiaerobic poise of an animal or tissue via the rise of tlie 
calorimetric-respiroiiietric ratio (CR ratio; heat dissipated i i i  kJ per mole of 
oxygen consumed). The CR ratio provides an independent measui-e of the 
contribution of fermentative pathways to tlie energetic requirements of an 
aniinal, in parallel to direct biochemical measurements of the acci~iniilation of 
anaerobic end products. In tlie complete absence of oxygen, calorimetry permits 
a cliiaiititative bioc.heinica1 accounting of anaerobic processes by generating an  
independent entlialpy baseline for comparison. Further, heat dissipation may 
provide insight into the existence and qriantitative importance of alternative 
electron acceptors. 

As this review will attempt to document, the compelling rationales mentioned 
above for calorimetry have been experiinentally executed irsing a diversity of 
developinental stages atid adult forins with substantial benefit to the biological 
questions posed. The areas of investigation where weaknesses in the caloriinetric 
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approach have been exposed will also be noted. For example, when rates of 
heat dissipation are extremely depressed (i.e., below 0.5% of the maximal 
aerobic metabolic rate), is possible that other exothermic events unrelated to 
pathways coupled to ATP turnover can make quantitatively significant 
contributions to the measured heat flow. Thus under such conditions, 
assumptions that heat dissipation is indicative of metabolic activity must be 
evaluated carefully. Studies where measurements of heat dissipation have been 
simply substituted for respiratory rate, when respiration would have easily and 
accurately provided the same information, are not insightful ways to employ 
calorimetry -- particularly when one considers the time-consuming nature of the 
technique. Similarly, if a study calls for broadly surveying the metabolic rate 
of numerous species, then respirometry may be more convenient, providing non- 
limiting oxygen supply is a feature of the experimental regime contemplated. 

Heat conduction calorimeters [cf. 1] that provide sensitivity in the microwatt 
range are primarily the ones used in the investigations discussed below. This 
review is not intended to be exhaustive in its scope, but rather will highlight 
applications where microcalorimetry has been most useful in animal 
bioenergetics and physiology. 

2. M E T A B O L I C  STATIJS AND THE CR RATIO 

Isothermal calorimetry has been applied to bioenergetic studies of both aquatic 
and terrestrial animals to assess changes in heat dissipation in response to 
various physical/chemical changes in their immediate environment. However, 
it is appropriate to emphasize at the outset that heat dissipation by itself does not 
does not provide an absolute measure of metabolic rate across all conditions, if 
one takes as a definition of metabolism the rate of ATP turnover. The heat 
dissipated per mole of ATP generated can differ depending on the biochemical 
pathway, or combination of pathways, in operation at any given time [2]. In 
order to relate heat dissipation rate to metabolism rate for a given tissue or 
organism, information about the operative metabolic pathways and the end 
products generated must be available. For example, when an organism 
undergoes a transition from aerobic production of ATP to complete reliance on 
glycolytically generated ATP as may happen under anoxia, a 50% drop in heat 
dissipation would not indicate a depressed metabolism, but rather that the rates 
of dissipative ATP turnover for the two conditions are very comparable. This 
phenomenon is due to the lower caloric equivalent of ATP turnover under 
anoxia (approximately -40kJ moi -~ ATP) compared to that seen for aerobic 
metabolism (approximately-80 kJ mol -~ ATP) [cf. 2,3]. Similarly, if heat 
dissipation rate were unchanged across an aerobic-anaerobic transition, then to 
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account for this observation in an organism exclusively utilizing carbohydrate 
fuels, glycolytic carbon flux would need to have increased over 8-fold under 
anoxia (-2879 kJ mol -~ of glycosyl unit catabolized aerobically, versus -331 kJ 
mol -~ glycosyl unit catabolized anaerobically to succinate) [2,3]. Still, when heat 
dissipation data is combined with biochemical and respirometry measurements, 
the results can provide real-time insights not attained with any other approach. 

Another noteworthy point is that under cellular conditions where there is no 
net change in the levels of adenosine phosphates and phosphagens (i.e., 
ergobolic reactions are in steady-state), there is not a quantitatively significant 
contribution of ATP turnover to measured heat dissipation [2]. In this situation, 
the heat released during ATP hydrolysis is balanced by heat uptake during ATP 
synthesis. Thus, at constant ATP, the vast majority of measured heat flux 
derives from the oxidation of the carbon substrates, not ATP hydrolysis. 
Conversely, at times when n e t  hydrolysis of ATP does occurs, a portion of the 
overall heat dissipation is attributable to the ATP hydrolysis reaction, but 
typically its contribution is small. For example, one of the largest and most 
rapid declines in ATP level occurs in brine shrimp embryos as they enter 
anoxia. ATP falls below 10% of control (aerobic) values in less than 1 h [4-6]. 
Yet this net ATP hydrolysis contributes only 6% of the total heat dissipated 
from the embryos during the initial 30-minute transition into anoxia [7]. This 
point may be obvious to some, but misinterpretations arising from the notion 
that cellular heat dissipation results from ATP hydrolysis are not uncommon. 

One of the more useful applications of microcalorimetry is to evaluate the 
degree to which an animal depends on aerobic metabolism to supply its energetic 
needs. The experimentally determined ratio of kilojoules of heat dissipated per 
mole of oxygen consumed (i.e., the calorimetric-respirometric ratio, or CR 
ratio) should approximate within experimental error the theoretical oxycaloric 
equivalent when dissipative metabolism is fully aerobic. For an aquatic 
organism, the oxycaloric equivalents are -444 kJ mol O2 -~ for oxidation of lipid, 
-450 for protein catabolism to ammonia (-443 for protein to urea), and -477 for 
carbohydrate substrates [8]. Thus the oxycaloric equivalents differ 
approximately 9% depending on the identity of the substrate. In principle this 
difference could be utilized to experimentally evaluate the predominant fuel 
oxidized by an organism under normoxic conditions, but the experimental error 
inherent in determining the CR ratio makes this application impractical. The 
oxycaloric equivalent is also influenced by the buffering capacity of the 
intracellular milieu, and for aquatic species, the external environment if acid 
equivalents are excreted [2,8]. The enthalpies of neutralization (binding of 
protons) at 25"C for imidazole groups are -30 kJ mol -~ H + and for bicarbonate - 
9 kJ mol -~ H +; a knowledge of the buffering characteristics of the animal system 
in question is necessary to fine-tune the appropriate value for the oxycaloric 
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equivalent. Considering the variety of metabolic substrates and cellular 
conditions, the theoretical oxycaloric equivalent can range f rom-430 to -480 
kJ mol O2 -1 [8]. The experimental CR ratio for a fully aerobic animals would 
be expected to fall within the above range. 

If the CR ratio is markedly higher (i.e. more negative) than -430 to -480 kJ 
mol 02 -~, then an anaerobic contribution to energy production is indicated. The 
capacity of an organism to utilize a combination of aerobic and anaerobic 
metabolism is not uncommon even under normoxic conditions. Such a situation 
is common in isolated cells [cf. 8,9]. Mixed aerobic-fermentative metabolism 
can be a routine feature of an animal under normoxia, promoted by 
physiological hypoxia via an imbalance between oxygen delivery consumption, 
or caused by environmental hypoxia. Examples of CR ratios well above the 
oxycaloric equivalent in response to oxygen limitation include adult specimens 
of Mytilus edulis (-1250 kJ mol 02 -1) [10] and prodissoconch larvae of the 
oyster Crassostrea virginica, where the CR ratios increase stepwise from a 
normoxic value of -450 to -694 kJ mol 02 -1 under severe hypoxia [l 1]. 

Conversely, if the CR ratio value is significantly below-430 kJ mol O2 -~, as 
can occur during aerobic recovery from anoxia, then a number of factors can 
be responsible including reoxygenation of body fluids, the restoration of 
high-energy phosphate pools, and gluconeogenesis from organic acids like 
succinate [cf. 12-14]. The theoretical oxycaloric equivalent for gluconeogenic 
succinate clearance is estimated to be abou t -200  kJ mol O~ -1 and the 
oxycaloric equivalent for the partial oxidation of succinate to malate or aspartate 
is projected to be quite low as well [13]. Similarly, when net biosynthesis of 
total protein is occurring in a cell, the CR ratio would not be expected to match 
the oxycaloric equivalent, because anabolic pathways are endothermic. 
Concepts of coupled and uncoupled metabolic half-cycle reactions in dissipative 
and conservative metabolism have been described [e.g., 2,15]. 

Representative CR ratios for multicellular organisms under normoxic 
conditions are provided in Table 1. The overall average for the 31 species in 
the list is -463 _+ 39 (SD) kJ mol O2 -1. In cases where more than one value was 
available for the same species (encompassing multiple developmental stages on 
occasion), they were averaged to obtain a single value prior to calculating the 
mean for all species. A second feature observable in Table 1 (part 'B') is the 
substantially lower CR ratios measured for organisms undergoing aerobic 
recovery after exposure to oxygen limitation. The CR ratios during the first 
hour of recovery can fall to the range of-  180 to -280 kJ mol O2 -l. As recovery 
progresses over the next several hours, CR ratios climb and eventually approach 
the average oxycaloric equivalent again (-450 kJ mol O2-~). This trend is 
observed for both adult and larval forms. 



473 

Table 1 
Calorimetric-respirometric (CR) ratios in kJ mol O2 -~ for representative animals 

Status and Organism CR Ratio Reference 

A. NORMOXIC CONDITIONS 

Porifera 
Eunapius fragilis (freshwater sponge) 

diapause gemmules 
post-diapause gemmules 

Cnidaria 
Actinia equina (sea anemone) 

intertidally acclimated 
subtidally acclimated 

Anthopleura elegantissima (sea anemone) 
aerial exposure 

Annelida 
Hirudo medicinalis (medicinal leech) 
Lumbriculus variegatus 

(freshwater oligochaete) 
Lysilla alba (polychaete) 
Tubifex tubifex (freshwater oligochaete) 

Sipunculida 
Sipunculus nudus (peanut worm) 

Arthropoda 
A rtemia franciscana (brine shrimp) 

embryos 
Cherax quadricarinatus (Australian crayfish) 
Formica polytena (wood ant) 

pupae (at preferred temp.) 
adult workers (at preferred temp.) 

Tenebrio molitor (darkling beetle) 
pupae (avg., 8 age groups) 

Tribolium confusum (flour beetle) 
embryos 
first instar larvae 

Uca pugnax (fiddler crab) 
Mollusca 

A bra tenuis (infaunal bivalve) 

-470 16 
-495 16 

-412 17 
-549 17 

-473 18 

-472 19 

-451 20 
-489 21 
-482 22 

-423 23 

-495, -484 7,14 
-440 24 

-420 25 
-317 25 

-489 26 

-342 27 
-516 27 
-432 28 

-579 29 
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Table 1 

Status and Organism CR Ratio Reference 

A rion hortensis (slug) 
standard metabolism 
active metabolism 

Cardium edule (cockle) 
Crassostrea gigas (Japanese oyster) 

pediveliger larvae 
Crassostrea virginica (American oyster) 

prodissoconch larvae 
(avg., 2 size classes) 
pediveliger larvae 
juveniles (spat) 

Geukensia demissa (= Modiolus demissus) 
(ribbed mussel) 

Mytilus edulis (bay mussel) 
prodissoconch larvae 
(avg., 4 size classes) 
adult 

Oreohelix spp. (pulmonate snail) 
standard metabolism 
active metabolism 
estivating 

Tagelus plebeius (veneroid bivalve) 
Tellina alternata (veneroid bivalve) 

Chordata 
Carassius auratus (goldfish) 

Fundulus heteroclitus (mummichog) 
embryos 

Lacerta agilis (sand lizard) 
Podaris milensis (Milos wall lizard) 
Podarcis muralis (common wall lizard) 
Scophthalmus maximus (turbot) 

embryos 
larvae 

Salvelinus alpinus (arctic char) 
embryos 

-433 
-483 
-455 

-478 

-464 
-469, -446 
-486 

-474 

-601 
-470, -455 

-461 
-487 
-464 
-450 
-550 

-442, -464, -464 
-443, -404, -418 

-458 
-41 l 
-422 
-426 

-472 
-452 

-451 

30 
30 
10 

31 

11 
11,31 
11 

32 

33 
34,35 

36 
36 
36 
21 
21 

37 
38,39,40 

41 
42 
42 
42 

43 
43 

44 
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Table 1 

Status and Organism CR Ratio Reference 

Average for 31 species" 

B. AEROBIC RECOVERY FROM ANOXIA 

Porifera 
Eunapius fragilis (freshwater sponge) 

post-diapause gemmules 
(8 h anoxia/3 h recovery) 

Mollusca 
Crassostrea virginica (American oyster) 

pediveliger larvae 
(11 h anoxia/1 h recov.) 
(11 h anoxia/2 h recov.) 
(11 h anoxia/3 h recov.) 
(11 h anoxia/3-6 h recov.) 
(11 h anoxia/beyond 6 h recov.) 

Mytilus edulis (bay mussel) 
adults 
(6 h anoxia/0.5-1 h recov.) 
(72 h anoxia/0.5-1 h recov.) 
(120 h anoxia/0.5-1 h recov.) 
veliconch larvae 
(8 h anoxia/0.75 h recov.) 
(8 h anoxia/3 h recov.) 

Annelida 
Hirudo medicinalis (medicinal leech) 

(72 h severe hypoxia/0-6 h recov.) 
(72 h severe hypoxia/0-24 h recov.) 

Sipunculida 
Sipunculus nudus (peanut worm) 

(24 h anoxia/first few hours) 
Arthropoda 

A rtemia franciscana (brine shrimp) 
embryos 
(144 h anoxia/0.75 h recov.) 
(144 h anoxia/1.17 h recov.) 

-463 + 39 (SD) 

-363 

-180 
-377 
-500 
-583 
-486 

-360 
-340 
-210 

-219 
-457 

-268 
-396 

-335 

-226 
-277 

16 

11 
11 
II 
11 
11 

13 
13 
13 

33 
33 

19 
19 

23 

14 
14 
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Table 1 

Status and Organism CR Ratio Reference 

(144 h anoxia/1.58 h recov.) 
(144 h anoxia/2.0 h recov.) 

-310 
-346 

14 
14 

3. HEAT FLUX AND OXYGEN L I M I T A T I O N  

The potential usefulness of direct calorimetry in determining the aerobic- 
anaerobic balance for invertebrate facultative anaerobes in response to oxygen 
limitation has been appreciated for over 20 years [45,46]. Instrumental 
prototypes used in initial attempts to quantify heat flux in invertebrates, as well 
as some experimental results, began to appear in the late 1970s and early 1980s 
[17,28,32,47-52]. For example, the Pamatmat calorimeter was based on the 
principles and designs of Wads6 [53], where the semiconductor thermopiles 
were used in a twin calorimeter design in order to reduce baseline drift. The 
voltage output from the thermoelectric modules was directly proportional to the 
rate of heat dissipation from the animal. Suurkuusk, Wads6 and colleagues [54- 
56] continued to refine these designs ultimately leading to commercial 
instruments with more experimental flexibility, sensitivity and stability. The 
idea of coupling direct and indirect calorimetry in a twin-flow respirometry- 
calorimetry system was developed by Gnaiger [30,44,57]. 

3.1. Molluscs 
Intertidal bivalves have been used extensively to study bioenergetic responses 

of organisms to oxygen limitation. Of particular note is the excellent series of 
papers on the bay mussel Mytilus edulis [10,12,35,58,59], which soundly 
established the utility of calorespirometry and provided an excellent 
experimental data base and theoretical concepts for future testing. Useful 
reviews of this work exist [3,13], so I will not reevaluate the work and its 
implications here, except to point out that the studies contributed to, among 
other issues, the ongoing debate over the existence of an anaerobic exothermic 
gap in invertebrates (see section 3.2) 

More recently, the energy metabolism of the infaunal bivalve Abra tenuis was 
evaluated at various oxygen partial pressures to partition aerobic and anaerobic 
contributions [29]. As seen in Figure 1, total heat dissipation rate and oxygen 
uptake began to decline whenpo2 was lowered below about 10 kPa. Under 
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Figure 1. Rates of heat dissipation and oxygen consumption at various levels 
of Po2 for the bivalve A bra tenuis [redrawn from 29]. 

anoxia, the rate of heat dissipation reached 5-6% of the normoxic rate, which 
is similar to a number of other bivalves [3]. A marked departure from the 
typical depression of heat dissipation under anoxia was observed for the coot 
clam Mulinia lateralis [60], where heat dissipation hardly changed at all after 
8 h of anoxia (97% of the normoxic controls). This bivalve is a deposit feeder 
and is known to maintain substantial feeding and locomotory activity under 
anoxia [60]. The unchanged rate of heat dissipation under anoxia relative to 
normoxia implied a substantial elevation of glycolytic flux in the absence of 
oxygen. A re-evaluation of anoxic heat dissipation in M. lateralis also 
demonstrated a rather high anoxic heat dissipation, but far lower than originally 
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reported (18-28 % of aerobic controls) [61]. In A. tenuis a substantial anaerobic 
component (approximately 20%) to the total heat dissipation under normoxia 
was observed, which was apparently caused by intermittent shell closures and 
changes in ventilation patterns. Such sporadic variation in valve closure has 
been noted previously in a number of calorimetric studies [see references in 3; 
also 62,63]. Wang and Widdows [29] speculated that the particularly high 
frequency of valve closures in A. tenuis is associated with its infaunal burrowing 
mode of life. 

A novel application of calorimetry to molluscan energetics was described in 
a report by Lui et al. [64], in which changes in the rate heat of dissipation under 
anoxia were used to evaluate the costs of osmotic regulatory events in the 
southern oyster drill Thais haemastoma. Anoxic heat flux increased by 55% 
after transfer from 10 ppt to 30 ppt salinity, which suggested that a significant 
amount of energy was necessary for the initial phase of acclimation to 
hyperosmotic conditions. In contrast, heat flux did not vary significantly under 
anoxia when snails were transferred from 30 ppt to 10 ppt. The latter result 
suggests either that the cost of intracellular isosmotic regulation was 
undetectably small or that the snails did not regulate during the first 24 h after 
transfer. As the authors pointed out, the undetectable change in heat flux after 
hypoosmotic challenge could not be ascribed to energy limitation under anoxia, 
because of the large anoxic scope observed between the hyperosmotic and 
hypoosmotic challenges. 

3.2. Exothermic gap under anoxia 
The possibility was initially raised by Gnaiger [50] that a substantial 

discrepancy existed between direct calorimetric measurement of anoxic heat 
dissipation and the indirect biochemical estimation of heat dissipation based on 
accumulated end products and associated biochemical events, i.e., the so called 
"exothermic gap." He compared heat dissipation data gathered under anoxia for 
Lumbriculus variegatus with previously published biochemical data on anaerobic 
end products for Tubifex ssp. [65] and concluded that less than 50% of the 
measured heat dissipation could be explained by the biochemical data. This 
conclusion was latter criticized by Hardewig et al. [23] because of the two 
species comparison that was used. Evidence from later studies with Mytilus 
edulis also supported the existence of an exothermic gap [59]. The exothermic 
gap was statistically insignificant over the first 12 h of anoxia, but during 48 h 
of anoxia the exothermic was 63% (i.e., 63% of total anoxic heat flux was 
unexplained biochemically). Famme and Knudsen [22] reported a close match 
between the measured and calculated heat values for Tubifex tubifex over an 
anoxic bout of approximately 20 h. However, in a re-evaluation of these data 
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by Gnaiger and Staudigl [20], the caloric equivalent for excreted acids used by 
Famme and Knudsen was criticized as being too high, and a recalculation 
suggested that 34% of the heat dissipated under anoxia was biochemically 
unexplained. More recently, Hardewig et al [23] reported good agreement 
between the calculated value of heat dissipation (23.4 mJ h -~ g-~ fresh mass) and 
the measured heat production (21.5+3.5 mJ h -~ g-~ flesh mass) for a 24 h 
period of anoxia in the peanut worm Sipunculus nudus. Thus, for this marine 
coelomate worm, there is not an exothermic gap over this duration of anoxic 
exposure. Finally, a similar comparison of the calculated and measured heat 
dissipation rates was made for the freshwater leech Hirudo medicinal& [ 19] over 
0-8 h and 8-72 h periods of severe hypoxia. During the short-term anoxic 
period, the calculated heat dissipation fully accounted for the measured heat 
flux. However, over the 8-72 h period, 29% of the measured heat dissipation 
could not be explained; the difference between calculated and measured heat 
flux was statistically significantly across this period (P = 0.03). 

At this juncture, based on the work with M. edulis, S. nudus and H. 
medicina/is, a statistically significant exothermic gap cannot be measured during 
early phases of anoxia (i.e., <24 h). However, with increased anoxic duration, 
an exothermic gap is measurable in M. edulis and H. medicinal& (extended 
periods of anoxia have not been evaluated in this context with S. nudus). For 
T. tubifex an exothermic gap is perhaps measurable within a 20 h period of 
anoxia, if the re-evaluation of Gnaiger and Staudigl [20] is followed. Clearly 
interspecific differences exist, and the experimental duration of anoxia used is 
an important determining factor. It appears that an exothermic gap is present 
in certain cases. The implication is that additional biochemical events that are 
not thermally-neutral must still be evaluated in order to obtain a complete 
enthalpy balance for all species. 

3.3. Arthropods 
Meade et al. [24] reported the responses of heat and oxygen flux to varying 

levels of environmental oxygen for the Australian crayfish Cherax 
quadricarinatus. When crayfish were exposed to Po2 values less than 
approximately 5 kPa, both heat dissipation and oxygen uptake were depressed. 
However, the depression of heat dissipation was only transient, and it recovered 
to normoxic values within 4 h, which suggested some form of metabolic 
compensation. CR ratios at or below the critical Po~_ were not determined, so 
the quantitative contribution of anaerobic pathways to any compensation could 
not be estimated. These juvenile crayfish were incapable of surviving a 1-2 h 
anoxic treatment at 28"C. 

Calorespirometry of the freshwater copepod Cyclops abyssorum [44] 
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demonstrated pronounced variation in spontaneous activity under normoxia; 
aerobic metabolism almost exclusively sustained this activity pattern as judged 
by comparisons of heat and oxygen flux. Anoxic perfusion for 19 h at 6~ 
caused a drop in heat dissipation to approximately 60% of normoxic rates. 
Adults apparently survived the treatment, but nauplius larvae did not. 

Environmental hypoxia among terrestrial insects is not a common occurrence. 
However, it is clear that at some point during the evolution of this group, the 
capacity for substantial hypoxia tolerance was genetically favored in response 
to selective pressure. Insects withstand degrees of hypoxia that cannot be 
tolerated by any mammal [66]. At 2% oxygen, adult locusts maintain normal 
body posture [66], but enter an immobile quiescent condition with minutes after 
exposure to anoxia [66,67]. Anoxia can be tolerated for several hours at room 
temperature with no adverse effects [66,67]. Upon reoxygenation, the desert 
locust Schistocerca gregaria regains locomotion, and alter 30 min or so, these 
large insects walk normally [67]. A large depression of overall energy 
metabolism accompanies these bouts of anoxia. Microcalorimetric studies 
showed that for S. gregaria, heat dissipation declined within about 1.5 h to 
6-7% of normoxic values. This new steady-state rate of heat dissipation was 
constant for the remainder of the anoxic test period (4.5 h) [67]. Wegener [68] 
reported comparable data for the migratory locust Locusta migratoria. Within 
2.5 h of anoxia, whole body levels of ATP in S. gregaria declined to 13% of 
control (aerobic) values. Similarly, in the cerebral ganglion of L. migratoria, 
ATP declined after 30 min of anoxia (25"C) to approximately 10% of aerobic 
levels [69-71] and in flight muscle to 1% of normoxic levels after 2 h [72]. 
Calculated ATP turnover for S. gregaria during anoxia dropped to about 4% of 
the normoxic values [67]. Levels of ATP rebounded rapidly during aerobic 
recovery. 

3.4. Vertebrates 
The diving turtle Trachemys (=Pseudemys) scripta shows a remarkable 

tolerance to prolonged periods of anoxic submergence. It can survive two 
weeks of anoxia at 18"C and 4-5 months at 3"C [73,74]. During 4 h of forced 
submergence in anoxic water at 24"C in a 1.2 I chamber, there was an 85% 
reduction in heat dissipation relative to control (air-breathing) turtles [75]. 
Oxygen stores in the lung and blood were not fully depleted by the end of the 
dive. Thus with longer submergence times, one might predict that heat flux 
would fall to even lower levels. 

In addition to turtles, the goldfish (Carassius auratus) and the crucian carp 
(Carassius carassius) are among the few vertebrates with substantial anoxia 
tolerance. Carp can survive days of anoxia at room temperature, and if the 
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temperature is lowered to near 0~ several months survivorship is possible 
[76]. Calorimetric studies of goldfish have yielded substantial insights into their 
metabolic status during normoxia and oxygen limitation [37-40,77,78]. Under 
normoxia goldfish were fully aerobic, as indicated by CR ratios (Table 1). 
During hypoxia (10% and 5% air saturation), heat dissipation was reduced to 
approximately 59% and 53% of the normoxic level, respectively [37]. The CR 
ratio was -620 kJ mol 02 -~ at 10% hypoxia and -1208 kJ mol 02 -~ at 5 % hypoxia 
[37]. These data indicated a contribution of anaerobic metabolism to the 
overall metabolic rate in response to hypoxia. The anaerobic heat production 
during 5 % hypoxia equaled that measured under anoxia, whereas anaerobic heat 
production during 10% hypoxia was only half the anoxic rate. Consequently, 
anaerobic metabolism was fully activated at 5% hypoxia in goldfish. This 
conclusion is consistent with data on ethanol formation, where the 5 % hypoxic 
production rate of ethanol was equivalent to that under anoxia, but at 10% 
hypoxia, ethanol production was only 60% of that seen under anoxia [37]. Heat 
dissipation was reduced to 29% of the normoxic level during anoxia [37,77,79]. 
The predicted (biochemically calculated) heat dissipation was 40% less than the 
value directly measured during anoxia [37], but as pointed out by the authors, 
this discrepancy was likely explained by lactic acid production and creatine 
phosphate breakdown. Neither of these components was included in the 
analysis. 

3.5. Isolated tissues and organelles 
The high sensitivity of the mammalian brain to anoxia and ischemia [80] has 

led to interest in the turtle brain as a comparative model for anoxia tolerance. 
A low normoxic metabolic rate and the ability to depress metabolism further 
during anoxia are viewed as central to the extended tolerance of turtle brain to 
anoxia [for reviews, see 81,82]. To test the latter premise directly, cortical 
slices were prepared from the turtle Chrysemys picta and evaluated 
calorimetrically during transitions from normoxia to anoxia [83]. When 
compared to values for control slices (perfused with artificial cerebrospinal fluid 
saturated with 95 % 0,_'5 % COz), heat flux was depressed 37 % during perfusion 
with 95 % nitrogen'5 % CO, and 49% under pharmacological anoxia (1 mmol I -~ 
NaCN added) (Table 2). Both treatments produced rapid declines in heat 
dissipation, but a more rapid effect was seen with pharmacological anoxia due 
to the slow washout of oxygen from the flow-through system. Nitrogen 
perfusion followed by normoxia promoted a return to the predicted control 
levels in all trials (Figure 2). 

Calculations of ATP utilization rate based on heat dissipation (Table 2) 
estimated the depressions in metabolism to be 30% (nitrogen) and 42% 
(pharmacological anoxia) compared to normoxic controls. Even larger 
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Table 2 
Comparison of heat flux and ATP utilization in turtle cortical slices [after 83] 

Initial a'b Nitrogen a Chemical 
anoxia a 

( N - 8 )  (N=4)  (N=3)  

Heat Dissipation/ 
mW g-' 

Control c 
120 min 

Calculated ATP 
Utilization/~mol 
g-~ min -~ 

Control 
120 min 

Heat Depression/ 
% of control c 

120 min 

2 .26+0.08 1.79+0.03 1.87 +0.04 
--- 1.14+0.05 0 .95+0.05 

1.72 _+0.06 1.36_+0.03 1.42 +0.03 
--- 0.97_+0.04 0.82_+0.04 

36 .5+2 .6  49.3+ 1.7 

"All values are means + SEM 
hlnitial values represent the first accurately recorded heat values of the normoxic 
tissue. 
~Control values are the predicted normoxic values at 120 min based on curve- 
fitting procedures. 

metabolic depressions ( >  80%) have been estimated from lactate accumulation 
in vivo for whole brain [84,85]. This difference is likely due to the lack of 
spontaneous electrical activity in tissue slices. Current evidence suggests that 
one mechanism for metabolic depression in turtle brain is reduction of 
spontaneous electrical activity [82]. Brain slices consume approximately 50% 
less oxygen than the intact tissue [86], which may be ascribed to the loss of 
electrical activity in slices (for further discussions, see [83,87]). Thus, the 
metabolic depression seen in vitro with anoxic brain slices apparently involves 
other biochemical mechanisms. Possibilities include anoxic depression of both 
internal ion leakage [88] and protein synthesis [89]. 

Similar calorimetric results to those reported for turtle cortical slices have 
been obtained for telencephalic slices from crucian carp [87]. In response to 
anoxia, heat flux decreased by 37 %, which corresponded to a 31% fall in ATP 
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Figure 2. Heat flux from turtle cortical slices during normoxia and perfusion 
with nitrogen-saturated medium (25"C) [redrawn from 83]. 

utilization rate. Adenylate phosphates were well maintained, and substantial 
lactate (but not ethanol) was produced in the slices during the 20 h bout of 
anoxia. Based on the expected heat dissipation from the catabolism of glucose 
to lactate under anoxia (-70 kJ mol -~) [2] and the total amount of lactate 
generated by the brain slices, the predicted heat dissipated across the anoxic 
period was 36.7 J, which compared favorably with the total heat dissipation 
measured directly (35.4 J). 

Heat flux and oxygen flux were measured simultaneously in excised gills of 
the bay mussel Mytilus edulis as a function of Po2 [90,91]. The energy demand 
of the gill was modulated by the application of the neurohormone serotonin, 
which stimulates ciliary activity by promoting phosphorylation of axomenal 
proteins via a cAMP-dependent pathway [92]. Across the range oxygen partial 
pressures investigated (20.7 to 4.1 kPa), the measured heat flux was supported 
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almost exclusively by aerobic metabolism. CR ratios across this range were 
variable but not statistically different from the value measured under normoxia. 
Neither was there any statistical difference in CR ratio elicited by application 
of serotonin. The mean CR ratio for all treatments was -468 kJ mol 02 -~. At 
each Po2 tested, the addition of l0 ~M serotonin approximately doubled the heat 
flux and oxygen flux. One implication of the data is that the depression of heat 
and oxygen flux seen at low Po2 in control gills, possibly due to unstirred layers, 
was relieved with serotonin. The resultant increase in ciliary activity could have 
reduced the unstirred layers and enhanced oxygen flux to the mitochondria. The 
added oxygen flux apparently matched the increased energy demand, because 
anaerobic metabolism was not recruited judging from the CR ratios. 

Oxygen levels at the mitochondrion in cells are often much lower than those 
selected for studying P:O ratios and phosphorylation efficiencies in isolated 
mitochondria. Yet, very few studies have attempted to analyze phosphorylation 
efficiencies under oxygen limitation in isolated mitochondria [93], in part due 
to the insensitivity of classical respirometric techniques. Evidence for 
downregulation of proton leakage through the mitochondrial membrane has been 
obtained from comparisons of P:O ratios under normoxia versus severe hypoxia 
in isolated mitochondria from rat liver and from embryos of the brine shrimp 
A rtemiafranciscana [94]. To measure phosphorylation efficiencies of isolated 
mitochondria at oxygen partial pressures several fold below the ps~ of the 
mitochondrion, Gnaiger et al. [94] developed the approach of oxygen injection 
calorespirometry. With this method, oxygen consumption was initiated and a 
steady-state maintained by continuous injection of air-saturated solution into the 
previously anoxic incubation medium. Thus the mitochondrial oxygen 
consumption was experimentally dictated by the rate-limiting oxygen supply. 
The steady-state oxygen levels that resulted were well below the mitochondria 
Po2. Simultaneously, heat flux was measured directly with microcalorimetry. 
The difference in heat flow between coupled and uncoupled (2,4-dinitrophenol) 
states provided a measure of ATP synthesis. The ATP synthesized was 
calculated by dividing this heat quantity by 44 kJ mol ATP -~, i.e., the amount 
of heat conserved per mole ATP synthesized under the experimental conditions 
used. Dividing the ATP value by the total oxygen consumed yielded the P:O 
ratio. 

Whereas phosphorylation efficiency dropped during ADP limitation under 
normoxia, P:O ratios were conservatively five-fold higher under severe hypoxia, 
when oxygen consumption was limited by oxygen supply. A reduction in proton 
leakage across the inner membrane under hypoxia could potentially explain the 
observation, which would decrease state 4 respiration. The proton permeability 
of the inner mitochondrial membrane is dependent on the physical properties of 
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the lipid bilayer and can be influenced by the degree of fatty acid saturation; a 
higher proportion of unsaturated fatty acids decreases the proton conductance of 
the membrane [95]. However, changes of membrane composition in response 
to anoxia have not yet been reported. Shigenaga et al. [96] showed that 
oxidative damage to mitochondria, which raises the levels of peroxidized lipids, 
increases the membrane permeability. Thus it is possible that reductions in free 
radical formation under severe hypoxia could translate into decreased membrane 
permeability. Reduction of the cellular membrane conductivity for inorganic 
ions is well recognized as an important adaptive mechanism [82,97] during 
hypoxia. A similar process involving reduced proton leakage through 
mitochondrial membranes might also occur during this hypometabolic state [94]. 

4. DEVELOPMENTAL PHYSIOLOGY 

The expanding field of developmental physiology brings functional, 
molecular, and biophysical approaches to bear on mechanistic and integrative 
questions important for developmental stages of animals. Included here are 
topics like larval bioenergetics and intermediary metabolism, developmental 
arrest, chemical sensing, signals and transduction pathways controlling 
metamorphosis, and nutrient acquisition in developmental stages. Parallelling its 
utility for adult forms, calorimetry is also helping to solve physiological and 
energetic problems relevant to embryos and larvae. 

4.1 Invertebrate larvae 
Hypoxia and anoxia in estuarine and coastal habitats, stagnant bodies of 

freshwater, and organic-rich sediments in aquatic environments of all types can 
present bioenergetic challenges to invertebrate embryos and larvae. Information 
is only beginning to accumulate on the responses of developmental stages to 
oxygen limitation. Widdows and colleagues have investigated this issue for 
larvae of the American oyster Crassostrea virginica and the bay mussel Mytilus 
edulis [11,33,98]. Oyster larvae tolerate anoxia, and the tolerance increases 
with larval development [11]. A particularly important finding from this study 
was that the increased anoxia tolerance appeared to be related to an increased 
ability to lower the total heat dissipation rate, thereby conserving energy 
expenditures under anoxia. Figure 3 illustrates this tight correlation between 
metabolic depression and anoxic survival time. Early larval stages maintained 
heat dissipation under anoxia at 34% of normoxic rates, while later stages 
depressed heat dissipation to 3 % of normoxic values. Latter stages displayed at 
least an order of magnitude longer anoxia tolerance than early ones. A very 
similar relationship has been observed for adult facultative anaerobes [89]. At 
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Figure 3. Relationship between the fractional depression of heat dissipation 
under anoxia and anoxia tolerance (expressed as l/median mortality time in 
hours) for larvae and juveniles of Crassostrea virginica [redrawn from 11]. 

the lowest level of Po2 (0.67 kPa), the rate of heat dissipation by all larvae had 
a statistically significant anaerobic component. For juveniles, the increase in 
CR ratio was significant relative to the normoxic value at 0.67, 1.33 and 2 kPa. 
Either anaerobic capacity was greater in juveniles or the increased distances for 
oxygen diffusion limited oxygen delivery in these larger forms, or perhaps both. 
Finally, as seen in Table 1, CR ratios of oyster pediveligers during aerobic 
recovery from anoxia displayed a similar trend to that observed for adult 
bivalves. Values were low (-180 kJ mol O2 -~) early in recovery, increased with 
time, and reached typical normoxic values after several hours [11]. As pointed 
out by the authors, more biochemical information is needed on larvae before the 
importance of these recovery profiles for CR ratios can be fully interpreted [11]. 

Parallel studies to those for C. virginica larvae have been completed for 
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Mytilus edulis larvae [33]. The trend was similar for M. edulis larvae regarding 
the increased anoxia tolerance in later developmental forms, as was the recovery 
profiles for CR ratios. However, there was a significant anaerobic component 
in the total energy expenditure of larvae under normoxic conditions (Table 1), 
which the authors suggested was due to periods of valve closure and quiescence 
under normoxia that diminished under moderate hypoxia. In addition to 
calorimetric data on M. edulis larvae, measurements are also available for 
gametes [98]. These data showed that mass-specific heat dissipation increased 
five-fold as development proceeded from the unfertilized egg to the D-stage (3- 
day) larva, but then declined thereafter. 

The energetics of larval metamorphosis is another topic to which calorimetry 
has been applied [31]. Metamorphosis in marine invertebrates is a complex 
suite of behavioral, morphological, physiological and biochemical changes. 
Mortality is generally quite high during metamorphosis, but the precise reasons 
are often only inferred rather than empirically demonstrated. Intrinsic factors 
like genetic incompatibilities, energetic deficiencies, and internal developmental 
constraints to fitness are poorly understood [31]. Haws et al. [31] induced 
metamorphosis in pediveligers of Crassostrea virginica and C. gigas (the 
Japanese oyster) by administering 0.1 mmol I -~ epinephrine, which has the 
advantage of promoting high synchrony without noted side effects [99]. 
Induction of metamorphosis in pediveligers was greater than 95% for each 
calorimetric run, and mortality was less than 4% during the experimental time 
course. Epinephrine exposure caused an immediate drop in both heat flux 
(Figure 4) and oxygen flux by approximately 30-40%. The decline was likely 
a result of cessation in swimming activity. There was a close agreement 
between alterations in oxygen flux and heat dissipation. Larvae reached a 
metabolic minimum 50 min after epinephrine infusion and remained quiescent 
for an additional hour. There was a sharp rise in metabolism which reached a 
plateau about 5 h after addition of epinephrine. Mean premetamorphic CR 
ratios indicated a fully aerobic metabolism for pediveligers of both species (C. 
virginica, -446 kJ moi O2-1; C. gigas -478 kJ mol O2-1). Only minor changes 
were noted after metamorphic induction, where the CR ratios were-490 kJ mol 
O2 -~ and -423 kJ mol 02 -~ for C. virginica and C. gigas, respectively. The 
measured values of heat dissipation for C. virginica pediveligers are in 
agreement with Widdows et al. [11], but calorimetric data for post 
metamorphosis induction are unavailable for comparison. Data on carbohydrate, 
lipid and protein stores indicated that all the measured usages would have to 
result from aerobic catabolism in order to begin to explain the observed heat 
dissipated over the same time period [31 ]. Carbohydrate reserves and utilization 
were positively correlated with metamorphic survival. 
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Figure 4. Heat flux for pediveliger larvae of Crassostrea gigas during induction 
of metamorphosis with epinephrine [redrawn from 31]. 

4.2 Vertebrate embryos and larvae 
Developmental stages of several fish species have been evaluated with 

calorespirometry. The CR ratios for developing turbot (Scophthalmus maximus) 
embryos and larvae [43] fell within the theoretical scope for oxycaloric 
equivalents that reflected a fully aerobic metabolism (Table 1). The total 
measured heat dissipation over the first 19 h post-fertilization matched the 
expected heat dissipated calculated from aerobic glycogen consumption across 
the same period (measured, - 1.80 to - 1.91 mJ; biochemically predicted, - 1.90 
mJ). Lactate was low and constant across this period of development. The 
energetic role played by carbohydrates diminished after commencement of 
epiboly. Similar CR ratios to those of the turbot (Table 1) have been reported 
for embryos of the arctic char [44]. 

The mummichog Fundulus heteroclitus has been used extensively lbr studies 
of genetic variation within and among populations. Specifically, much attention 
has been given to variation in allelic frequencies for the Ldh-B locus among 
populations of this marine teleost distributed across a temperature cline along the 
Atlantic coast of North America [e.g., 100,101]. The allelic enzymes encoded 
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by the locus differ in kinetic properties and have been functionally correlated 
with differences physiological performance and development [reviewed in 41]. 
Fish homozygous for the L d h - B  ~ allele develop faster than those homozygous for 
L d h - B  ~ [ 102,103]. Differences in metabolic rates between the two homozygous 
genotypes were investigated using calorespirometry [41]. Heat flux increased 
dramatically over the first 24 h post-fertilization in L d h - B  ~ homozygotes, 
particularly between hours 10 and 15, but L d h - B  ~ homozygotes did not. Lactate 
levels in the oocyte were high (40-48 mmol 1-~), and approximately 100-fold 
more lactate was utilized during the first 24 h of development than was glucose. 
The CR ratio was similar for both genotypes, with the average value being -458 
kJ mol 02 -~ (Table 1). Thermochemical calculations indicated that the predicted 
heat dissipation based on measured disappearance of lactate was 2-fold to 30- 
fold higher than the actual measured heat flux across a series of time intervals 
(Table 3). Thus, a significant portion of the lactate utilized during development 

Table 3 
Predicted heat dissipation by F u n d u l u s  h e t e r o c l i t u s  embryos during early 
development versus the measured heat flux ~ [after 41] 

Predicted Heat 
Genotype and Dissipation2//xW 
Developmental Observed Heat 
Time/h Lactate Glucose Combined Dissipation//~W 

L d h - B " B "  

5 4.25 0.075 4.32 0.14 
10 1.87 0.32 2.19 0.29 
15 0.79 0.82 1.61 0.77 

Ldh_BbB b 

5 2.68 0.032 2.71 0.14 
10 1.08 0.098 1.18 0.31 
15 0.44 0.35 0.79 0.46 

~AII values expressed per embryo. 
2Utilization rates were based on biochemical measurements and radiolabeling 
studies, and values then converted to heat dissipation assuming complete aerobic 
catabolism to CO: and H20. 
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was not catabolized to C O  2 and H20, but rather was apparently used for other 
processes that were less exothermic. The close associations among Ldh-B 
genotype, lactate utilization and metabolic rate suggested that genotype has a 
significant effect on developmental rate in Fundulus. 

5. QUIESCENCE AND DIAPAUSE 

Consistent with the terminology of Keilin [104] and Mansingh [105], 
quiescence and diapause represent two major categories of animal dormancy that 
are observed in many phylogenetically diverse organisms. As will be illustrated 
below, these states are characterized by deep metabolic depression, and in some 
situations, energy flow is essentially undetectable by conventional measures. A 
transient depression of energy flow is not sufficient to define a state of 
dormancy. The potential must exist for an extended duration of the 
hypometabolic s tate--  i.e., on the order of weeks, months or years [106]. 
Normally, arrest of developmental processes accompanies this protracted 
metabolic depression when embryonic or immature stages are involved. 
Quiescence is a metabolic and/or developmental arrest imposed by an 
unfavorable environmental condition like desiccation, anoxia, or temperature 
extremes [ 106]. It is controlled simply by application or removal of the relevant 
physical insult. Diapause is also a state of metabolic and/or developmental 
arrest, but two distinctive differences exist relative to quiescence. Firstly, 
diapause (obligate, endogenous, constitutive dormancy) is controlled by some 
type of endogenous physiological factor, so that the diapausing organism 
remains dormant even under optimal environmental conditions that would 
otherwise promote normal metabolism and development. Release from diapause 
(activation, diapause breakage) requires exposure to a specific stimulus or cue, 
or combination of cues. Secondly, diapause generally precedes any 
environmental insult (e.g., onset of the winter season, dry season, etc.). Both 
diapause and quiescence serve as arrested states in the life cycles of animals 
(particularly invertebrates) and provide an important means to survive 
deleterious environmental conditions. Additional advantages of latent stages 
include recolonization of an environment, transport and dissemination of the 
species, synchronization of favorable environmental conditions with the active 
stage of the organism, and avoidance of predators [106]. 

5.1. Anaerobic quiescence in brine shrimp embryos 
Embryos of the brine shrimp A rtemia franciscana are perhaps the 

quintessential example of an animal capable of acute metabolic arrest during 
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anoxia [107]. Anoxia is common in the hypersaline and often high-temperature 
lakes into which these embryos are released, and the condition is often prevalent 
within the thick windrows of cysts (and decaying algal mats) that accumulate 
along shorelines [ 108]. The embryos enter a state termed anaerobic quiescence, 
and in this condition can withstand anoxia at room temperature for four years 
with remarkable survivorship [109]. The largest pH~ transition ever measured 
for living cells occurs within minutes after exposure to anoxia, pH~ drops by 
at least one full unit to 6.7 within 20 min [ 110,111 ], and to as low as 6.3 after 
several hours [110]. The pH~ recovers to aerobic control values within minutes 
of reoxygenation, and this pattern is superimposable on the metabolic recovery 
after short term anoxia [7,112]. 

A qualitatively and quantitatively similar state of metabolic arrest can be 
promoted artificially by exposing the embryos to elevated levels of CO2 in the 
presence of oxygen (aerobic acidosis) [113]. The pH~ of embryos under the 
artificial condition of aerobic acidosis is 6.8 [113], and the biochemical features 
describing the shutdown of carbohydrate metabolism are virtually identical to 
anoxia [5]. Protein synthesis and degradation are arrested under both anaerobic 
quiescence and aerobic acidosis [for review, see 89], and mRNA levels are 
stabilized [114,115]. ATP levels plummet during anoxia [4,5], but under 
aerobic acidosis ATP does not change from control values for several hours 
[5,116]. Thus the observed metabolic depression is not a result of low ATP 
levels. These latter observations provide compelling support for pH~ as a key 
cellular signal in the metabolic switching. Selecting an organism that has 
evolved such remarkable capacities for long-term dormancy might enhance the 
chances of clarifying mechanisms essential to tolerance of dormancy in other 
animals. 

Heat flow is depressed to extremely low levels [7,14,117] as embryos enter 
anaerobic quiescence. The overall pattern for heat flux during an anoxic bout 
is shown in Figure 5 [7]. Addition of ammonium chloride during the anoxic 
bout served to elevate pH~ by approximately one pH unit [113] and stimulated 
heat dissipation (Figure 5), presumably by relieving the pH-induced blockage 
of the glycolytic pathway seen under acidotic conditions in these embryos [5]. 
As shown in Figure 6, calorimetric studies with sealed ampoules revealed heat 
dissipation dropped to 0.2 % of aerobic values after 50 h of anoxia and was still 
declining when experiments were terminated [118]. While the profile of heat 
dissipation was similar, the absolute level of depression was lower with sealed 
ampoules than with the open-flow system (0.49%) where embryos were perfused 
with nitrogen-saturated medium [14]. Thus, it is possible that trace quantities 
of oxygen (below the detection level of the polarographic oxygen sensors) were 
presence in the flow-through studies. At these low heat flux values, processes 
like protein degradation can make a quantitatively significant (16 %) contribution 
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perfusion with nitrogen-saturated medium. Ammonia was introduced under 
severe hypoxia, which served to alkalinize intracellular pH and stimulate heat 
flux [redrawn from 7]. 

to the heat flow [118]. These are the lowest heat dissipation values thus far 
reported for organisms under anoxia (cf. [2,3]). Values approached undetectable 
levels, and at some point the embryos likely reach an ametabolic state under 
anoxia. CR ratios under aerobic conditions were consistent with a fully aerobic 
metabolism (Table 1). Exposure to aerobic acidosis, which dramatically 
depressed heat flow, did not appreciably alter the CR ratio (-481 kJ mol O2 -~) 
[7]. Thus, nonoxidative metabolism was not stimulated to compensate for the 
depression of aerobic metabolism under aerobic acidosis [7]. CR ratios during 
aerobic recovery from anoxia (Table 1) were similar to those discussed 
previously for other invertebrates. 
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franciscana embryos. Data are from experiments using 5 cm 3 (dashed lines) and 
25 cm 3 (solid lines) ampoules [redrawn from 118]. Measurable heat flux is still 
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5.2. Anhydrobiosis in brine shrimp embryos 
A second quiescent state in A. franciscana embryos that has been studied 

calorimetrically is anhydrobiosis, or life without water. These embryos are one 
of the most intensely studied anhydrobiotic systems (for reviews, see [ 119,120]), 
in part because their hydration state can be precisely controlled. Embryos enter 
a profound, yet reversible, state of metabolic arrest in response to cellular 
dehydration. While the metabolic transitions appear to be a function of water 
content, the controlling mechanisms involved are not fully understood. 

Glasheen and Hand [121] used open-flow microcalorimetry to monitor 
changes in energy flow of A. franciscana embryos (Great Salt Lake, Utah) 
undergoing cycles of dehydration-rehydration in NaCI solutions. Because these 
encysted embryos are completely impermeable to inorganic salts, hydration state 
can be altered accurately by immersing embryos in solutions of varying ionic 
strength. Calorimetry avoids the technical difficulties that arise when oxygen 
consumption is chosen as a means to estimate aerobic metabolism in solutions 
of high salt concentration. Electrolyte solutions within polarographic electrodes 
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dehydrate under such conditions [122]. 
Heat dissipation from developing embryos rose steadily during the first 4 h 

in control 0.25 M NaCI (Figure 7). When the perfusion medium was switched 
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Figure 7. Heat flux of Artemia franciscana embryos during normoxic 
incubations in various concentrations of NaCI solutions, which served to 
progressively dehydrate the embryos. For each run, the embryos were initially 
incubated for 4 h in 0.25 mol 1-1 NaCI and then switched to the indicated 
experimental solution. At approximately hours 20-25, embryos were returned 
to control conditions (0.25 mol 1 -~ NaCI) and the recovery period monitored 
[redrawn from 121]. 
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to 1.0 M NaCI, energy flow continued to rise, reaching 137% of control (hour 
4) values. However, when control medium was switched to 2.0 M NaCI, 
energy flow fell exponentially to 21% of control values after approximately 18 
h. In experiments with 3 M NaCI, heat dissipation fell sharply to 6%. At 
higher ionic concentrations, heat dissipation declined to as low as 3 %, or to an 
absolute rate of 0.14 mW g-~ dry mass (Figure 7). Thus metabolism in 
developing embryos was disrupted at a critical hydration level promoted by an 
external NaCI concentration between 2.0 and 3.0 M. When embryos were 
returned to control perfusion after dehydration, recovery of energy flow was 
rapid, showing the reversibility of the metabolic arrest (Figure 7) 

These metabolic transitions were correlated with embryo hydration levels 
measured across the same dehydration series [ 121 ]. Fully hydrated embryos had 
a water content of 112 + 2.6 g H20 per 100 g dry mass in 0.25 M NaCI. At 
the first point where heat dissipation was markedly depressed (the 2.0 M 
incubation), cyst water content was 72.8 + 0.9 g H20/ 100 g dry mass. This 
water content is similar to the hydration level required to depress carbohydrate 
catabolism and respiration of A. franciscana embryos from San Francisco Bay 
[123,124]. Embryos rely exclusively on trehalose catabolism for energy at this 
stage of development. Analysis of glycolytic intermediates suggested that the 
dehydration-induced inhibition was localized at the trehalase, hexokinase and 
phosphofructokinase reactions [125]. One possibility is that the metabolic 
shutdown observed during progressive dehydration is explained by perturbation 
of vicinal or macromolecular-associated water after bulk water has been 
removed [120]. Alternatively, metabolic arrest may involve disruption of 
macromolecular assemblies (e.g., enzyme-cytostructural interaction) owing to 
the elevated ionic strengths of intracellular contents in dehydrated embryos 
(cf.[121]. 

5.3. Estivation in land snails 
Many terrestrial pulmonate snails respond to desiccating conditions by 

entering estivation, a behavior that minimizes evaporative water loss [ 126]. The 
quiescent state may last up to several years. Studies of the metabolism of 
estivating snails have generally employed respiration, which of course assumes 
completely aerobic metabolism. Yet ventilation is discontinuous during entry 
into estivation, and prolonged periods of apnea can result in pulmonary oxygen 
tissues as low as 0.35 kPa [127]. It is possible at such low oxygen tensions that 
anaerobic metabolism might be recruited to supplement aerobic energy 
production, and as a result, respiration would underestimate metabolic rate. 

Rees and Hand [36] utilized simultaneous respirometry and calorimetry to 
measure energy flow in snails before and during a short period of estivation. 
Within four days following entry into estivation, heat dissipation and oxygen 
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consumption by Oreohelix spp. decreased by 83 % compared to standard non- 
estivating rates (Table 4). CR ratios indicated that over the first two clays of 
estivation, anaerobic pathways were not recruited to supplement declining 
metabolic rates (Table 1), although it is clearly possible that anaerobiosis 
occurred later as dormancy progressed. This observation is in accord with the 
observation that end products of anaerobic metabolism did not accumulate in the 

Table 4 
Heat dissipation, respiration, and respiratory exhange ratios (R) for non- 
estivating and estivating Oreohelix spp. [after 36] 

Heat Respiration/ R/ 
Dissipation/ /~mol 0 2 g-~ mol CO2 
J g-~ dry dry mass h -~ mol -~ 0 2 
mass h -~ 

Standard (N -5)"  16.5 + 1.3 ~ 35.8 + 3.0 0.99+0.02 
Active ( N - 5 y '  34.3+ 1.3 70.4+2.5 0.93+0.01 
Estivating (N =5) b 2.9+_0.3 6.2 +0.5 0.95 +0.03 

Walues for standard and active states are from control periods ( perfusion with 
100% relative humidity air) characterized by the lowest and highest heat 
dissipation rates, respectively. 
Walues determined approximately two clays after induction of estivation. 
~AII values are means +SEM. 

land snail Otala lactea over three days of estivation, but lactate was measurable 
in this snail after three weeks of estivation [128]. Activity bouts under non- 
estivating conditions were supported aerobically, again as judged by the fact that 
CR ratios fell within a range consistent with oxidative metabolism (Table 1). 
Respiratory exchange ratios (Table 4) suggested a primary dependence upon 
carbohydrate metabolism both in non-estivating and estivating snails. 
Biochemical measurements of the utilization of stored fuels during estivation in 
Oreohelix confirmed the primary usage of carbohydrate over the first month of 
estivation [ 129]. Protein catabolism commenced latter in estivation and resulted 
in the accumulation of large quantities of urea (>200 mmol 1 -~) in the snails' 
tissues after several months [129]. 
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A correlate of the reduced respiration rates is a decrease in evaporative water 
loss [127]. There is a close relationship between the extent reduction in 
respiration for a given snail species and its capacity to tolerate desiccating 
environments [36]. Remarkably, after seven months of estivation, the percent 
tissue water in Oreohelix had not change significantly, although total water 
declined in parallel with body dry mass [129]. 

5.4. Diapause in sponge gem mules 
All of the examples of dormancy discussed thus tar have fallen into the 

category of quiescence. A particularly good example of diapause is exhibited 
by gemmules of the freshwater sponge Eunapius fragilis. Gemmules are 
asexually produced reproductive bodies composed of undifferentiated cells 
surrounded by a collagenous capsule. Such structures serve as the overwintering 
stage in the life cycle of sponges. Newly formed gemmules are in an obligate 
state of developmental arrest (diapause). If diapausing gemmules are held in 
water at room temperature they will not develop. However, vernalization in the 
cold for 2-3 months releases gemmules from diapause and allows them to 
resume development when warmed to 20-23~ E. fragilis is well suited for the 
study of entry and exit from diapause, because unlike the case with many sponge 
species, diapause and quiescence are not intertwined [130]. Some species of 
sponges do not enter diapause at all and exhibit only quiescence (e.g., Ephydatia 

fluviatilis) [ 131 ]. 
Recently, Loomis et al. [16] characterized metabolic changes during 

germination of E. fragilis gemmules and compared the results with diapausing 
gemmules. Upon warming post-diapause gemmules to 21"C, heat dissipation 
(Figure 8) and oxygen consumption increased 600% during the ensuing 48-72 
h, during which time gemination culminated in the emergence of a new sponge 
from the gemmule capsule. Energy flow was two-told lower in diapausing 
gemmules that had not experienced cold vernalization, and heat dissipation was 
unchanged over the same period of incubation (Figure 8). The diapausing 
gemmules did not develop or germinate during this incubation at 21"C. 

The CR ratio of post-diapause gemmules increased significantly from -354 kJ 
mol O2 -~ during the first hours of germination to -541 kJ moi O2 -~ after 57 h 
(Figure 9) [16]. The average across the entire germination period was 
approximately -495 kJ mol 02 -~. The CR ratio at hour 12.5 was statistically 
different from the oxycaloric equivalent for aerobic carbohydrate metabolism 
(-477 kJ mol O2-~), which was chosen as a basis of comparison because sorbitol 
is the primary energy source during germination [132]. The lower CR ratio near 
the beginning of the incubation might be attributable to the fact that these 
gemmules were stored at 4~ without aeration for months prior to the start of 
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Figure 8. Heat flux of germinating and diapausing gemmules of Eunapius 
fragilis under normoxia. Data for germinating gemmules are expressed as 
means of three independent experiments. Error bars represent _+ one SEM at 
the indicated time points. Values for diapausing embryos are presented for two 
independent experiments [redrawn from 16]. 

the incubation. Thus they may have experienced hypoxia and at the beginning 
of the experiment were undergoing aerobic recovery. This speculation was 
supported by the low CR ratio (-363 kJ mol 02 -~) measured 2.5-3.5 h after the 
anoxic bout shown in Figure 10. For comparison, immediately prior to the 
onset of anoxia the CR ratio was -438 kJ mol 02 -~. After 3.5-6.5 h of aerobic 
recovery, the value had risen to -457 kJ mol 02 -1 and to -527 kJ mol O2 -1 after 
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Figure 9. CR ratios measured for post-diapause (germinating) gemmules of 
Eunapius fragilis. Values are means for 3-h intervals (except for a 1.25-h 
interval at the first time point). Error bars represent + one SEM ( N - 3 ) ,  
except at hours 50.5 and 56.5 where N - 4 .  The asterisk denotes a significant 
difference from the theoretical oxycaloric equivalent for carbohydrate (-477 kJ 
mol O2') [redrawn from 16]. 

10.5-13.5 h of recovery. The CR ratio for diapausing gemmules was 
approximately -490 kJ mol O2 -~ at the end of the experiment in Figure 8. 

Post-diapause gemmules tolerated severe hypoxia for at least 7.5 h (Figure 
10), during which time heat dissipation was reduced to 6% of the aerobic value. 
Upon return to aerobic conditions, the heat dissipation climbed rapidly, and 
gemmules resumed development and emerged. Anoxia tolerance in gemmules 
may well be quite advantageous, because the natural habitat of these gemmules 
during winter can include burial in pond sediments of low oxygen tension. 
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Virtually nothing is known about metabolic processes in anoxic gemmules. 
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Figure 10. Interruption of heat dissipation from post-diapause gemmules of 
Eunapius fragilis resulting from perfusion with nitrogen-saturated water 
[redrawn from 16]. 

6. NITRATE RESPIRATION IN A CLAM-BACTERIUM SYMBIOSIS 

The last example of a physiological application of calorimetry represents a 
distinct departure from the preceding studies and is novel from two perspectives. 
First, the biological issue involves a marine bivalve, Lucinoma aequizonata, 
which forms a symbiotic association with chemautotrophic bacteria [133,134]. 
The invertebrate host has undergone morphological and physiological 
modifications to intracellularly house the bacteria in its greatly enlarged gills. 
The bacteria provide nutrition to the host by translocation of carbon compounds 
and through intracellular digestion of the bacteria by the gill cells [135,136]. 
The symbionts fix CO2 and use a reduced sulfur compound as an electron donor 
for respiration. The electron acceptor is commonly oxygen, but sometimes 
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nitrate. Respiratory reduction of nitrate to nitrite (i.e., nitrate respiration) is 
common in bacteria but has never been found in higher animals [137]. The 
symbionts of L. aequizonata are exceptional in that nitrate respiration has 
completely replaced oxygen respiration, and as a result, the process is 
constitutive and not inhibited by oxygen [138]. Thus, while nitrate respiration 
has been identified in this symbiosis, its quantitative significance had not been 
determined until recently [139]. Second, the application of calorimetry to this 
symbiosis offered methodological advantages for the purpose of quantifying the 
contribution of nitrate respiration to the overall metabolism of the host's gill 
tissue. Further, it allowed specific questions to be addressed" does nitrate 
respiration in the symbionts of L. aequizonata result in measurable heat 
production, and if so, how does it compare with heat flux of the animal tissue. 
Heat flux is a metabolic indicator capable of detecting changes in the presence 
of the alternative electron acceptor (nitrate) under both aerobic and anoxic 
conditions, something that is not possible with respiration rate. 

Hentschel et al. [139] measured heat production and nitrate respiration rates 
simultaneously in the gill tissue of L. aequizonata to answer the above questions. 
After an aerobic trace had been established, perfusion conditions were switched 
to anoxia. Upon the addition of nitrate to the anoxic perfusion medium of the 
open-flow calorimeter, an immediate increase in heat dissipation was seen 
(Figure 11). A second point to be observed from Figure 11 was that the 
nitrate-stimulated heat production was proportional to the concentration of nitrate 
added (30/~mol I -~ to 1 mmol !-~). Nitrite appearance in the effluent seawater 
followed the same pattern as the heat dissipation (data not shown). Half- 
maximal stimulation of heat production by nitrate was achieved at 0.81 mmol 
! -~ nitrate. The mean experimental ratio of heat produced per mole nitrite was - 
130+_22.6 kJ mol -~ nitrite ( N - 1 3 ,  •  Gill tissue from Mytilus edulis, 
which does not contain symbionts, was used as a negative control. A change in 
heat flux was not observed upon exposure to 1 mmol I -~ nitrate. Similarly, a 
calorimetric run without gill tissue showed that nitrate or nitrite had no effect 
on the baseline. 

From the data of Figure 12, it is clear that the addition of nitrate had 
comparable effects on heat dissipation under aerobic conditions as well. This 
result is consistent with the properties of nitrate respiration previously described 
and its constitutive nature in these symbionts [138]. At nitrate concentrations 
between 0.5 and 5 mmol 1 -~, the total heat production was increased 2-fold 
relative to the unstimulated anoxic baseline. Thus, nitrate respiration makes a 
distinctly measurable contribution to the energy flow of the gill. The symbiosis 
of L. aequizonata was particularly useful for establishing this point, because of 
the ability to distinguish between animal tissue metabolism and symbiont 
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metabolism: symbionts respire on nitrate, but not oxygen, and the animal uses 
oxygen, but never nitrate. The preferred use of nitrate by the symbionts is 
thought to provide a selective advantage to the clam in its natural environment, 
because the animal does not have to compete with its symbionts for oxygen. 
The clam is exposed to permanently hypoxic conditions in the mud in which it 
lives [ 140]. 

2.8 

2.4 
E 

- o  2.0 

1.6 
E 
r 

._o 1 2  

._~ 0.8 
D 

~ 0 4  
- r  �9 

A n o x i a  

0 . 5  

0 . 0 3  0 . 1  

1 . 0  

0 . 0  I I I I ~ I I ! I I ~ I ~ I I I I I 

0 2 4 6 8 10 12 14 16 18 
Time/h 

Figure 11. Heat flux of Lucinoma aequizonata gill tissue containing 
intracellular bacterial symbionts in the presence of added nitrate. After a 
normoxic baseline was established, perfusion with nitrogen-equilibrated sea 
water was begun at hour 2.5. Arrows indicate stepwise additions of nitrate for 
1.5 h each under nominally oxygen-free conditions. Concentrations are given 
in units of mmol 1 -~. Each addition of nitrate was followed by a nitrate-free 
period, except after the 0.03 mmol 1 -~ addition. Simultaneous appearance of 
nitrite in the effluent seawater showed similar stepwise increases as seen with 
the heat flux (data not shown) [redrawn from 139]. 
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Figure 12. Heat dissipation of Lucinoma aequizonata gill tissue showing 
quantitatively similar stimulations by 1.0 mmol 1 -~ nitrate under both normoxic 
and anoxic conditions. Time periods are indicated for the additions of nitrate. 
Aerobic recovery was initiated at hour 12.5 [redrawn from 139]. 

7. CONCLUSIONS AND FUTURE DIRECTIONS 

Calorimetry has proven to be of high utility for providing insights into 
questions of animal physiology and bioenergetics. The approach is not simply 
an alternative to respiration rate measurements, but can provide information that 
cannot be obtained with oxygen consumption (see example of Lucinoma 
aequizonata, section 6). The simultaneous measurement of heat flux and 
oxygen flux (calorespirometry) has been important for determining the 
proportions of aerobic and anaerobic metabolism recruited under a variety of 
environmental conditions to which both adult and developmental stages can be 
exposed. Thus from the perspective of an animal physiologist, calorimetry has 
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been, and continues to be, an invaluable tool in bioenergetics and metabolic 
adaptation studies. While some believe the impact of microcalorimetry in the 
area of cell biology "has not yet been of much importance for the intended 
target areas" [1], the same cannot be said for the field of physiology. 
However, physiological researchers that have employed calorimetry in their 
work are well aware of the how vulnerable microcalorimetric measurements can 
be to systematic errors [cf. 1], including evaporation, condensation, adsorption, 
incomplete mixing, corrosion of stainless steel surfaces (particularly in flow- 
through systems), concerns with electrical calibration, and methods for 
correcting instrumental response times. 

There are innovations still to come that may make calorimetry even more 
applicable for physiological work. Particularly noteworthy is the possibility of 
positioning analytical sensors in the calorimetry reaction vessel without 
significant disturbance [141]; miniaturized oxygen and pH electrodes have been 
used in conjunction with calorimetric measurements of T-lymphoma cells. 
There are exciting advancement underway in the general field of miniature 
sensors. Companies like 3M Health Care (Tustin, CA USA) and Puritan 
Bennett (Carlsbad, CA USA) are actively developing probes based on the 
concept of optical fluorescence microsensing that are small enough to position 
intra-arterially. Excitation light is sent down an optical fiber to the probe, 
which has a fluorescent dye coating; the dye at the tip reacts to the excitation 
light and analyte concentration and a fluorescence emission signal is returned via 
the same fiber to a monitor [142-145]. Other coating work on light absorbance 
principles. Apparently, pH, Po2 and Pco2 can be monitored in this way. Initial 
attempts have been made to position such probes in calorimetric ampoules 
(David W. Kraus, Dept. of Biology, University of Alabama, Birmingham, USA; 
personal communication). Combinations of isothermal calorimetry with new 
analytical approaches and instrumentation offer intriguing research prospects for 
the future. 
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I INTRODUCTION 

Caloriinetric inctliods have long been used foi- 1-esearch in inany fields like 
physics, chemistry, medicine, physiology and nutritional sciences. Caloriinetry 
in  biology-related fields is used to investigate metabolism and metabolites of 
biological objects. Objects can be Iiiunans, animals, plants and even single or- 
gans or cell clusters of them Metabolites are iisually investigated using direct 
calorimetric techniques like bomb calorimetry. This results in the oxidation en- 
thalpy of food, food c.omponents and excreta. Whole body calorimetry instead is 
used to investigate the inetabolisin of complete arid intact living beings. I t  is 
employed fur different purposes: 

0 cliaracterising the requirements of food energy and food components for indi- 

0 investigating metabolic pathways and regulation mechanisins i n  physiology, 
0 monitoring the metabolism of critically i l l  patients in  medicine 
0 exploring reasons and progression o f  obesity, hypertension and diabetes i n  

viduals and different population groups, 

and 

nutrition research. 

The application of (direct) calorimetry on living beings started about 200 
years ago, when Lavaisier and Crawford independently from each other per- 
formed their trailblazing experiments on respiration and heat loss, Lavoisier 
measured the heat loss of animals sitting i n  a cage surrounded with ice and iso- 
lated from the environment. Later he introduced indirect calorimetry by means 
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of measuring oxygen consumption of his subjects. The next important step was 
the classification of food and its components carbohydrate, fat and protein as 
the 'fuel' for the body, introduced by Liebig. 

The modern usage of calorimetry started around the turn of this century, when 
two groups of researchers succeeded in constructing calorimeters to measure the 
energy expenditure of living beings in combination with an accurate balance of 
matter. Rubner and his group found that the energy conservation law could be 
applied to living beings too, when he investigated the energy balance of dogs 
[1]. Atwater and later Benedict too performed their experiments [2,3], which are 
still impressive in quality and quantity of analysis. They found not only the en- 
ergy conservation being fulfilled, but were able to calculate changes in the 
body's fat stores by a careful C-N-H balance. 

Calorimetry is still in use today, but the emphasis in biological and medical 
research went from direct to indirect calorimetry in the last decades. This was 
mainly caused by two reasons. The first one is a huge improvement in gas 
analysis instrumentation compared with that of the instrumentation of direct cal- 
orimetry. The second reason is, that indirect calorimetry provides not only with 
measures of energy expenditure, but the substrate oxidation rates too. This is in 
biology related fields probably of at least the same significance than energy ex- 
penditure alone. 

Direct and indirect calorimetry have almost only the denomination "calorime- 
try" in common, but cover quite different measurements. Direct calorimetry as- 
sesses the heat loss (HL) of subjects. The direct heat transfer through chamber 
walls surrounding the subject is measured as well as hidden heat delivered in 
form of evaporised water and heated air. Indirect calorin~etry in contrast as- 
sesses the energy expenditure (EE) of a subject by measuring the gaseous ex- 
change and nitrogen excretion. In this method it is assumed that the food 
consists only of three main substrates (carbohydrate, fat and protein) with 
known chemical composition and known stoichiometry of oxidation. So sub- 
strate oxidation can be calculated from gaseous exchange and nitrogen excre- 
tion. This can be expressed as the amount of chemical energy transferred into 
heat in the subject's body. Both values, heat loss and energy expenditure, are 
tightly related to each other, but not equivalent. They use different pools with 
different dynamic properties inside the body as well as in the calorimetric 
chamber. So the methods to access both values measure different items utilising 
different sensors with different specifics. 
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2. BASICS 

The physical law of energy conservation applies to living beings too. So any 
food energy, ingested by a living being, is balanced by energy losses from its 
body and energy stores within it. This can be described by the following (word) 
equation: 

Food energy = energy in faeces 
+ energy in urine 
+ energy in gaseous excretions (CH 4, H2) 
+ lost heat 
+ mechanical work (locomotor activity) 
+ retained energy (syntheses, stores, 'growth', biological 

production) 

Energy intake of free living subjects is not easy to access - it can be difficult 
to do it quite accurately in the case of normal diets. Some of the energy balance 
components like the remaining energy in faeces and urine can easily be assessed 
by means of bomb calorimetry or can even be assumed as a fixed part of the 
overall food energy. Other components like energy in gaseous excretions have 
great individual variations, but are usually very small compared with the other 
components. So the energy balance equation can be rewritten by replacing the 
gross food energy minus energy in faeces, urine and gases by the metabolise- 
able or net energy: 

Net energy lost heat 
+ mechanical work 
+ retained energy 

All remaining components on the right side of the equation are quite difficult 
to assess. The lost heat is determined either by direct or indirect calorimetry or 
by other methods, that have been calibrated by calorimetric methods. The mech- 
anical work performed by the subject can easily be measured as long as it is real 
work, performed on a bicycle ergometer or something similar. But to perform 
the normal, unconscious day-to-day movements of the subject also needs en- 
ergy. The portion of energy needed for the locomotor activity in calorimetric 
chambers is usually measured utilising motion detectors. Their results together 
with the overall energy expenditure are used to estimate the portion of locomo- 
tor activity by regressive methods. Integrating the energy needed for all 
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unconscious and unrecognised work commonly results in much higher values 
than just the energy used for physical work. 

The retained energy can not easily be assessed in humans and large animals. 
Even measuring it in smaller laboratory animals may be relatively inaccurate. 
There are two approaches to assess the retained energy in laboratory animals. 
The first solution includes long-term feeding and balancing of the individuals. It 
can also be applied to humans and large animals. The second method is a com- 
parison of two groups of animals. Their carcasses are chemically analysed be- 
fore and after application of test diets over some ten days. 

The retained energy is very important for nutritional research, emergency re- 
covery situations and efficiency of'animal production. So normally the energy 
balance equation is used to calculate the retained energy from net energy intake, 
locomotor activity and heat loss. Heat loss however is measured directly or in- 
directly with calorimetric methods. 

0 METHODS AND EQUIPMENT 

Energy metabolism of living beings can be measured by several means, in- 
cluding direct and indirect calorimetry. The former is the detection of the heat 
loss of the subject; the latter allows the determination of the overall heat pro- 
duced by the oxidative processes of the subjects metabolism. The physical law 
of energy conservation together with the limited heat storage capacity of the 
subject's body requires heat production to be equivalent or tightly related to heat 
loss - at least within short periods of some sec to min, depending on the species. 
Under standard conditions and over longer periods of at least a full day - both 
methods give identical results. After a meal, at changing levels of exercise or 
even during the day there is a change in body core temperature. This results in 
changes of the heat content of the body that may cause differences between di- 
rect and indirect calorimetry. Under standard conditions and over 24 h periods 
however, both methods can be employed to assess the energy expenditure of in- 
tact subjects and so to measure the energy balance. 

There are some other methods to determine energy metabolism like the 
doubly labelled water (DLW) method [4-7] or other isotope dilution techniques 
[8], heart rate monitoring [9,10] or activity protocols. They all have at least one 
big disadvantage. Some methods (DLW) integrate over very long periods of 
some days to weeks compared to metabolically relevant periods of some sec- 
onds to a full day. Other methods need expensive individual calibrations against 
calorimetric measurements (heart rate monitoring) or produce relatively high 
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errors. The isotope dilution techniques require additional information provided 
by indirect calorimetry or food intake surveys. Finally there are only the two 
calorimetric methods as reference methods or standard. 

Whole body calorimetry is not necessarily confined to a calorimetric chamber, 
although this type of equipment is dominant. Direct calorimetry is also possible 
with a water cooled garment [ 11 ]. Indirect calorimetry can perfectly be done in 
a chamber, but also by using a mask, a canopy or a ventilated hood. A canopy is 
a hard cover for the head or the upper part of the body, usually applied to pa- 
tients laying on a bed. Calorimetry on animals is usually done in a calorimetric 
chamber or cage; on farm animals masks have also been used. 

A calorimetric chamber is used for periods of between a day and a week or 
even longer. So the chamber has to be as similar to a living room as possible, al- 
though its volume has to be limited to improve the response time and accuracy 
of the system. Chambers contain, in addition to the necessary sensors, air locks 
for the transfer of food, excreta and blood samples, etc. and some utilities for 
comfortable housing the subjects. This includes a foldable bed, personal hy- 
giene facilities, a desk and chair, some consumer electronics and typically some 
workout equipment like a bicycle ergometer. An example of a chamber is 
shown in Figure 1. 

3.1. Direct Calorimetry 
Direct calorimetry is the measurement of the heat loss (HL) of a subject. It is 

usually be done in specialised calorimetric chambers [12-14], but was done with 
heat exchanging body suits [l l] too. Heat dissipation may occur in different 
ways. It can be direct heat transfer to the stationary environment (usually the 
chamber) or heat transfer to the air being pumped through the chamber. Another 
way is heat used to vaporise body water (and probably other water from inside 
the chamber like washing water or sweat, previously stored in clothing or 
chamber interior): 

H L -  HLNE + HL s + HL L (1) 

In equation (1) HL denominates the overall heat loss of the subject, HLNE the 
nonevaporative, radiate heat loss of the subject to the environment, HL s the sen- 
sible heat loss of the subject (heat transfer by warmed air) and HL L the latent 
(evaporative) heat loss (heat transfer by vaporised water. 

To assess all heat losses to the environment it is necessary to encapsulate the 
subject with a chamber, which may be of quite different size. Nevertheless it has 
a heat capacity and the only thing that can be measured is the heat loss of the 
chamber, containing the subject: 
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HL = HLcE + AHLch + HL s + HL L (2) 

Here HLcE means the heat loss from the chamber to the environment and 

AHLcH the change in heat content of the chamber. 

Figure 1. View of the combined direct and indirect calorimetric chamber at USDA 
Beltsville, MD, USA. The gas in- and outlet is located on the left wall. The door in- 
cludes a window and two locks for transfer of food and waste. The whole system is 
controlled by a PC 

The heat content of the chamber depends under well-defined conditions only 
on chamber temperature. This is, however, not always balanced with the air 
temperature in the chamber. If the chamber temperature remains constant the 
heat content can be assumed to be constant, especially if the experimental 
schedule is comparable for different measurements. This constant heat content 
is than added to HLcE resulting in the nonevaporative heat loss of the subject. 
Most experimentors did so in the past; however, there are some papers dealing 
with heat storage compensation in the calorimetric chamber [ 13,15] 
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3.1.1. Principles of Measurement 
The nonevaporative heat loss can be measured in two ways. The active way is 

to control a heat sink in such a manner, that the temperature gradient across the 
well-insulated chamber walls is maintained very near to zero (heat sink calori- 
meter). The passive way is to measure the temperature gradient across the poor- 
ly insulated chamber walls, that have to be passed by the heat (gradient layer 
calorimeter). In addition temperature changes of the exchanged air have to be 
taken into account. The evaporative heat loss is measured either by condensing 
the water appearing in the chamber to maintain a constant water content, or by 
measuring an increased water content in the chamber and the removal of water 
by the outgoing air. Water is a fundamental problem, because it adheres to the 
inner surface of the chamber (and even diffuses into some of the chamber ma- 
terials). So water may not be measurable exactly and quickly enough, compared 
to the other parameters. Typical time constants of the nonevaporative heat loss 
of direct calorimeters can be improved by mathematical compensation of heat 
dilution and storage in the chamber. The time constant of the evaporative heat 
loss however still lacks these improvements and remains at values of h and even 
days, depending on the calorimeter's features. 

3.1.2. Equipment 
Gradient layer calorimeters are covered with walls constructed from materials 

with a relative low heat resistance. This results in a temperature gradient across 
this covering of only a very few degrees even while measuring subjects with 
relatively high actual heat loss rates. The temperature gradient is measured by 
sensors distributed over both the inner and outer surface of the covering layer. It 
can very effectively be constructed by using glass-reinforced epoxy resin plates 
with thin copper films on both sides [16]. By etching meandrous structures into 
the copper film one can form a reasonable resistor with a temperature dependent 
resistance, that averages the temperature on the whole surface. Both sides of the 
layer can be compared utilising a Wheatstone bridge to monitor very small tem- 
perature differences of up to about 0.01~ Other applications use thermocouple 
panels [14] mounted on the inner surface of the chamber. These panels are elec- 
trically connected in series to achieve easy measurable voltages and to average 
over the whole chamber surface. The relation between the measured electrical 
signal and the heat flux can empirically be found by calibrating the chamber 
with electrical heaters or with combustion of calibration substances like alcohol 
or butane. 

There is, however, a problem due to the heat capacity of the chamber. Tem- 
perature changes in the environment result in heat fluxes to or from this heat 
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capacity. To avoid these problems the chamber is often surrounded by a water 
jacket. This stabilises the temperature change rate of the outer side of the 
chamber to ___ 1 mK/min and limits the absolute temperature change within a day 
to __+ 0.5 K. The same result could be achieved by modelling and correcting for 
the heat flux to and from the stores of the chamber material [ 1 ]. 

Heat sink calorimeters do actively remove that amount of heat from the 
chamber, that was released by the subject [13,17]. This is achieved by recircu- 
lating the air within the chamber over a heat exchanger, wb.ich is controlled by 
the temperature gradient across the chamber walls. The gradient is maintained 
near zero, which minimises the uncontrolled heat transfer through the chamber 
walls. The walls themselves have to be well insulated with a low heat capacity 
to be very sensitive to heat transfers with a short reaction time. The heat loss of 
the chamber can be determined through heat exchangers in different ap- 
proaches. One solution was to determine the flow rate of water and the increase 
in water temperature across the heat exchanger. Another approach was to 
measure the ratio of temperature increase across the heat exchanger and that 
across an electrical heater in the same water flow. A third solution monitors the 
power consumption of an electrically driven (Peltier-) heat exchanger. Due to 
the much higher thermal resistance of the chamber walls the heat exchange be- 
tween chamber and environment caused by environmental temperature changes 
is much less than in gradient layer calorimeters. So the environmental tempera- 
ture must be controlled only to _ 0.5 K, avoiding the need for a water jacket 
around the calorimeter. 

Evaporative heat measurements can be done by two different ways. The in- 
crease in water content can be assessed by condensing the water in the outgoing 
air. The other way is to monitor the flow rate and water content of both incom- 
ing and outgoing air. Estimating the evaporative heat loss by condensing the 
water in the outgoing air requires conditioning the incoming air to a constant 
dew point. So the fresh air has to be saturated and then passed over a heat ex- 
changer. After leaving the chamber the air is again passed over an identical heat 
exchanger. The evaporative heat loss can be calculated from the condensation 
heat of the condensed water, corrected for the temperature difference between 
the subject's body and the heat exchanger. The second possibility to measure the 
evaporative heat requires just a rough dew point conditioning, but needs the 
accurate measurement of the heat content of the incoming and outgoing air and 
the air flow through the chamber. Dew point measurements of air are preferably 
done with optical condensing instruments instead of capacitive sensors due to 
their better accuracy and stability. Water production multiplied with the evapo- 
ration heat at body temperature is the evaporative heat loss. 
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The dew point of the incoming air has to be chosen very carefully to have a 
comfortable climate in the chamber as well as not to saturate the chamber air 
during heavy working periods of the subjects (sweating). 

Direct calorimeters for human calorimetry can be very accurate and fast re- 
sponding instruments (Table 1). They provide a good environment for perform- 
ing controlled studies. They are, on the other hand, very expensive to both 
construct and operate. It is necessary to adjust for every source of incoming and 
outgoing heat like heated food and warm excreta, as well as light-, TV-, audio- 
and PC power consumption. Direct calorimeters have almost been replaced by 
indirect ones in most of the facilities performing calorimetric research on hu- 
mans and large animals. This was done due to the more useful results in physio- 
logic related research (insight view into net substrate oxidation) and the better 
features (less expensive, easier to operate) of indirect calorimeters. Due to the 
availability of consumer electronic equipment to the subjects indirect chambers 
are probably more convenient for them. 

Table 1 
Parameters of some direct calorimeters in facilities around the world: direct calori- 
meters are very accurate and fast responding instruments. 

facility pub- value rate of re- calibrated against 
lished covery [%] 

Beltsville [15] 1997 HL 

Beltsville [14] ~ 1991 HL 

Lausanne [42] 1985 HL 

Odense [13] 1985 HLNE 

ditto ditto HLcvap 

Cambridge 
[12] 

ditto 

i 1 9 7 7  Qs 

ditto QL 

Yellow 
Springs [ 11 ] 

1972 HLNE 

99.7 +_ 2.6 

97 ..103 

100 +0 .6  

100 _+0,7 

99.87 

1 0 0 + 2  

100_+ 1.5 

locomotor activity mea- 
sured by IR sensors 

alcohol combustion 

simultaneous indirect 
calorimetry 

electrical heaters 

weighing of water 
evaporizers 

electrical heaters 

water pump & electrical 
heater 

electrical heater in a 
dummy 

"c com- 
[min] pensa- 

tion? 

2 - 5 [  yes 

-90  no 

-20  no 

-15 yes 

-15 yes 

< 1 0  j 

-13 no 
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3.2. Indirect  Calor imetry  
Indirect calorimetry is the determination of the overall heat production by the 

oxidative processes in the subject's body. Heat production is calculated from 
respiratory gas exchange, i.e. the amount (mass) of oxygen consumption (M02) 
and carbon dioxide production (Mc02). This calculation is based on the assump- 
tion that only three kinds of well-known substrates (carbohydrates (CHO), fat 
and protein) are completely oxidised. There is a third value to be determined for 
the equation system to be solvable, which is usually the nitrogen excretion rate 
(N~). The protein oxidation rate is calculated utilising the energy content of 
urea in the urine excreted. Assuming a well-known protein mixture being oxi- 
dised one can determine the urea produced and consequently the nitrogen ex- 
creted. N~x combined with M m and Mcm are the measured values in indirect 
calorimetry. They allow the determination of not only energy expenditure (EE), 
but of the substrate oxidation rates as well. 

3.2.1. Theoretical Basis 
The theoretical basis of indirect calorimetry has been described several times 

[18,19]. First it is necessary to determine which are the typical main substrates 
assumed to be oxidised. Glucose (C6HI206) is almost always used as the typical 
carbohydrate, especially because higher carbohydrate molecules are oxidised 
very similarly to several molecules of glucose. It is necessary to adjust for the 
different energy content of disaccharides (lactose etc.) and polysaccharides 
(starch etc.) due to the energy of hydrolysis. Palmitoyl-stearoyl-oleoyl-glycerol 
(C55H~0406) is used as typical fat, because it is very similar to the triacylglycerol 
formed from three 'mean'fatty acids of the human body as found by Hirsch [20]. 
There is no standard available for typically oxidised proteins. In the following 
reaction equations results given by Ferranini and Consolazio [18,21] have been 
used. Writing down the stoichiometry of the oxidation reaction of these three 
main substrates one gets: 

1 G + 6  02  ~ 6 C02 +6 H20 (3) 

(RQ = 1.000, AH = minus 2818 kJ.mol -~) 

1 F + 78 02 +"- 55 C02 -k-52 H20 (4) 

(RQ = 0.705, AH = minus 33740 kJ.mol -j) 
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1P+5.102 <---- 4.1CO2 +5 .6H20+0.6Urea  (5) 

(RQ = 0.805, AH - minus 1989 kJ.mol ~) 

Here G denominates the glucose oxidation rate, F the fat (Palmitoyl-stearoyl- 
oleoyl-glycerol) oxidation rate, P the protein oxidation rate and RQ the respira- 
tory quotient, which is the quotient of carbon dioxide production and oxygen 
consumption: RQ = CO2/O 2. The RQ is not only a theoretical quotient charac- 
terising each of the metabolites, but a very important factor in whole body cal- 
orimetry, characterising the actual ratio of the oxidised substrates. 

To simplify the calculations it is easier to change the units from mole to g or 1 
for the respiratory gases: 

.._.) 
1 g G + 0.746102 ~ 0.7461 CO2 + 0.600 g H20 (6) 

(AH-  minus 15.64 kJ) 

1 g F +  2.029102 ~-- 1.4311CO2 + 1.124gH20 (7) 

(AH = minus 39.17 kJ) 

1 g P + 0.966102 ~ 0.7821 CO2 + 0.450 g H 2 0  (8) 

(AH - minus 9.95 kJ) 

Nitrogen is about 16 % of protein by weight: 

P - 6.250N (9) 

Equation (9) transforms equation (8) into equation (10)" 

1 g N + 6.038102 ~ 4.8881 C O 2  h- 2.81 g H20 (lO) 

Summarising the components (gases, nitrogen and energy) used to oxidise 1 g 
of every substrate from equations (6), (7) and (10) results in: 
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0 2  -- 0.746 G + 2.029 F + 6.038 N (11) 

C 0 2  = 0.746 G + 1.431 F + 4.888 N (12) 

AH = 15.640 G + 39.167 F + 105.42 N (13) 

Equations (11) and (12) can be solved for substrate oxidation rates and subse- 
quently for energy expenditure or chemical energy transferred to heat: 

G = 4.55 C 0 2  - 3.21 0 2  -- 2.87 N (14) 

F = -1.67 C 0 2  + 1.67 0 2  -- 1.92 N (15) 

EE = 16.17 0 2  + 5.03 C 0 2  - 5.98 N (16) 

CO2 
R Q -  G (17) 

NPRQ - co:-  4.888 N 
O~- 6.038 N ( 1 8 )  

In equation (18) the acronym NPRQ denotes the non-protein-RQ. It indicates a 
theoretical value of the actual RQ, which was adjusted to remove the influence 
of the protein oxidation on the metabolism. The NPRQ is a good indicator for 
the main source of energy in a subjects metabolism at a given time. 

Equation (16) is called the Weir-equation; it is the basic equation of indirect 
calorimetry. Its coefficients vary slightly between different authors and whether 
measurements were performed on humans or animals due to their different food 
composition and tissue composition. It shall be notified, that the portion of the 
oxygen term alone on EE in equation (16) is about 73 - 80 %. If the RQ can be 
roughly estimated from food intake, food composition and work load of the sub- 
jects, it is possible to estimate CO 2 from O 2. Taking into account the possible 
error in estimating the RQ, the remaining error of EE is usually very small [22]. 

3.2.2. Principles 
Normal and comfortable living conditions have to be maintain in the calori- 

metric chamber, at least under normal conditions and for humans. This requires 
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the concentration of oxygen and carbon dioxide in the breathing air remaining 
within small ranges of about 18-21% for O 2 and 0-2.5% for CO2; with a typical 
measure of the gas concentration being about 20% for 02 and 0.8% for CO 2. 
This is achieved by choosing the flow rate (F), of which fresh air is pumped 
through the chamber being about 100 times the expected value of oxygen con- 
sumption of the subjects. 

Respiratory gases are diluted in the chamber air. This can be described 
[23,24] by: 

_ _  1 dC(t) = F ,  C(t )  - -  u * C(t )  (17) 
d t  V 

Here dC(t)/dt denominates the first derivative of the concentration of a gas in 
the chamber, F the flow rate of fresh air pumped through the chamber, V the 
chamber volume and 1; the time constant of the system (x = V/F). 

The heat loss (HL) of a warm-blooded animal cannot be proportional to its 
body mass (BM), but to its surface area and the heat conductivity to the envi- 
ronment. Assuming a constant density of the animals body it is possible to esti- 
mate the ratio of body surface area and body volume being somehow 
proportional to B M ~ to I. Empirical investigations led to a power factor of about 
0.75. So the term BM ~ was introduced and called metabolic body mass 
(MBM), which is, in fact, proportional to HL within a species or related species. 
Assuming a proportionality of HL and MBM the heat balance of the body re- 
quires a proportionality between EE and MBM too. This, however, introduces a 
differentiation of indirect calorimetric measurements by body mass. On first 
hand there is calorimetry on humans and large (farm) animals, often done in 
relatively large (and convenient) calorimetric chambers with volumes (V) of up 
to 25 m 3. On the other hand there is indirect calorimetry on small (laboratory) 
animals, even organ tissue or cell clusters. Small animal calorimetry can per- 
fectly be done in relative small cages with volumes of just a few litres, whereas 
tissues or cell clusters can be investigated in small ampoules [25]. 

The body mass of mice, rats, humans and horses varies from about 20 g, 
250 g, 75 kg to 1000 kg, repectively. This is about 50,000 times. The typical 
chamber (cage) volume is somehow related to body mass and has a comparable 
variation. On the other hand the metabolic body mass varies only between 
0.02 kg ~ 0.35 kg ~ 25.5 k~ ,75 and 118 kg ~ about 3333 times. So does EE, 
0 2 and the flow rate of the system too. This implements typical time constants 
between some min in small animal measurements to up to some 5 h in human 
measurements. So human calorimetrists had to employ equation (17) to improve 
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the time resolution of their measurements. This in fact increases the requirement 
to the stability of the gas analysing system. 

Other techniques have been developed to avoid these timfng-versus-accuracy 
problems using masks or canopies instead. This is often used for short term 
measurements or for critically ill persons [26,27]. But wearing such masks or 
laying under a canopy is not very convenient. It can not be expected from 
healthy subjects for more than about 8 h. Metabolism is largely controlled by 
many rhythmic stimuli like daily meals, sleep and even dark-light cycle. This 
creates the need to perform measurements over very long periods, best at least a 
full day. There are approaches like the factorial method to employ mask calori- 
metry for the estimation of the 24 h EE. A full determination of the 24 h EE and 
its actual rhythmicity however can only be fulfilled with chamber calorimetry. 

3.2.3. Equipment 
Central elements of an indirect calorimetric system are the air mixing and 

sampling system and the gas analysers. The gas mixing system has to provide a 
fast responding and well-mixed atmosphere within the chamber without disturb- 
ing the subject by heavy noise or noticeable whiffs. To improve the effect of the 
mixing system and to reduce the influence of covered volumes in the corners of 
the chamber, the air inlet and outlet are often made using comb-like structures 
[14]. These structures are formed from parallel pipes or ducts with many small 
wholes. The inlet is often distributed on or in the floor, whereas the outlet and 
sampling system is distributed on the ceiling. Most of the air pumped through 
this system is probably recycled and just a small part is really exchanged and 
analysed. 

In mask-, canopy- or ventilated hood systems there are small mixing 
chambers used to average the concentration changes of the expired air, that may 
occur during the single breaths. They would probably be too fast to be analys- 
able by typical sensors and would give no useful information to the 
experimentors. 

The gas analysers have to be chosen specifically for the type of measurements 
to be performed. For indirect calorimetry it is sufficient to analyse the respira- 
tory gas for changes in the concentration of oxygen and carbon dioxide. Never- 
theless it is often of some interest to analyse for other gases too, like methane, 
hydrogen, pentane and alcohol. Even the remaining components of air (N2, Ar, 
HzO ) are sometimes analysed. Typical oxygen analysers employed in indirect 
calorimetric systems make use of the temperature dependency of the para- 
magnetism of oxygen (example: Magnos 4G by Hartmann & Brown or Oxymat 
5 by Siemens). The commonly used CO2-analysers utilise the infrared 
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absorption of the CO2-molecule (example: Uras 3G by Hartmann & Braun or 
Ultramat 5 by Siemens) [28]. For short-term investigations, experimentors and 
physicians often use complete systems including gas analysers as well as flow 
meters, humidity detection and a computer to control the system, acquire the 
data and analyse it. Such systems often utilise the electrochemical characteristic 
of oxygen. These sensors are less expensive, but need cyclic refreshments with- 
in periods of some h or at least days. 

Having the need to analyse for more than just oxygen and carbon dioxide it 
may be useful to employ a multiple gas analysing system, based on a mass spec- 
trometer [14]. These systems can analyse for many components of gases in a 
wide range of concentrations, enabling the simultaneous analysis of the sub- 
ject's respiration, gut fermentation processes and alcohol metabolism. These 
analysers have largely been improved in the last years; as well in their stability 
and analytical range as in their value-per-cost ratio. 

If employing equation (17) to improve the time resolution of large calori- 
metric chambers it is extremely important to have a gas analysing system pro- 
ducing very stable rather than very accurate signals. Any signal noise and 
instability would be largely amplified by the first derivation of the signal. A 
systematic inaccuracy instead could easily be corrected by periodic recalibration 
and system checks performed within the measurements. 

The next very important measure is the gas flow or volume measurement. 
There have been achieved many improvements in this field too. Standards are 
still sensors that measure the differential pressure over a long throttle with a 
laminar gas flow. Other sensors employ small turbines that have their advan- 
tages in peak flow measurements. They are often used in mask calorimeters. 
These two types of flow meters measure the gas volume instead of its mass. 
Pressure, temperature and humidity of the air also have to be acquired to correct 
to standard temperature and pressure under dry conditions (STPD) in order to 
get the amount of gas flown through the chamber. 

The most recent types of sensors in this field are mass flow meters or even 
mass flow controllers (MFC). They utilise the heat transfer capacity of the gas 
molecules of the air. The heat transport in the gas flow is measured with two 
consecutive sensors wired in a Wheatstone bridge. The temperature difference 
between the sensors is proportional to the number of gas molecules having 
passed the sensors. Although the heat transport capacity is slightly specific for 
the different gas molecules in air, there is no need to adjust for changes in air 
composition because these changes are very small. If the gas analysers are not 
pressure specific it is possible to avoid the (exact) measurement of pressure and 
temperature of the air. 
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Temperature measurements have to be done in any case - at least to document 
the conditions of the experiments performed. There are many types of sensors 
available; just a simple thermometer would probably not be good enough. Best 
is a couple of electronic sensors (thermocouples or integrated thermosensors) 
distributed within the chamber and at gas in- and outlets. This allows to correct 
the measured air volume to standard conditions and get an idea on how well the 
air is mixed within the chamber. 

Air pressure measurements can be done by any kind of sensors that provide a 
signal for the data acquisition system. The relative error of pressure sensors is 
very small because its absolute inaccuracy is related to relatively high absolute 
measures. There is no need for a very sophisticated instrument - it has just to be 
recalibrated several times within a year. 

Accurate humidity measurements are very expensive, compared with their 
significance for indirect calorimetry. So some experimentors just do not perform 
these measurements and precondition the air in case of temperature and humid- 
ity. The humidity in the chamber is, as stated before, not easy to measure and 
even harder to control. This is caused by the large variations of the water va- 
pour production of the subject, especially during different phases of locomotor 
activity (increased breathing, sweating) and the water storage within the 
chamber. The water vapour tends to adhere to (and even diffuse into) the inner 
surface of the chamber and furniture and can not be measured exactly and 
quickly enough. 

Humidity must be measured to document the experimental conditions and 
may be so to correct the air flow measurements to STPD conditions, if appli- 
cable. The significance of errors in humidity measurements on the accuracy of 
the detection of the gaseous exchange and EE, however, is relatively small. 

All these sensors have to be regularly calibrated and checked as specified by 
the producer. Nevertheless they do drift within relatively small periods of time. 
Many experimentors have included regular checks and recalibrations into their 
calorimeter control software to deal with these drifts [12,28-30]. This is es- 
pecially important for the gas analysing system. There have been developed 
very sophisticated solutions to recalibrate the gas analysers with calibration 
gases or burning alcohol or butane. There are even systems that use catalytic 
oxidation of alcohol to generate calibration gases useful for small animal 
calorimetry. 

The overall performance and accuracy of the system must be checked regular- 
ly. This is commonly be done by alcohol combustion [ 14] or injection of a well- 
known mixture of nitrogen and carbon dioxide [13,30]. Both techniques have 
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their advantages and disadvantages. In the case of alcohol combustion it is im- 
portant to ensure that the combustion is complete and no alcohol has left the 
combustion system without being oxidised. In human or large animal calori- 
metry a simple alcohol lamp is used as combustion system. Calorimetry on 
small laboratory animals lacks this opportunity, because the smallest possible 
open flame is consuming much more oxygen than the typical animals. Here are - 
if at all- catalytic alcohol oxidation methods used. 

The RQ of alcohol is 0.667 and outside the range of the oxidation of the sub- 
strates being burned in living beings. On the other hand this type of calibration 
system is easy to operate, the amount of alcohol processed can easily be as- 
sessed simply by weighing of the lamp or the alcohol tank. This calibration sys- 
tem can be used for both direct and indirect calorimeters [14]. The insertion of a 
mixture of CO 2 and N 2 (which 'dilutes' the other gases and mainly O 2 in the 
chamber) instead is harder to process; the amount of the virtual oxygen con- 
sumption is more difficult to determine. But it is possible to 'generate' every 
needed value of RQ. 

3.2.4. Timing problems 
Utilising equation (17), the time resolution of gaseous exchange measure- 

ments can be improved to some min. In the Weir-equation (16) on the other 
hand the nitrogen excretion rate is also needed to calculate EE. Although the 
importance of the N~x-term in the Weir-equation is only about 1 %  of EE, it is 
important for the determination of the substrate oxidation rates in equation (14) 
and (15). 

In normal calorimetric measurements, N~ is usually determined by collecting 
urine and measuring its nitrogen content. Urine collection can not be done 
properly for periods shorter than about 6 - 8 h because of the urea pools and the 
storage of urine in the bladder. So the sampled nitrogen has to be distributed 
over the sampling period. This is usually done by two methods, assuming either 
a constant protein oxidation rate over time or a constant contribution of protein 
to energy supply. Both methods can be criticised, but give acceptable results 
under normal conditions. Problems arise using indirect calorimetry in answering 
the question whether there is a significant lipogenesis from CHO in humans. 
This would require the NPRQ rising above 1.0, which usually happens rar%ly, 
just for a few measured cycles and just slightly above 1.0. So it could be held to 
be an error in measurement or not, depending on a qualified distribution of ni- 
trogen on the measured cycles. 
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3.3. Applications 

3.3.1. Experimental Scheduling 
Living beings are influenced by the various rhythms of their surrounding 

environment. The most important .ones affecting energy metabolism are the 
daily change of light and darkness, the working periods and the meals usually 
taken several times a day. So the energy expenditure varies widely within a day, 
making just short 'snapshots' almost useless (Figure 2). 
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Figure 1" Example of simultaneous measurements of HL and EE of a human 
subject 

Depending on the objective of a study the time and duration of calorimetric 
measurements have to be defined; typical measurements in calorimetric 
chambers are about a full day or even several full days. Experimentors often use 
comparative methods to measure physiological, pharmacological or dietetic 
values. 

Daily energy expenditure can be separated into the basal metabolic rate 
(BMR), the postprandial thermogenesis (ppTh), also called dietary induced ther- 
mogenesis (DIT) and the energy needed for locomotor activity (LA). Locomotor 
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activity can change very fast and the respective change in EE can be measured 
with a systematic delay of typically some min, depending on the methods. The 
value of energy needed for heavy work load can reach up to 5 times the BMR. 
Reactions on diet intake (ppTh) occur within some ten min and can be assessed 
with the same systematic delay. The duration of the postprandial phase lasts for 
up to several h, depending on the kind and amount of food eaten. Typical ex- 
perimental schedules for the measurement of ppTh last for 6 to 8 h. The respect- 
ive value of ppTh can reach up to about 30 % of BMR at peak level - it is 
typically about 15 % of energy intake of a day. 

In order to get reasonable results a specific experimental schedule has to be 
devised, including periods to settle down after entering the chamber and relax 
before leaving it finally. The activity of the subjects in the chamber needs to be 
controlled and measured very tightly to specify the amount of energy that was 
used for locomotor activity. Typical LA-sensors can not detect the work per- 
formed while moving something in the chamber, but detect the movement. 
There can be heavy misinterpretations, especially while reading (and moving) 
newspapers or making the bed. So the activity needs to be exactly scheduled to 
admit comparisons. The same applies for the amount of food and the time it is 
eaten in the chamber. Due to the impact of activity and especially dietary energy 
intake both activities need to be controlled in a period of about 12 h before 
entering the chamber for food intake and at least 30 min for locomotor activity. 
A controlled pre- and post-measurement period is especially important in direct 
calorimetry because of the heat storage in the subject's body and in the chamber. 
This stored heat is not easy to estimate. In order to enable comparison of the re- 
sults standardised pre-measurement conditions have to be enforced. This is to 
ensure comparable amounts of heat being stored in the subject's body. 

3.3.2. Investigating Metabolism 
Calorimetry together with special dietary regimes, experimental (timing) 

schedules and treatments can be used to obtain insight into specific parts of the 
metabolism. Using indirect calorimetry this can be expanded to more specific 
insights into substrate metabolism. 

Acheson et al. [31] performed an experiment to answer the question, if a net 
de-novo lipogenesis is of importance in humans. They preloaded the body gly- 
cogen stores of their subjects by feeding them for 3 to 6 days with either a high- 
fat, mixed or high-CHO diet. In an indirect calorimetric experiment the subjects 
were given 250 g Dextrin Maltose at 1 h and twice 25 g at 3 and 6 h after the 
start of measurement. The CHO oxidation as well as its conversion to body fat 
was much lower in the high-fat group than in the others. Most of the subjects of 
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this group had no net lipogenesis at all, their NPRQ remained below 1.000. The 
other groups had quite well filled stores of glycogen at the beginning of the 
measurements. This resulted in an excess of CHO for the metabolism. The high- 
CHO group reached the level of NPRQ _> 1.000 just after the intake of the sec- 
ond dose of CHO, while the mixed-diet group needed the third dose to cross 
that line significantly. 

Aust et al. [32] investigated the available energy and the absorption time of 
different kinds of different dietary fibre. They fed adult rats with their standard 
diet for about 4 weeks. Every fifth day the rats were kept hungry for 14 h to 
empty their glycogen stores. The rats were than given a basic diet supplying 
only about 50 % of their energy requirements. As an addition, they got another 
about 35 % of their energy requirements by the test substance (dietary fibre). 
The increase of net CHO oxidation compared to that of only the basic supply 
was interpreted to be the result of the added test substance, because of the li- 
mited energy supply and the pre-deflated glycogen stores. Having given starch 
as test diet the increases of CHO oxidation of the other test diets could be com- 
pared to that of starch. This resulted in utilisation factors quite similar to that 
found in long lasting feeding experiments. The time course of RQ changed sig- 
nificantly between the different fibres, which was interpreted as the result of 
different absorption and transfer times. 

The overall energy utilisation factor of rats was estimated by Frenz et al. [33]. 
They performed indirect calorimetry on rats for 3 or 4 consecutive days with 
different levels of energy intake (El). The increase in energy balance (El - EE) 
versus El was interpreted as the energy utilisation factor. It was determined to 
be between 75 to 90 % for different protein enriched diets. The coefficients of 
determination (CD) of the regression between energy balance and energy intake 
were found to be surprisingly high at levels of 99 to 100 % [29]. 

The same method could also be applied to the net substrate oxidation rates. 
Due to the - at least partial - mutual exchangeability of the substrates as source 
of energy, this approach was not fully functional for the substrates. In [29] a 
diet containing 37 % of protein, 4 % of fat and 5 1 %  of CHO (The remainder 
consists of dietary fiber, water, minerals, etc.) was used. In this case by increas- 
ing the protein intake by 1 g the CHO intake was automatically increased by 
1.4 g. And in energy metabolism CHO is preferred, as long as there is enough 
CHO from both intake and body stores available. So the relation of the sub- 
strates as fuel differed at different levels of diet intake. This resulted in a fat uti- 
lisation factor of up to 800 % and CHO utilisation factors of as low as 33 %. 
The CD's, however, remained at levels of 92 - 99 %. Only for carbohydrate and 
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with an incomplete supply this method resulted in utilisation factors and coeffi- 
cients of determination, that could be interpreted physiologically relevant. 

The degree of saturation of the body glycogen stores may be an important 
modulator of appetite because of its very limited storage capacity for it. Indirect 
calorimetry is the only non invasive method to assess the glycogen status in 
man. Murgatroyd et al. [34] published a method to measure the net carbohydrate 
flux from liver and muscle. Subjects had been given a standard diet of one third 
of their energy requirement before entering a calorimetric chamber at 20:00 h. 
Calorimetry was performed until the end of the experimental schedule next day. 
The subjects slept through the night. Their CHO oxidation was assumed to be 
primarily derived from the meal directly in the first 4 h after the meal and from 
hepatic stores thereafter. This assumption was made because of the relative in- 
activeness of the subjects. The CHO oxidation in this part of the night was re- 
markably constant at all subjects. 

On the next day they started an alternated cycle of 30 rain working on a bi- 
cycle ergometer at 45 % of their maximal oxygen uptake capacity and 30 min of 
rest. This cycle was repeated until the subjects felt complete exhaustion. This 
activity schedule was assumed to deplete the muscle glycogen. Their CHO ox- 
idation decreased fu about 80 g/h at the first exercise cycle to about 20 g/h at 
the last one. At the same time the fat oxidation at active times doubled. Fitting 
the CHO depletion data versus time to a quadratic regression resulted in excel- 
lent regression coefficients. This regression equation was used to extrapolate to 
the point at which the glycogen stores would have been completely emptied. So 
the total glycogen storage capacity could be estimated by a simple integration of 
the CHO oxidation. The results fitted very well with others derived from 
biopsies or blood glucose measurements, although the method assessed the total 
net substrate oxidation rather that of single organs. 

In almost every calorimetric study the subjects sit most of the time in the 
chamber. Even in a normal western population people sit most of their active 
time in the day. But 'active' sitting (reading, writing, working on a PC, etc.) is 
energetically different from 'passive' sitting (relaxing, 'dreaming' with open 
eyes). In a direct calorimetry study performed by Kurzer [35], this difference 
was measured. Subjects had a standardised diet at morning and entered the 
chamber 1 h later. After another 1 h of settling down and reading books they 
started a 3-h schedule of activity or inactivity. The first and third hour the sub- 
jects had been asked to sit as relaxed as possible, not to read or do gross move- 
ments. In the second hour the subject remained sitting, but performed a 
standardised activity schedule including working with dictionaries and perform- 
ing arm and legs stretching. This hour was chosen to approximate the maximum 
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activity of subjects in calorimeter studies. The total heat loss of the subjects 
changed from about 1.1 x B MR while sitting passive to 1.46 x B MR while sit- 
ting active. In calorimetric studies where the subjects spent 50 % of their time 
sitting this difference could lead to a difference in total EE of up to 15 %. So the 
sitting behaviour must be controlled in comparative calorimetric studies. 

3.4. Comparisons 
Both methods, direct and indirect calorimetry have their own advantages and 

disadvantages. Direct calorimetry does not rely on assumptions about the me- 
tabolism. It can react as quickly as (or even quicker than) indirect calorimetry. It 
is necessary to correct for (or at least take into account) the heat storage and the 
active heat transport and heat regulation systems of the subjects. Corrections 
have to be made for heat transfer with food, drink, excreta, light and electrical 
devices. Direct calorimetry provides (only) information on heat loss and heat 
production; and therefore on energy metabolism. It does not provide informa- 
tion about the source of energy, the main substrates being burned. Direct calori- 
meters are more complicated and probably more expensive both to establish and 
to operate. This holds true at least for calorimetric chambers as usually used for 
nutritional and metabolic research. They can not easily be combined with other 
(invasive) research methods like blood sampling or infusions. 

Indirect calorimeters on the other hand rely on the main assumptions of com- 
plete oxidation of the main substrates and the intermediate pools maintaining 
constant. This may not always be true, especially for short-term measurements 
or in acute reaction of external influences (like leaps in locomotor activity - 'es- 
cape'-reactions).  This has to be kept this in mind while interpreting the results. 
The main advantage of indirect against direct calorimetry is the provision of in- 
formation on the burned substrates and therefore a deeper insight into the me- 
tabolism of the subject. The method itself is quite simple, but accurate and 
precise. It is easier to establish and cheaper to operate than direct calorimetry. It 
can easier be combined with other physiologic methods like blood drawing, 
infusions or microdialysis. There is sufficient expertise available from re- 
searchers world-wide to provide advice how to construct indirect calorimetric 
chambers and what to avoid. In the most recent survey [28] there have been 
given 16 world-wide locations operating indirect calorimetric chambers, but 
only 5 facilities operating direct chambers. At least two of them are combined 
direct and indirect chambers. The system in Beltsville [14] is one of them. Due 
to the physiological and nutritional questions dealt with in this group the calori- 
meter is in fact much more often used just as indirect chamber than as direct or 
combined one. 
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Some parameters of direct and indirect chambers are given in Table 2 to sim- 
plify a comparison of both methods. 

Table 2" Advantages, disadvantages and common features of direct and in- 
direct calorimetry 

advantages 

disadvantages 

common 
features 

indirect calorimetry 

�9 detects substrate oxidation 
�9 relatively simple in 

principle 
�9 much world-wide expertise 

�9 The main assumptions of 
complete oxidation may not 
always be true 

�9 complicated to maintain 
and operate 

direct calorimetry 

�9 detects heat loss directly 

�9 less expertise / less facilities 

�9 complicated and sophisticated 
to construct, maintain and 
operate 

�9 HL is not always balanced by 
heat production; HL(chamber) 
not always equal to 
HL(subject) 

�9 no information on the substrate 
oxidation is provided 

�9 accurate precise and fast responding metheds, but require ex- 
tensive electronic, computing and mathematical skills to 
operate 

�9 best possible sensor systems required 
�9 chambers provide a good environment for strictly controlled 

studies, but they are an artificial environment 
�9 24h-supervision for subjects under measurement is required 
�9 It is more cost effective to run two to four chambers simulta- 

neously than just a single one. 
�9 A complete system with chamber, analysis and computing 

systems, housing and feeding for the subjects and some addi- 
tional measurements costs about a six-digit number of US-$. 

3.5. Locomotor Activity 
The chemical energy in the diet is distributed into different pools. Some en- 

ergy is maintained in the faeces or is used to synthesise urea. The remaining 
metaboliseable energy is used for three purposes. Some energy is used to main- 
tain the dynamic equilibrium of the subject's body and to perform all the 
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necessary transformations (basal metabolic rate-  B MR). These processes are in- 
effective, there is some residual energy, which is transformed into heat. This 
heat is under normal situations sufficient to maintain the needed body tempera- 
ture, but there are sometimes extra heat producing mechanisms like cold in- 
duced thermogenesis of rodents or shivering. Other energy is used in the 
muscles to perform mechanical work, even to move the body or parts of it. The 
remaining energy, which is the balance between energy intake and EE, can be 
used for growth (increase in body mass) or production of milk, eggs, wool, foe- 
tuses, etc.. So locomotor activity is an important factor in balancing energy me- 
tabolism and its value has to be estimated. It is even used for a rough estimation 
of energy expenditure by heart rate measurements [10]. 

There have been several approaches to estimate LA while performing calori- 
metry or independently from this method. A survey of the different methods 
used in this area has been given by Grobbecker [36]. The method commonly 
used to measure locomotor activity of human subjects employs infrared or 
microwave motion detectors. Also in use have been motion detectors employing 
the Doppler effect of ultrasound. There have also been older reports of animal 
cages placed or hanging on simple switches. In other cases cages have been 
placed in the magnetic field of a coil or in the electric field of a flat capacitor. 
More modern approaches use video or still video cameras, often combined with 
some special mark sign on the animals. The positions of the animal or that sign 
at given times and the distances between them are detected. A very sophisti- 
cated solution was presented by Aust et al. [37]. The bottom of a cage was 
placed on three electronic weight sensors. A computer calculated the actual 
position of the rat's centre of gravity at a frequency of 60 Hz. The position 
changes have been found being proportional to the work that was performed. 
This approach could easily be used in human chambers too. Another solution 
[33] was found utilising the distinctive rhythmicity of rat behaviour, that had 
well-defined periods of activity and rest. The good timing resolution of the cal- 
orimetric system enabled detection of local minima in the time course of EE 
within periods of 120 min, which represented a level of EE while the rat was at 
rest. A smooth connection of these local minima by moving averages within the 
same period separated the energy used within the active phase from the remain- 
ing energy (Figure 3). 

The industrial motion detectors commonly used in human experiments are 
often modified to fit this application. This alteration decreases the threshold of 
motions being detectable to assess even small movements. Standard detectors 
activate a switch for a given period of about some seconds to minutes with 
every motion they have detected. This period is dramatically decreased to parts 
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of a second. Thus short movements result in just one activation, but longer 
movements in multiple ones. The number of activations within a given measure- 
ment period is counted and accounted for as being proportional to the locomotor 
activity of the subject in this period. 

Figure 3: Separation of LA from EE utilising the rhythmicity of rats 

The locomotor activity measured by such motion detectors is not necessarily 
proportional to the energy used for this motion. This energy depends also on the 
body mass of the subject and, for example, on the work load (tension) of a bi- 
cycle ergometer. Nevertheless there is a solution to estimate this proportional- 
ity, if the time resolution of the calorimetric system is better than the resting 
periods between different types of activity. This is done by simply detecting the 
increase of both EE and LA from period to period. This results at least in an es- 
timation of the portion of EE used for LA. Extrapolation to a value of zero LA 
results in a separation of the overall EE into LA and the remaining energy 
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without activity (EE-LA). If the subjects reach a postabsorptive status within 
the measurement period this remaining energy expenditure can probably be 
used to separate B MR and ppTh from each other. This approach assumes that 
the postabsorptive phase of a meal is limited and that it takes some time of 
hunger to change metabolism into a hunger status with decreased EE and other 
metabolic changes. So there is a period, where the remaining energy expendi- 
ture represents the basal metabolic rate BMR. It is just necessary to include this 
period in the measurement period. 

Both values, BMR and ppTh, have been found to be good indicators for the 
effectiveness of energy metabolism and possible reasons for the development of 
obesity. 

3.6. Other  M e t h o d s  to assess  EE 
There are many other methods to estimate a value for the energy metabolism 

of living beings. They are somehow related to metabolites themselves or to the 
balance of body mass, body energy, body water or other components of the 
body. 

The balance methods have to deal with the different pools of metabolites in 
the body, which cannot easily be detected. They limit the accuracy of estimation 
of EE or require relatively long lasting measurements. On the other hand they 
rely on the measurement of energy or food intake instead of energy expenditure 
and heat production or heat loss. Every food intake can be accounted for as en- 
ergy and matter. Parts of this food is metabolised and used to generate energy 
for the body. Unused energy has to be stored within the body while insufficient 
energy supply has to be met by endogenous resources. This results in changing 
body contents of the main substrates. Such changes can be detected as alter- 
ations in the body composition and the overall body mass, if they exceed the 
daily variations. 

As an example, an adult male weighing 80 kg may have an EE of 12 MJ/d. A 
positive balance of just 5 % is about 650 kJ/d. This energy can be stored as gly- 
cogen or fat, which is about 41 g CHO or 16 g fat. Glycogen needs at least 
double the weight of water to be storable, resulting in about 120 g/d. The gly- 
cogen storage capacity of mammals is limited to about the normal CHO intake 
of a day. In this example its capacity is about 1 kg. The day-to-day variation of 
body weight of a person is up to 1.5 %, which is also up to 1.2 kg in this 
example. So a period of at least 10 to 30 days of energy balancing with an aver- 
age energy excess of 5 % or some parallel measurements are needed to get 
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reliable results. So exact energy intake measurements often become very ex- 
pensive in time, costs and cooperation of the subjects. 

Glycogen is the only significant kind of carbohydrates that can be stored in 
the body. The storage capacity for it is limited at about 1 %  of the body mass. 
Adults do not change their protein content very fast, at least under normal 
conditions. Thus, almost all excess food energy in long term feeding and bal- 
ancing experiments must be stored as fat in the body and almost all the missing 
food energy must be supplied from endogenous fat. But fat is a very effective 
way to store energy per mass, which results in very small changes in body mass 
at usual energy imbalances. 

The typical metabolism in animals is aerobic ~, although there are many anaer- 
obic reactions in the metabolic pathway. Oxygen and carbon dioxide as well as 
many other reagents have to be transported by the circulating blood, which is 
pumped by the heart. So the heart  beat  rate (HR) can be a good measure of 
metabolic activity [9,10]. Spurr found a high determination (CD -- 0.98) of oxy- 
gen consumption by the heart rate of subjects at different levels of locomotor 
activity. The determination was much weaker for subjects at resting status 
(CD --- 0.88). The actual HR is also determined by many other circumstances 
like age, fitness, ambient temperature, postprandial status, etc. It can, however, 
be used to calculate EE after some individual calibration, if HR is recorded in 
short intervals. This enables a discrimination between phases of sleep, rest and 
activity, which have different relations between HR and EE. 

Modern equipment to measure HR limit the impairment to the subject. There 
are electrocardiograph tape recorders or telemetry systems to store the results of 
measurements. Finger clips with optical sensors for the blood pulse and some 
kinds of cuffs (like used to monitor the blood pressure) may be used to sense the 
heart rate over long periods. The individual relation between heart rate and EE 
measurements can be calibrated in whole body calorimeters as well as with 
mask calorimeters, performing different levels of activity. This calibration can 
later be used to estimate EE of free living subjects and/or over relatively long 
periods (up to some days). 

There may be temporarily phases of anaerobic reactions not being fully compen- 
sated by aerobic ones. These phases have to be quite short because of the very limited 
tolerance of the body to the reaction products of anaerobic metabolism (lactic acid). 
This type of reaction has to be compensated later to regain normal balanced conditions. 
Indirect calorimetry would, if at all, just see short changes in RQ and EE. Heart beat 
measurements would see it as a peak of energy metabolism. 
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Another commonly used method to determine EE of free living subjects util- 
ises doubly labelled water (2H2~80) [4-8]. Although the term doubly labelled 
water is not correct, it is commonly used. It denominates water consisting of a 
known portion of molecules where at least one of the hydrogen atoms of water 
is replaced by deuterium and/or the oxygen is replaced by its stable isotope ~80. 
Most of the water molecules are - if at all - just single labelled. But both labels 
are available in the water probes. 

A well-determined amount of this chemically pure and simple water is drunk 
and subsequently used as a reagent in metabolism. The deuterium labels only 
the water pool of the body, whereas the oxygen isotope labels both the water 
and the bicarbonate pools. The term 'labels' denominates the fact that some of 
the isotopes in the body reaction pools are exchanged by the heavier ones 
coming from the doubly labelled water. Both pools are exchanged with normal 
water during time and the labelling is diluted and gradually removed again from 
the body. The disappearance rate of labelled hydrogen in urine provides a 
measure of the water turnover rate in the body. The disappearance rate of t80 is 
measured in urine and/or in the carbon dioxide compartment of the respiratory 
gases. Both values are detected by isotope ratio mass spectrometry (IRMS), 
coupled with some other methods (catalytic reduction of water on zinc or equi- 
libration with pure oxygen over the water probe) to transfer the metabolites into 
gaseous state. In case of deuterium the water probe is equilibrated with normal 
hydrogen, which is analysed for its isotope ratio. The isotope ratio of the stable 
isotope of oxygen is usually determined in carbon dioxide. The disappearance 
rates of both heavier isotopes from the body pools provide a measure of both 
the water- and the bicarbonate turnover. The difference between both disappear- 
ance rates is interpreted as bicarbonate turnover, which can be transferred into 
EE using classical indirect calorimetric formulas. One of the most important li- 
mitations of this method is in fact this transformation. As shown in section 
3.2.1, the determination of EE by 02 is about 80 %, leaving just about 18 % to 
CO 2. To calculate EE from CO 2 a mean value of RQ for the subjects has to be 
assumed. This RQ must be chosen very carefully depending on the type of diet 
consumed in the last days before measurement and the amount of diet compared 
to the energy requirement during the measurement. The International Dietary 
Consultance Group (IDECG) has specified default values [44]. These are used 
to standardise the doubly labelled water method and to establish the compar- 
ability of the results. For western diets a typical RQ of 0.85 was chosen. 

The biological half-lives of the oxygen and hydrogen isotopes in the body are 
about 3 to 8 days. So the probes have to be taken daily for 7 to 14 days, depend- 
ing on the metabolic activity of the subject. The subjects are not affected at all, 
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they just have to provide their urine sample, in the beginning of a measurement 
twice a day, later once daily or even less frequently. The probes can be analysed 
within some days after sampling, because the water as well as the isotopes are 
stable. So this method is very useful for field studies under free living condi- 
tions. On the other hand it integrates over periods of about two days or more, 
thus making the method not very time specific. 

The indirect calorimetry formulas require two measures to calculate EE and 
RQ. So the doubly labelled water method relies on some extra detections of the 
RQ, the oxygen consumption or, as usual, some assumptions on the mean RQ 
during the measurements. Besides the standard values provided from the 
IDECG, very satisfactory assumptions can be made by taking into account the 
food composition during the measuring period and changes in the fat content of 
the body [3 8 ]. 

Labelled bicarbonate on its own can be used to assess EE instead of doubly 
labelled water. This technique is valuable for short intervals of about 1-3 days 
because of the shorter biological half life of bicarbonate compared with water. It 
is applicable to humans only, if stable marked bicarbonate (NaH~3CO3) is used. 
This substance is less expensive than doubly labelled water, but relies like 
DLW on the quite expensive technology of IRMS. The bicarbonate is constant- 
ly infused and will reach rapidly an equilibrium with the CO2-pool of the sub- 
ject's body. CO2-production will dilute this pool. The CO 2 production rate can 
be calculated from the variations in the dilution of labelled CO 2 and the infusion 
rate. The method assumes no isotope exchange or fixation and a constant pool 
of bicarbonate. It is not as accurate as the doubly labelled water method; Elia 
[39] found individual accuracies of up to _ 6%, validated against whole body 
calorimetry in a calorimetric chamber. 

0 WHOLE BODY CALORIMETRY IN BIOLOGICAL AND 
NUTRITIONAL RESEARCH 

Energy exchange and transformation are the driving force for all processes. 
This, of course, holds true for living beings too. Investigating them ultimately 
raises questions of energy supply, requirement and balance. An adequate food 
energy supply is very important for animals as well as humans to avoid under or 
overnutrition. Permanent or long lasting undernutrition severely damages the 
subject. Overnutrition on the other hand leads to the increase in body weight 
due to the accumulation of body fat. Overweight people (and animals too) tend 
to suffer from various diseases like hypertension and cardiovascular problems. 
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This status is linked with a higher risk of other illnesses and longer lasting 
periods of being ill with more severe progression. Obese people have a higher 
mortality risk compared with normal weight subjects. 

A balanced diet constitutes not only of carbohydrates, fat and protein, but of 
water, dietary fibre, vitamins, minerals and micronutrients too. The demand of 
these diet components depends on various conditions like age and growth 
status, locomotor activity (work load), environmental temperature and probably 
on the season. The determination of the requirements of these nutrients under 
different conditions gives very important information on how to provide a bal- 
anced diet but to avoid overnutrition. Whole body calorimetry is probably the 
most accurate and so the most important method both to estimate substrate and 
energy requirements and to calibrate other alternative methods to assess the en- 
ergy metabolism like long-term heart rate measurements or the isotope dilution 
methods. 

4.1. Energy Balance and Components 
Living beings have to maintain an energy balance: energy intake must balance 

losses and energy flows to and from internal stores. A balance must also be 
maintained for the three main substrates used as fuel components, viz. carbohy- 
drate, protein and fat. But for the substrates there are metabolic transformations 
of some of them to others, if the internal storage capacity is over- or underrun 
by demand and supply. Nevertheless these transformations are detected by in- 
direct calorimetry, at least as oxidation of the original substrate. If for instance 
protein is broken down to generate glucose as fuel for the brain, this is recog- 
nised by calorimetry as protein oxidation. On the other hand if CHO was used 
to synthesise fatty acids, which were stored in the adipose tissue, this is recog- 
nised as a negative fat oxidation. 

4. I. 1. Energy Sinks and Energy Intake 
Energy sinks occur in the form of heat loss, mechanical work performed and 

biological 'production'. The latter term describes growth (increase in body size 
and - content) as well as the replacements of body parts lost during day-to-day 
live (hair, nail, skin and gut cells and enzymes lost). It also involves foetuses 
and maternal milk. To clarify the different energy sinks and not to mix possible 
different pathways of substrates at different metabolic situations the energy 
losses are usually divided into: 
�9 basal metabolic rate: Energy needed to maintain basal functionality of 

the body (blood circulation and breathing under 
basal conditions, thermoregulation, unconscious 
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�9 locomotor activity: 

�9 postprandial thermogenesis: 

�9 growth and production: 

movements, renewal of body parts like skin and 
mucous membranes, nail and hair growth, etc.). 
Energy needed for physical work at any activity 
level above rest (any conscious moves, physical 
and mental work, etc.). 
Any increase in energy expenditure related to and 
occurring after an intake of food. This may be 
caused by the mechanical work of processing the 
food (biting, transferring through the digestive 
tract) and transferring the digested food compo- 
nents into the body stores. 
Increase in body mass and energy content of the 
body and energy spent to produce things like 
milk, eggs, foetuses and wool. 

Energy intake on the other hand is the energy contained in the food eaten in 
the period of interest. It involves not only the energy in solid food, but also the 
hidden energy and substrates in soft drinks and alcoholic beverages. 

4.1.2. Calor imetr ic  Resul ts  - Ex trapola t ion  to Free Living Condi t ions  

Whole body calorimetry provides a measure of the subject's total energy ex- 
penditure within the measured period, but in an artificial environment. The cal- 
orimeter is usually coupled with instruments to estimate locomotor activity. 
Setting up a useful activity schedule the measurements include a period of rest, 
resulting in a value of the basal metabolic rate. The energy balance is calculated 
by carefully taking into account every piece of food entering and every product 
leaving the chamber. Living in the calorimeter is somehow artificial. Living be- 
ings behave quite different as compared to their common living conditions. 
Many studies showed, that subjects tend to underreport their previous energy in- 
take during normal live. They also may reduce their food intake while living in 
the chamber. The capability to do sports is very limited within the calorimeter. 
Activity on a bicycle ergometer, stepper or other activity devices is usually 
scheduled to compensate for this. But then untrained subjects may have higher 
than normal activity levels while trained ones comparatively lack activity. All 
these problems raise questions on the extrapolation of calorimetric results to 
free living conditions. There is however no better and more accurate method to 
investigate energy expenditure and energy requirements than whole body calori- 
metry. There are just some additional methods like questionnaires, heart rate 
monitoring or the doubly labelled water method. These can be calibrated by 
whole body calorimetry and then used under free living conditions. 
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4.1.3. Substrate Balance 
Energy balance is closely connected to the substrate balance of the subject's 

body. Fat, CHO and protein intake in a given period have to balance the re- 
spective oxidation minus storage. Some side conditions have to be fulfilled too: 
Glycogen as the only storable form of CHO is stored in company with at least 
the same amount of water. A significant glycogen storage can easily be detected 
as body mass increase. Protein balance can easily be measured as nitrogen bal- 
ance; this measurement is independent from gaseous exchange measurements. 
The most problematic substrate balance to investigate is that of fat because of 
the high energy content per mass of it and the typical slow changes in fat stores. 
Typical daily changes in the fat stores are much lower than the daily variation of 
water content of the body. 

There are some transformations between the substrates in the body. Carbohy- 
drates are hydrolysed to glucose and than stored as glycogen in the skeleton 
muscles and the liver. Since glycogen storage capacity is very limited, an over- 
supply of carbohydrates will soon initiate a transformation of carbohydrates to 
fatty acids (lipogenesis). Fat can be stored in nearly unlimited amounts in the 
body's adipose tissue. Under normal dietary circumstances, however, lipogene- 
sis is not very significant in humans. Besides the regulation of CHO and fat 
turnover there is also a considerable turnover of proteins and amino acids. The 
degree of it depends on the energy and food supply and the status of the sub- 
ject's body, whether it is growing, is pregnant or lactating, is ill or is in a normal 
condition. Amino acids can also be broken down to generate glucose, if there is 
an insufficient supply of it. Glucose is essential for the energy supply of the 
brain. Fat from the food is mainly first stored in the adipose tissue, until there is 
a higher demand of energy. During the day the glycogen stores are partially 
emptied and the fatty acids are activated again. In the case of higher energy de- 
mand there is an extra activation of fatty acids to be used as the main energy 
source for the body, except for the brain. The adipose tissue in humans is 
usually be filled mostly by fatty acids derived from the fat content of the food. 
Many animals, especially those living in environments with very seasonal food 
supply, do generate a huge fat depot to survive the poor season. 

Lipogenesis from carbohydrates in humans is not a very common metabolic 
situation. It would require observed RQ-values to be higher than 1. This is 
sometimes seen, but almost always within the range between 1.00 and 1.05. 
This could also be interpreted as measurement errors or noisy results. Lipogene- 
sis would require a temporary oversupply of carbohydrates, that could not be 
absorbed into the glycogen stores. This situation usually happens within some h 
after a big meal. It also requires a relatively low energy expenditure like in 
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resting periods. A very stable calorimetric system with a high time resolution is 
needed to detect such situations by indirect calorimetry. 

4.2. Methods to Assess Energy Balance Components 
Energy intake and energy expenditure of living beings are under normal 

conditions in a very good regulated balance. Experimentors interested in this 
area are sitting between the chairs'. They can either study subjects under 'nor- 
mal' free living conditions or those undergoing standardised methods, probably 
in artificial environments. The first will provide more applicable results - the 
latter enables comparison with results from other groups. 

4.2.1. Long-term Balancing 
There are many different approaches to determine the components of energy 

(food) intake and energy expenditure (substrate oxidation). One approach is to 
balance food intake and to measure the body mass of the subject over long 
periods. This is a very time consuming type of experiment. It needs a great ef- 
fort and accuracy in weighing the food supplied to and returned from the sub- 
jects. The subjects need good instructions and a good will for cooperation. 
There may be some influence on the results coming from a different food com- 
position of the supplied food compared with the typical diet of the subjects. 

Another approach is to fill in a dietary diary and/or some guided question- 
naires. This would eliminate possible errors induced by the standardised diet 
supplied by the lab, but would introduce systematic errors resulting from misre- 
porting by the subjects. 

Long term recording of body weight and possibly body composition would re- 
sult in data for the substrate flow to or from body stores. The dietary food intake 
can be assessed by questionnaires or prediction formulas, provided by earlier 
measurements. So energy expenditure and substrate oxidation rates can be 
calculated from energy and substrates balances. All these approaches would not 
need calorimetry at all; it could however be used to verify some of the results of 
these methods. Body composition can be assessed by various established 
methods like dual energy X-ray analysis (DEXA), skin fold measurements, un- 
derwater weighing and body impedance measurements. 

4.2.2. Calorimetric Detection of BMR and ppTh 
The basal metabolic rate is best determined by calorimetric methods. There 

have been used two different approaches to measure B MR, depending on the 
available instruments. In every case the subjects are instructed or enforced not 
to eat overnight. In case of a canopy or mask system the subjects are connected 
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to the system and are required to relax and rest for at least 30 min. Then energy 
expenditure is measured in a period of 30 min to 2 h, while the subjects are lay- 
ing awake on a bed or sitting relaxed on a chair. If a calorimetric chamber is 
used the measurement of B MR is usually scheduled after a nights sleep just 
after the wake-up call, but before getting up. 

A comparable method is used to measure postprandial thermogenesis (also 
called 'thermic effect of food' or 'dietary induced thermogenesis '  - DIT). The 
subjects are prepared as mentioned above, but given a standardised test diet. En- 
ergy expenditure is measured over a much longer period, usually about 6 to 8 h, 
depending on the amount and composition of the test diet. To enable compari- 
son between the results of different labs' these measurements have often been 
performed with about 1 MJ of glucose or casein as test diet. Normal mixed diets 
however would result in more applicable numbers. In calorimetric systems em- 
ploying masks or canopy's the measurements of BMR and ppTh are often 
coupled to reduce the effort both for experimentors and subjects. They measure 
the B MR first, followed by giving the test diet and then assessing ppTh. In cal- 
orimetric chambers the schedule is often switched performing the measurements 
of ppTh first after some settling down in the chamber. B MR is commonly the 
last measurement performed just before the release of the subjects from the 
chamber. 

Subjects not explicitly enforced to rest and relax within the measurement of 
ppTh do perform some locomotor activity. Even instructed subjects have con- 
siderable difficulties to stay relaxed but awake for periods of 6 to 8 h without 
performing some physical workout. So there is another approach in which it is 
assumed that B MR and the uncontrolled locomotor activity of subjects are com- 
parable in days with or without food. The ppTh is then calculated simply from 
the difference of EE on a fed and an unfed day. 

4.2.3. Detection of LA 
It is hard to detect the energy used for locomotor activity. The typical method 

to determine LA is to measure a number proportional to the physical activity. 
This is usually be done by motion detectors, step counters or other activity 
monitors. The results however are values for the activity of the subject, not of 
the work performed. A typical known problematic situation using motion de- 
tectors is reading newspapers or making the bed. These activities are connected 
with large movements of lightweight objects, which need only marginal work to 
perform. The sensors however detect large movements. Other problems are 
known using step counters, which would not detect work performed sitting. So 
these measurements have to be calibrated against EE by some standard activity 



545 

schedules containing a typical mix of activities. Doing these calibrations indi- 
vidually would considerably increase the effort for the experimentors. Calibrat- 
ing globally for a given population would ignore possible individual differences 
in effectivity of moving or in moved body masses. For example a step could be 
performed in a wide, fast and active or a small, slow and tired way and would 
be counted as a single step. But both variants would need a considerable differ- 
ent amount of energy. 

An interesting approach to determine the energy used for locomotor activity 
of rats was given in ref. [33]. Those rats had a distinctive rhythmicity with at 
least one activity peak and one rest within any given period of between 98 and 
112 min. Detecting the moving temporary minima of EE within a period of 2 h 
resulted in the actual energy expenditure at rest (EE-  LA). These local minima 
have been connected by a moving average algorithm. This resulted in an as- 
sumption of the separation of the energy used for locomotor activity from EE. 
The remaining part of energy consists only of B MR and ppTh. Humans how- 
ever may not show this rhythmic behaviour. But they may be forced into a given 
activity schedule while being measured in the calorimetric chamber. The data 
received from the motion detectors could be used to detect periods without lo- 
comotor activity. Connecting the values of EE at these periods by an assumed 
function (the simplest function would be a straight line) would result in an es- 
timation of the energy used for locomotor activity. The differences between the 
levels of EE with and without activity can be used to calculate a calibration 
curve. The slope of energy increase versus activity increase could possibly be 
used to differentiate between the different types of activity (reading a newspa- 
per should have a distinguishable lower slope than riding a bicycle ergometer). 

Some empirically interconnections have been found between locomotor activ- 
ity and energy expenditure in free living subjects of a given lifestyle. But these 
connections are too weak to be used in calorimetric experiments. They are often 
used in balanced food intake experiments or studies performed utilising the 
doubly labelled water method. 

4.3. Energy utilisation 
Energy utilisation is of interest in nutrition as well as in medicine and physiol- 

ogy. It determines the individual energy requirements and the availability and 
demand of different kinds of food. Usage of indigestible or partially digestible 
carbohydrates (dietary fibre) may become a method to reduce the amount of en- 
ergy intake in the western hemisphere. An increased intake in dietary fiber 
would also improve the function of the digestive tract and its health. This may 
reduce the social problems related to obesity and other diseases as well as 
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individual problems of obese people. Energy utilisation is also important for 
balancing energy in situations with high energy requirements like sports or mili- 
tary training. 

Evaluation of energy utilisation requires the measurements of both energy in- 
take and energy balance. The latter could be determined by measuring the re- 
tained energy. This is related with lots of problems, which have been described 
before. It is much easier to use calorimetry for the determination of the energy 
balance by measuring energy intake and energy expenditure. This could be done 
at different levels of energy intake to calculate a linear regression of energy bal- 
ance versus energy intake. This method [33] was performed on 44 growing rats, 
that have been divided into 4 different dietary groups. All the rats had been 
given 4 individual levels of energy intake (about 0,75 %, 100 % and 1 25 % of 
the individual energy requirement). The individual coefficients of determination 
of the mentioned regression have been found extremely high at 99.5 to 100 % 
[29] (Figure 4). The slopes of the individual regressions have been interpreted 
as energy utilisation factors. 
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Figure 4: Energy balance of rats fed with a protein enriched diet at different levels of 
energy intake: 
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The same principle could also be used to determine the utilisation of single 
substrates. This will not work quite well, however, because of the partially mu- 
tual substitution of the different substrates as sources of energy [31 ]. This is es- 
pecially important in the exchange of CHO and fat. CHO is always preferred as 
a source of energy, as long as it is available. This fact has been utilised to deter- 
mine the utilisation of different types of carbohydrates [32]. Between 8 and 28 
rats, depending on the expected differences between the diet groups, in different 
groups were fed over periods of up to four weeks with their standard diet. Every 
fifth day indirect calorimetry was performed after a fasting period of 14 h. For 
the calorimetric measurement the rats were only given a basic supply of 50 % of 
their energy requirement as their standard diet supplemented with another about 
35 % of the special carbohydrate diet. It was assumed that all given CHO was 
metabolised during the measurement. Two of the additions were microcristal- 
line starch (assumed to be indigestible) and wheat starch (assumed to be fully 
digestible). The increase of CHO oxidation for a given diet was compared to the 
corresponding increase of cellulose and starch. The relation of the increases was 
interpreted as CHO utilisation and was found to be very well related to utilisa- 
tion factors determined with feeding experiments on other rats. This method 
was used to determine the digestibility of resistant starch in rats. 

4.4. Other Applications of Whole Body Calorimetry 
In whole body calorimetry it is generally assumed that the measured gas and 

heat exchange are solely due to the subject's body. Its intestine however con- 
tains huge numbers of bacteria. Their metabolism is included in the results of 
calorimetric measurements. In some situations it may be of interest to character- 
ise the metabolism of this intestinal microflora too. 

Another area of interest to physiologist is thermoregulation. Energy metab- 
olism and heat loss of a body have to be very well balanced to prevent it from 
overheating or cooling. Studying the dynamic properties of energy metabolism, 
heat loss and body temperature may improve knowledge about the thermore- 
gulation processes of the body. 

As a third area of application, energy metabolism of a subject is very import- 
ant to characterise the physiological and psychological status of that subject. 
This connection can be used not only in medicine but to monitor the behaviour 
of a subject or behavioural changes due to the influence of stress or different 
drugs. 
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4.4.1. Gut Fermentation 
The number of microbes (mostly bacteria) in the intestinal tract is about the 

same or even greater than the number of cells in the human body. Although the 
relation of the different species in the intestinal tract is relatively stable, their 
fermentation activity may vary widely due to the food history in the last about 
10 days and some other reasons like drug intake. Food containing large amount 
of dietary fibre increases the fermentation capacity of some species that utilise 
fibre and transform it to short chain fatty acids. This metabolic activity is 
coupled with the generation of hydrogen, which then may be partially trans- 
formed to methane. These gases are than mostly removed, either through the 
blood circulation and the lung or as flatulence. So the intestinal microflora to- 
gether with the diet history of the last weeks may have a great influence on the 
energy metabolism of the microflora, which is located inside the subject. Due to 
the transformation of normally indigestible (at least for the subject of the calori- 
metric measurement) food components into fatty acids the intestinal microflora 
has a large influence on the overall energy utilisation. There are some other in- 
fluences of the microflora on the intestinal tract and the whole subject too. They 
produce some necessary dietary components like, for example, folic acid and at 
least acts like a store for some of these components. They also improve the 
passage time of food through the digestive tract. 

Direct calorimetry measures the heat flow coming from the subject, whereas 
indirect calorimetry measures the gas exchange of the subject. The former can 
not be separated into the parts coming purely from the subject's cells or from the 
microflora. The latter however can distinguish the gas production of the intesti- 
nal microflora by measuring its gas production. This production is usually very 
small compared with the gaseous exchange of the subject (less than 10 l/d, com- 
pared with more than 300 1/d of oxygen consumption for a person with about 75 
kg of body mass). The microflora have - in contrast to the subject - an anaerobic 
metabolism. They produce gases like hydrogen, methane or pentane, which can 
be used to characterise their metabolic activity. The gas analysis needs to be 
very sophisticated to achieve a sufficient accuracy at the very low concentra- 
tions of those gases (-~10 .4 % for methane or hydrogen, even lower concentra- 
tions for pentane). This analysis could be done in parallel to the conventional 
gas analysis in indirect calorimetry. A mass spectrometer is very useful in such 
experiments, because it could perform all the analysisses. In ref. [14] a MS was 
used to measure the methane concentration in parallel to indirect calorimetric 
measurements. 
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4.4.2. Thermoregulation 
Mammals need to control and usually maintain their body temperature within 

a narrow range. These control processes have to be very powerful, fast reacting 
and independent of the actual energy expenditure or heat loss. Studying ther- 
moregulation can be of interest in different sciences. Sports and work physiol- 
ogists may get information on the possible work load of subjects depending on 
the actual heat loss to the environment. They may study the subject's reactions 
upon heavy work loads, because large amounts of sweat are difficult to handle 
in artificial environments like calorimetric chambers, submarines or space sta- 
tions. Thermoregulation influences the energy requirement of the subject due to 
active heat removal or generating heat by shivering. This is of interest for nutri- 
tionists and physiologists. 

Thermoregulation can be studied from both sides, heat production and heat 
loss, together with monitoring the subject's heat content. This can be done by 
monitoring the body's core temperature. Here we probably find the 'native 
ground' for combined direct and indirect calorimetry because they assess both 
heat production and heat loss. The dynamic properties of direct and indirect cal- 
orimetry have to be taken into account. They have been compared in different 
facilities [15,40] (see also Table 1). By using mathematical methods to compen- 
sate for gas dilution and heat storage the time resolution of the calorimeters 
could be improved to only a few min. There is, however, a systematic delay be- 
tween the generation of a peak in energy expenditure and its detection by the 
calorimeter. This delay is caused by the transportation, dilution and storage of 
gases and heat within the subject and the chamber. There is also some technical 
delay in the calorimetric system, caused by the data acquisition, filtering and 
mathematical compensations. In contrast a burst in locomotor activity can be 
detected on-time. So the effective delay can be determined by calculating a 
cross correlation between LA and EE or HL [15]. The position of the maximal 
correlation factor indicates the effective delay. The resolution of the detection 
was improved by fitting the 5 highest correlation factors to a quadratic function 
and detecting its maximum. 

The technical delay as well as chamber size and usually the gas flow rate 
through the chamber are constant. So any changes in the effective delays are 
caused by alterations in the body's internal transportation mechanisms. An ex- 
periment had been performed [ 15] comparing two similar days of calorimetry at 
relatively low activity levels. On one of the days two periods of 30 min light ac- 
tivity on a bicycle ergometer had been added to the activity schedule. On the 
second day the subjects rested in these periods. The effective delay of HL ver- 
sus LA widely increased on the 'active'days compared with the others. This can 
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be explained by the subject sweating. Water can not easily be removed from the 
chamber because it adheres to all surfaces and even diffuses into some chamber 
material. This increases the effective dilution volume for water and consecutive- 
ly adds some extra delay for the detection of HL. The lag of EE versus LA de- 
creased in the same situation. This is possibly due to the faster blood circulation 
and the higher respiration rate. 

4.4.3. Behavioural research 
The behaviour of subjects is hard to measure, it is often just subjectively rated 

in comparison to somehow 'normal' behaviour. Changes in the mental status of a 
subject are in one way or the other expressed in its locomotor activity. A de- 
pressive or a passive status is characterised by fewer and smaller spontaneous 
movements, whereas an enthusiastic or active status is characterised by wide 
and sometimes fidgety movements. These changes in locomotor activity can 
easily be detected by calorimetric methods as stated before (see sections 3.5 and 
4.2.3.). These measurements can be done without interruption over very long 
periods. Such long-term measurements integrate even the smallest differences 
between subjects of different activity levels. Those different activity level may 
be caused by different treatments or different instructions to the subjects. 

To test the difference between 'active' and 'passive' sitting Kurzer performed a 
study on 9 male and 8 female young volunteers [35]. They entered a calori- 
metric chamber in the morning after a fasting period of 10 h and after they had a 
standardised breakfast. In the chamber they performed a standardised activity 
schedule of 4 h. The first hour was scheduled to settle down. In the second and 
fourth hour the subjects were asked to relax and sit as passively as possible. In 
the third hour they were ask to perform a standardised activity comprising of 
defining words from a dictionary or finding locations in an atlas. Kurzer found 
differences in the total heat loss between the 'active' and the 'passive' hours of 
31 -!-_ 10 %. The evaporative heat loss even increased by 54 +_ 2 1 % .  In a calori- 
metric study where 50 % of the day is performed 'sitting' this variance between 
'active' and 'passive' sitting may add up to a total difference in HL over the day 
of up to 15 %. This variation is higher than typical expected differences in cal- 
orimetric studies. 

4.4.4. Pharmacological Research 
Living beings are very tightly regulated systems. This is achieved by many in- 

terconnected multistage regulatory systems with some feedback between them. 
The activation of regulatory systems as well as the reaction of the body to such 
activation needs energy, which is provided as ATP by the energy metabolism. 
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So any influence of drugs on the regulatory system will cause some changes in 
the energy metabolism, which might be detectable by calorimetry, if they are 
large enough. 

A calorimetric experiment was performed on rats, that have been treated with 
different doses of dexfenfluramine [41,42]. This drug is a releaser and re-uptake 
inhibitor of serotonin, which in fact is a neurotransmitter in the hypothalamus of 
the brain. It is among others involved in the control of eating behaviour, eating 
preferences and activity status. Five groups of rats were given dexfenfluramine 
(dF) at doses of 0, 1, 2.5, 5 and 10 mg/kg of body weight over 12 days. A treat- 
ment with 0 mg/kg contained just saline. This group was used as a control. 
Many different reactions were observed that depended on the dose and time of 
treatment. The rats treated with at least 2.5 mg/kg dF decreased their food in- 
take by 10 to 75 % compared with the control group. The weight gain of the 
group treated with 10 mg/kg was decreased by about 10 %. This caused a lower 
body weight of this group, which was maintained for the whole period of ob- 
servation. This treatment also reduced energy expenditure at increased degrees 
with higher doses (Figure 5). 

Figure 5: Energy expenditure of rats treated with different doses of dF 

EE was reduced from 780 kJ/kg ~ in the control group to 660 kJ/kg ~ in the 
group with the highest treatment. The influence of dF decreased with time. Sur- 
prisingly fat oxidation rate was increased while EE was decreased (Figure 6). 
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Thus most of the remaining energy after the application of dF was obtained 
from fat oxidation. 

Figure 6" Fat oxidation of rats treated with dF at different doses over 12 days 

Pair feeding experiments showed, that the observed results were not only 
caused by decreased food intake but also by central nervous influences. A treat- 
ment with dF also changed the behaviour of the treated rats. Normally rats are 
active at night and inactive at days. After the treatment with dF on the afternoon 
the rats remained inactive for about 15 hours and did hardly eat their food. After 
that period they started to nibble and to be more active. Thus dF also decreased 
the activity status of those rats besides its influence on EE and substrate 
oxidation. 

As a result of research performed by different groups dexfenfluramine was in- 
troduced as a drug for obesity treatment in the USA in 1995. Whole body cal- 
orimetry contributed to this approach. Evidence has been found later for dF 
being involved in generating valvular insufficiency. So in 1997 it was (at least) 
temporarily withdrawn from the market. 
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5. CONCLUSION 

Whole body calorimetry is an important tool for physicians, physiologists and 
nutritionists. The application of calorimetry started about 200 years ago. Its 
theoretical base was established in the last 100 years. The technique of calori- 
meters and calorimetric methods have been largely improved until nowadays. 
Modern whole body calorimeters are very accurate and fast responding instru- 
ments. They reach recovery rates of about 100 + 3 % and a delay of measure- 
ment of as short as 3 min. Two calorimetric techniques are established, direct 
and indirect calorimetry. The former is the measurement of the heat loss of a 
subject; the latter determines the heat production by metabolic processes. This 
gives a deeper insight into the metabolic status of the subjects. So indirect cal- 
orimetry is nowadays more frequently used than direct one. 

Clinical applications are often done using indirect mask calorimeters. These 
types of calorimeters are also preferred by sports and work physiologists. Long 
term measurements are preferably be done in calorimetric chambers or by iso- 
tope dilution techniques. Calorimetric chambers and specialised activity and 
dietary schedules can be used to detect different compartments of the overall 
energy expenditure. This techniques and the use of indirect calorimetry are also 
used to determine the compartments of the energy and substrate balance. These 
results can be used to get a deeper insight into metabolism and its regulation 
processes. This is probably the most important application of whole body cal- 
orimetry in modern physiology. 
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MICROCALORIMETRIC STUDIES OF ANIMAL TISSUES 
AND TIIEIR ISOLATED CELLS. 

R. €3. Kemp and Y. H. Guan 

Institute of Biological Sciences, University of Wales, Aberystwyth, SY23 3DA, 
Wales, UK. 

I .  INTRODUCTION 

The physiological properties and the underlying biochemical mechanisms of 
animal tissues have been studied by calorimetry since the pioneering studies of 
A.V.  Hill ninety years ago [ I ] .  For most of that time: the instrwnents were 
handmade in University workshops and i t  was not until the advent, more than 
thirty years ago, of commercial versions to measure heat flow rate i n  tlie 
inicrowatt range that studies of cells isolated from animal tissues became 
relatively cotninonplace. Much of this can bc attributed to the simple and 
accessible range of tioat conduction inicrocalririmeters designed by Wads0 121 
and manufacturcd i n  Sweden. As will bc seen i n  this chapter, the instruments of 
several other Companies have also been employed and the properties of a11 of 
thein are stated in a chaptcr written for Volume I of this Handbook [ 3 ] .  T ~ L I S ,  
this aspect of the c.aloriinetric studies will only be touched upon when it is 
necessary to draw attention to the advantages of a specific type of instrument for 
a particular kind of investigation. 

It  is sufficient to write at this stage that there are two main types of heat 
conduction calorimeter [ 3 ] .  One is the batch instrument, in  which either a vessel 
containing the experimental inaterial is inserted into the measuring chamber 
(sometimes called ampoule drop) or a substance is iniroduced to a vessel fixed 
within the instrument. usually by a titratioii pitnip. The other i s  the flow type i n  
wliicli the inaterial is pumped by peristalsis from an outside container through 
transmission tubing to the measiiring vessel. The choice will depend on the 
nature of both tlie biological sample and the required inforination [4]. In brief, 
tissues and organs are usually studied in stirred or iinstirred batch vessels, 
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sometimes with perfusion. The cells freshly obtained by dissociation from such 
sources or cloned to form cell lines, are, by their very nature, "sticky" and most 
appropriately grown adherent to a suitably treated surface. This is usually an 
insert to the vessel, a Petri dish or a tenterframe, or a stirred suspension of beads 
that acts as a substratum. Such a suspension can be pumped through a flow 
vessel but it is more common for this procedure to be adopted for cells adapted 
to grow in suspension, usually for pharmaceutical use in a bioreactor. Details 
will be given in the appropriate Sections of this Chapter. 

By its very character, a handbook is intended to be a companion to the 
scientist at the bench and not a comprehensive review of the work that has been 
done in the field. For this the reader is guided to the many articles available in 
the literature (see, for instance References [5-11]). For the incontrovertible 
reason of the greater expertise held by another, calorimetric studies of the cells 
constituting blood tissue will be neglected in this chapter in favour of Monti's 
contribution to this Volume. It is worth bearing in mind, however, that much of 
the technical information given in the present chapter is highly relevant to work 
with blood. It should also be accepted that one of the disadvantages of the 
traditional calorimeter, compared even to the age-old Warburg respirometry, is 
the relatively slow throughput of data. This is a particular irritation to the 
Pharmaceutical Industry in which competitive pressure has resulted in the 
adoption of combinatorial chemistry techniques with the many resultant 
substances requiring biological assay on 1536-well microtitre plates! The 
response must be to shape thermosensitive devices into such multiplexed 
detectors [ 12,13] and/or to resort to thermal imaging [14]. For these studies and 
for many using conventional calorimetry, it is suffice to know that living matter 
produces heat but for the most penetrating investigations in physiology, it is 
important to appreciate the nature and sources of heat production. 

2. T H E R M O D Y N A M I C S  

Most calorimetrists (even biologists!), and those aspiring to be so, have a 
knowledge of classical thermodynamics in which the system is at equilibrium 
[15,16]. It is unnecessary, therefore, to elaborate on the fundamental relationship 
between the changes (A) in the states of Gibbs energy (G), enthalpy (H) and 
entropy (S), 

A H  = A G + T A S  (1) 

It is axiomatic, however, that living systems are not at equilibrium and therefore 
cannot be described completely by classical thermodynamics. In the strict sense 
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then, non-equilibrium thermodynamics (NET) is required [17], though it is by 
no means certain that, at the level of direct and indirect calorimetry, analysis of 
the data using the principles of the classical laws, gives the wrong answer. The 
extensive research and data analysis done by Battley on the energetics of 
growing microorganisms was seemingly very successful using only equilibrium 
thermodynamics (see for instance References [18,19]). For these experiments, 
he made sure there was a closed system even for gaseous exchange. In life on 
this planet and in the experiments of most researchers, the living system under 
examination is open to the exchange of energy and materials; 
thermodynamically this is an open system. All living material is growing or at 
least it is synthesising new macromolecules in a renewal process. When 
undertaking in vitro experiments on an open system, it is necessary to define its 
thermodynamic boundary and then do the calculations within this constraint, 
having described the parameters [20] (see also Duboc et al., this Volume). The 
boundary or control volume [21 ] can be the vessel alone in batch calorimetry but 
in a flow instrument it usually includes the reservoir or culture vessel/bioreactor 
acting as the source for the living material. 

The irreversible process of growth and renewal requires energy, a relatively 
small amount of which is stored in the accumulation, replacement (recycling) 
and structuring of matter [22]. The rest of the energy is expended on maintaining 
the physiological state of the cell [23]. For all cells this includes performing the 
internal work concerned with the functions of the cytoskeleton, such as 
intracellular vesicular transport. In muscle cells, there is also the predominant 
external work involved in periodic contraction. For all these processes, cells 
consume substrates that, in terms of energy analysis, possess the high quality, 
useful Gibbs energy. During the energy transformations required for 
maintenance and contractile activity (internal and external in the case of 
muscle), the quality is decreased and the remaining energy is dissipated as heat. 
With the notable exception of muscle, the differential amount of work (dW)  in 
animal cells is usually small and the energy conservation in biomass 
accumulation may be modest. Thus, in terms of irreversible thermodynamics 
[24], the growth of non-muscle cells can be said to be a dissipative rather than a 
completely irreversible process, dD [25], 

d G = d W + d D  (2) 

In these terms, the dissipated energy is related to the differential change in heat 
by, 

dQ = dD + dB (3) 
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where dB is the bound energy which is the change in entropy times the absolute 
temperature ( d B =  TdS). Equation (3) is recognised in the following form in 
relation to the rate of change in enthalpy, dH [25], 

dH = dG +dB (4) 

Thus, the growth rate of animal cells can be measured using calorimetry when 
the absolute magnitude of the molar bound energy is small. It is important to 
realise, however, that it is coupled processes that lead to growth. In terms of 
Gibbs energy, this is the coupling of exergonic fuelling reactions (catabolism) to 
endergonic biosynthetic reactions. Gibbs energy is the driving force generated 
and dissipated by these reactions, i.e. it sustains the redox process of growth (see 
Duboc et al. in this Volume). 

The key to understanding the information that is obtained from calorimetry 
lies in two crucial points. First, inherent within its design, a heat conduction 
calorimeter measures the rate of heat flow ( r  = dQ/dt, Watts, W). In other 
words, it gives the kinetics of the process. Secondly, this flow can be regarded 

as the rate of thermal (th) advancement, dthr in the energy transformations 

[26]. Advancement, or the extent of reaction as it is also known, is an important 
concept in energy transformation because it is explicit to the stoichiometric 
coefficients, v;, of the of the i-th species in the reaction. In the case of a reaction, 

advancement, d~ B , is, 

d~E , = dn, v,-' (5) 

where dn, is the change in the amount of a reactant or a product, i and the 

subscript B denotes [v~[- 1. Therefore, d~: B is side-independent. 

"Metabolic activity" is a convenient expression for the rate of advancement of 
a reaction in living cells, d~: B/dt,  or its flux when the rate is expressed as being 

specific to mass, (1/x)(d~B/dt), where x represents the amount ofbiomass). The 

thermal advancement of energy transformation, dth~:, is related to d~B by the 

expression, 

dth~= v. AHB,,d~B (6) 

where AHR,, is the molar enthalpy of the reaction system in terms of species i. 

The change in thermal advancement, dth~, is exactly equivalent to the more 
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Equation (6) can be exploited in a variety of ways that will be demonstrated i n  
this chapter, not least in tlie enthalpy balance approach (see Section 5.2.4). For 
this method, i t  is necessary to have tlie following information: (i) tlie 
experimental reaction flux, J , ,  (mol s-’ in-), 

J , ,  = d& /xd/ (7) 

is obtained for each species in a clieinical reaction; and (ii) tlie calculated molar 
reaction enthalpy, AHl3 (J tnol-’), is found using the tnolar enthalpy of 
formation for each species i ,  that is, 

AH,, = c “1 

I 

Ry combining Equation (7)  and Equation (S), llie resulting reaction cnthalpy 
flux, . I I I ,  (W 111 ‘1 is given by, 

where .In is the reaction molar flux (mol s-’ per amount of biomass). , J l ,  is 
directly comparable to tlie experiinentally measured (scalar) heat flux, J0 . From 
this, it can be appreciated that lieat flux gives tlierinodynamic information as 
well as kinetic data. This is tlie great advantage of studies with heat conduction 
calorimeters. 

Although in thennochemical tcrms, inetabolic activity, d el, /xd/ , can be 
expressed using equation ( 5 )  and equation (6), its meaning i n  t e r m  of the 
bioclicinical pathways is essentially concerned with [lie rate of ATP turnover 
[22]. Under tlie steady or quasi steady state conditions of cells growing in good 
environmental conditions in vivo or in vitro, the endothermic ATP generation 
(supply) is tightly coupled to the exothermic ATP utilisation (demand). Thus, 
under these stable conditioiis, the ATP cycle has a net enthalpy change of zero. 
Furthermore, the catabolic process is coupled to ATP supply and tlie ATP 
demand is coupled to the anabolic process that, under aerobic conditions, has a 
very sinall overall enthalpy change [27]. These considerations essentially mean 
that lieat flux is a reflection of catabolic flux. This is the understanding of 
“inetabolic activity” i n  the bioclicriiical sense. 
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3. REASONS FOR SYSTMATIC ERRORS IN CALORIMETRY 

Experimental animal physiologists will understand the need for the 
appropriate environmental conditions to obtain the correct data. Of course, this 
imperative extends to studies undertaken with living material. Some of the 
attraction of the modem calorimeter is the low detection limit, often associated 
with a high degree of sensitivity [3]. However, these attributes reinforce the 
need for careful experimentation to eliminate systematic errors. The well-known 
virtue of heat measurements is that all sources are registered, even under 
conditions that preclude optical measurements. This is also a major cause of 
error, however, because all the types of side-reaction are registered and, because 
there is no heat "spectrum", these can be indistinguishable from the heat of the 
chosen system. It is vital, therefore, to make a careful experimental design, 
bearing in mind the following non-exclusive list of possible error sources. Some 
errors are peculiar to specific types (batch/flow) and makes of calorimeter. 

3.1. Physical environment 
The list of possible physical factors in this Section is brief because many of 

them are peculiar to individual designs and then have been well documented by 
Wads6 [28,29]. Two important general aspects must be drawn to the attention of 
the inexperienced user. 

3.1.1. Conditions that cause tissue~cell damage 
Commercial batch and flow calorimeters are mainly designed and built for 

physicochemical studies. It is essential, therefore, for investigations of living 
matter in its bathing medium to ensure that the vessels are made of compatible 
materials. For instance, cells and any protein in the medium may stick to glass 
and not be removed or be precipitated in a washing procedure. The use of a 
silicone coating is recommended in this case. It is also important to check on the 
possible interaction of bioactive chemicals added to the living system to elicit a 
specific response. As an illustration, although gold might be considered the ideal 
material for a calorimetric vessel, it has been found that the cardiac glycoside, 
ouabain, is adsorbed to it and continues to act, even after thorough washing. 

There are a number of problems specific to flow calorimeters arising from the 
fact that they have been designed in the first place for studying the thermal 
properties of pure chemicals. The vessel is generally fabricated from 24-carot 
gold [3,28] but the transmission tubing to and from it can be of different 
materials, both metal and plastic. This requires the formation of several joints. 
While this apparently causes no problems for the circulation of yeast [30,31] and 
the normally non-adherent blood cells (see Monti in this Volume), the unions 
together with the coils of the upward flow vessel act as sites for blockage by 
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tissue cells [10]. In the Thermometric TAM flow calorimeter, this problem was 
partly alleviated by changing the flow from upward through the vertical, 
measuring vessel to downward [32] (see Figure 1). The only way to deal with 
the joints, however, was to eliminate them. 

ampoule lifter 

Water bath 

sealed ampoule 
at equilibration 

position 

reli:rencc cup 

PEEK tubing 
sample flow 

.. Viton tubing 

, Tcflon tubing 
~ -  Lid 

metal tube 

newly installed PEEK 

tubing heat exchanger 

" fixed gold heat exchanger 

electrical 
calibration 
_ r e _ _ _ s i s t o ~  l"low vessel 

Peltier elements 

heat sink 

Figure 1. The standard Thermometric flow microcalorimeter has been modified 
for downward flow through the measuring vessel which consists of gold tubing 
wound round the standard cup of the batch microcalorimeter. With the changed 
flow direction, it was necessary to install a new heat exchanger. This is simply a 
coil of PEEK tubing (1 mm I.D.) inserted between the lid and the cup. The 
previous gold heat exchanger is retained downstream of the measuring flow 
vessel. The reference cup normally contains a sealed ampoule that is not moved 
when the instrument is in regular use (Reproduced from Reference [32] with 
permission). 
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Figure 2(A). A pictorial representation of the new flow module for the 
Thermometric 2277 Thermal Activity Monitor. The section labeled by A-A is 
illustrated in Figure 2(B). 
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Figure 2(B). A sectional view of the layout of the thermal detector in the new 
flow module for Thermometric 2277 TAM. The vertical position of this section 
is labeled in Fig. 2(A) as A-A. (Reproduced from Reference [33] with 
permission). 

There was an added incentive to simplify the transmission lines because an 
increasing number of cell cultures consist of adherent cells carried on beads. In 
order to use a flow calorimeter to monitor their heat production, the transmission 
tubing and flow vessel needed to be wide bore. These requirements stimulated 
the design and construction by Thermometric AB of a flow module optimised 
for use with cells originating in solid tissue [33] (see Figure 2). High quality 
stainless steel was used because of its malleability, low reactivity and negligible 
gas permeability. For thermodynamic studies in which the boundary of the open 
system must be considered, changes in gas composition from the use of, for 
instance silicon tubing, must be eliminated to allow a correct interpretation of 
the results (Section 5.2.2). 

The pumps required for flow calorimetry have to be carefully considered 
because they can be sources of error. Accentuated or irregular pulsing can cause 
severe baseline perturbation and the pump rollers can damage the cells. The 
choice of flow rate is crucial for several reasons. If it is too fast, heat will be 
carried away from the measuring vessel in the distal transmission tubing. If it is 
too slow, then there may well be problems of cell sedimentation and oxygen 
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deprivation leading to sub-normoxic conditions. If the cell suspension is pumped 
at an inappropriate linear flow velocity, this may cause trauma to the cells. In the 
customised flow module described above (Figure 2), this was one of the major 
design considerations. 

It is more common to use batch vessels for cellular studies possibly because 
such calorimeters are available in greater numbers. In early studies, cells in 
suspension were simply placed in an unstirred batch vessel. The heat effect was 
measured as the cells sedimented on top of one another ("crowding" e f fec t -  see 
Section 3.2.1) and formed an adverse microenvironment with decreasing oxygen 
tension, resulting an increasing concentration of toxic products (see for instance 
Reference [34]). It is essential that suspended animal cells are stirred but even 
this can lead to systematic errors according to the type of stirrer and the speed of 
gyration [29]. 

For studies of anchored cells, modifications need to be made in many cases. 
For instance, cultures on tenterframes [35] have been inserted into the 100-cm 3 
batch vessel of a Calvet calorimeter [3] and glass plates with cell monolayers on 
them have been stacked in the ampoules of a Thermometric BAM instrument 
[36]. In one recent case [37], the stirrer blades of a Thermometric perfusion 
vessel were modified to act as monolayer plates. It would seem preferable these 
days to attach the cells to beads that are suspended in a stirred ampoule (see for 
instance Reference [38]). 

3.1.2. Inaccurate~non-existent electrical and chemical calibration 
Because it is in the Manuals of commercial instruments, it is well recognised 

these days that electrical calibration using the Joule effect must be carried out on 
a regular basis. What is not so well appreciated is that all vessels must be 
chemically calibrated using a suitable reaction. Biological processes are slow 
and Wads6 [28,29,39] has long advocated using the slow, imidazole-catalysed 
hydrolysis of triacetin for this purpose (see Reference [3]). This seems to have 
fallen on deaf ears for, apart from a study of the kinetics of the reaction in a 
simple unstirred ampoule [40], there are no reports of the experimental 
calibration of the vessels used in tissue/cell investigations. It was a surprise, 
therefore, to find that the conventional TAM flow vessel with the recommended 
maximum flow rate of 35 cm 3 h -~ had a thermal volume of 0.77 cm 3 as opposed 
to its physical volume of 0.6 cm 3 [32]. Larsson et al. [31] pumped an aerated 
yeast suspension at 90 cm 3 h -~ through the same type of flow vessel as just 
described and obtained good enthalpy balance data. It is suspected that the 
"cooling" effect of the fast pumping rate compensated for the thermal 
overestimation. The thermal volume (1.05 cm 3) for the customised 
Thermometric flow module described in Section 3.1.1. was close to the nominal 
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volume of 1 c m  3 a t  100 cm 3 h -I pumping rate [33] but there is some evidence 
that different flow rates give altered values [41]. In other words, flow 
calorimeters must be chemically calibrated at the pumping rate used for the 
experiment. 

Preliminary data for a stirred Thermometric perfusion vessel indicate the 
same necessity [41 ]. A 1-cm 3 aliquot of triacetin mixture in a 3-cm 3 sealed glass 
ampoule had a thermal volume of 0.998 c m  3. This compared favourably with the 
previous results obtained elsewhere [40]. A perfusion vessel with the same 
spacial volume of the calibrant stirred at 30 rev min -1 had a thermal volume of 
0.81 cm 3 but at 90 rev min -~ it was 0.99 cm 3. 

3.2. Physiological environment 
3.2.1. Oxygen tension 

It is often not realised that oxygen is a hydrophobic gas with a 
consequentially low solubility in water (210.2 gmol dm -3 in air-saturated pure 
water [42]). It is even less soluble in physiological solutions because the salting 
out effect reduces solubility considerably and sometimes by more than 10%, 
depending on the complexity of the medium. This is particularly important in 
closed vessels and especially in those without an air space. It is also a 
contributory cause of hypoxia and the progression to anoxia in excised tissues 
and cell suspensions. There is a decrease in specific heat production with 
increasing sample size that is known in both direct and indirect biocalorimetry 
as the "crowding effect". This has been mathematically modelled for tissue 
biopsies by Singer et al. [43] - see Figure 3. The same phenomenon occurs in 
unstirred layers of cells (see for instance Reference [34]) in which the 
physiological conditions in the interstices between them are so poor in terms of 
low oxygen tension, inappropriate pH, high ammonia concentration, etc., that 
they cause a decrease in metabolic activity [44]. 

3.2.2. pH 
Tissues and cells originating in the homeostatic conditions in tissues cannot 

tolerate a pH outside the range of 7.2 + 0.2 without deleterious effect. Besides 
the physical effect, it has been shown in several papers from Wads6's laboratory 
(see for instance References [45-47]) that the heat dissipated by cells is very 
sensitive to changes in pH (see Figure 4) and, at least for T-lymphoma cells, it 
peaks in the above range (see Figure 5). B~ickman [46] indicated that pH- 
dependency was common to many cell types but that they varied in the degree of 
it. This phenomenon included erythrocytes that have no mitochondria and so it 
was reasoned that the changes in bulk phase pH affected glycolysis [45], 
presumably by altering cytosolic pH through the Na +, IT exchange in the plasma 
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membrane [48]. One of the reasons why lactate is so harmful to cells [4,22,44] 
could be that it lowers the pH of the medium when excreted from t h e m -  
negative feedback. 
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Figure 3. Influence of the sample size on the metabolic rate (crowding effect). 
(a) Whereas a small biopsy is completely aerobic, a large tissue slice consists of 
an an aerobic shell and an anaerobic core. (b) Thus, with increasing sample 
radius, the heat output per unit of volume shows a sigmoidal decrease from the 
higher aerobic to a lower anaerobic level. When plotted on log scales, the steep 
portion of this transition fits a linear regression. Both the critical depth of tissue 
aerobiosis (100/an)  and the relationship of anaerobic to aerobic metabolism 
(1:10) are rough assumptions (Reproduced from Reference [43] with 
permission). 

3.2.3. Temperature 
It may seem obvious that cells from warm-blooded animals should be 

maintained at 37 ~ but the importance of so doing is nicely illustrated by 
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Figure 4. Influence on the heat flow rate value of changes in the pH of a 

suspension of T-lymphoma cells. P'/P is the quotient between heat flow rate 

values determined at the indicated pH value ( P ' )  and that determined at pH 7.20 
( P )  (Reproduced from Reference [45] with permission). 

B~ickman [46] and depicted in Figure 6. The specific heat flow rate (heat flux) of 
T-lymphoma cells varied considerably between 25 ~ and 42 ~ (Figure 6a) with 
a pH-corrected, temperature dependence at 37 ~ of-~1 pW/~ (Figure 6b). 
Although temperature is easily controlled in calorimetric experiments, a problem 
may arise in comparative studies. In this case, some of the results may be 
obtained under less stringent temperature control, for instance in biochemical 
analyses. In the case of T-lymphoma cells, B~ickman [46] recommends that the 
temperature control for these ex situ experiments should be within 0.1 ~ of the 
calorimetric value. He then plotted heat flux against 1/T (Figure 6b). Based on 
the similarities between this plot and an Arrhenius plot, an apparent activation 
energy (E'a) was  calculated from the slope between 25 ~ and 37 ~ and found 
to be 87 kJ mol -~. There was a rapid decline in the value of E'a at temperatures 
above 37 ~ Although it may not be possible to relate to the activation energy 
of some specific rate-limiting step, there is remarkable linearity. 

3.2.4. Osmotic pressure 
When reading the Materials and Methods section of papers, it is frequently 

noted that calorimetric data were obtained for cells in simple, hypo-osmotic 
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media. While this may be acceptable for very short periods, it is essential that 
the incubation medium remains iso-osmotic in the range of 260-280 mOsm for 
experiments lasting longer than a few minutes. 
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Figure 5. The heat flow rate per T-lymphoma cell, P~r as a function of the 
medium pH (Reproduced from Reference [46] with permission). 

3.2.5. Substrates 
Careful thought should go into choosing the medium to use for calorimetric 

experiments on tissues and cells. In essence, it is the catabolic process coupled 
to the ATP cycle that is measured by this technique (see Section 2). Therefore 
the choice of substrate(s) will affect the rate of heat flow and the amount of a 
particular substrate will determine the duration of a particular quasi steady state. 
Cells can be maintained for a considerable period on a simple, glucose- 
containing physiological solution but most cells do not actually grow without 
the amino acid glutamine. This is a vital precursor for nucleic acids and can also 
act as the amino donor in the de novo formation of other amino acids and amino 
sugars [49]. Glutamine can also be oxidised to provide energy for the cell 
[44,50]. In many cases, oxidation is only partial and lactate is an end product. 
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Figure 6. (a) Changes in Pce,, as a function of temperature. (b) A plot of In Pce, 
vs. lIT based on the values in Figure 6(a). All values are corrected to pH 7.2 
using the results from Figure 5 (Reproduced from Reference [46] with 
permission). 

In order to simulate body fluids, tissues and cells are often incubated in the 
presence of serum. This provides a wide variety of micronutrients, hormones, 
growth factors and co-factors as well as fatty acids bound to, or part of, serum 
proteins. These are all essential for long term growth but, packaged in unknown 
amounts as components of serum, they cause culture variability and render it 
impossible to conduct precise thermobiochemical calculations in, for instance, 
the enthalpy balance method (see Section 5.2.4). Serum is also the most 
common source of mycoplasma infection. For these reasons, it has been 
replaced by complex, defined media with specified amounts of constituents for 
the growth and production of heterologous proteins by genetically engineered 
cells and hybridomas (see Section 5.2.5). A further advantage of a defined 
medium has become apparent in recent years in that the composition can be 
adjusted rationally in order to optimise cell growth and protein production (see 
Section 5.5). 

All the factors in this section will affect the metabolic activity and, 
consequently, the heat flux (see Reference [44,51]). 

3.2.6. Waste products 
The major catabolic products that are toxic to isolated cells or those in tissues 

are ammonia [52] and lactate [53], the by-products of glutaminolysis [54] and 
glycolysis. Uniquely, glutamine has two amino groups and the ammonia arising 
from the degradation of the amino acid has adverse effects on intracellular 
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organelles, cytosolic and lysosomal enzyme activity and vesicular transport. It 
diffuses freely across the plasma membrane and the intracellular membranes in 
the unprotonated form and, amongst a range of deleterious consequences, it 
affects the post-translational glycosylation process in the formation of 
glycoproteins. This is an important consideration for those manufacturers 
producing recombinant proteins. It is well established that this amino acid is 
thermolabile and that it decays rather quickly at 37 ~ The ammonia diffuses 
into the cell and it adds to the amount arising from the conversion of glutamine 
to glutamate during the transport of it through the plasma membrane [44]. 
Hence, there is a search for more stable forms of the acid, such as the dipeptides, 
GlutaMAX TM I and II (GibcoBRL-  Life Technologies Ltd., Paisley, PA4 9RF). 

Lactate is freely transported from the cytosol through the plasma membrane 
to the environment where it decreases the bulk phase pH. This is one of the 
reasons why a Mycoplasma infection, so dreaded by those who culture cells, is 
harmful to them. These organisms are glycolytic "engines" [ 10] and adhere to 
the cell surface, pumping out lactate in relatively large amounts. 

3.2. 7. Size 
The heat flow rate is an extensive quantity. For comparative studies or those 

in which heat is only one of the chosen variables, it is essential to make the 
measurement specific to the size of the system. In classical Monod terminology 
for microbial growth, this would be called the specific rate. The term for size 
specificity in the field of bioenergetics, however, is "flux", J. For living cells in 
suspension, size is usually equated with volume, V. On the other hand, size is 
usually expressed as mass, m, for cells in monolayer and for excised 
tissues/organs. It will be noted that, in both cases, the denominator is a cubic 
expression and thus they are the scalar fluxes. This term should be expressed as 

J = d Q / d t  V -~ in terms of volume. There are techniques available to measure 
the volume of cells. These can be classified as on-line, that is in the culture 
vessel, including laser nephalometry [55] and dielectric spectroscopy [56]; and 
the more familiar off-line techniques of Coulter counting and flow cytometry 
[57]. These assessments of volume are directly related to mass providing the 

mass density is constant, p = m / V  [44]. This may not be the case at different 
phases of the cell cycle and it is affected by the osmotic pressure of the medium 
(see Section 3.2.4). For measures of the mass of tissues and their biopsies as 
well as for organs, wet or preferably dry weight or protein content is used, 
whereas the latter is almost ubiquitous for estimating the mass of adherent cells. 
It is not known which of the two measures, mass or volume, most closely 
reflects metabolic activity, but the closeness of the relationship probably 
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depends on the cellular location of the predominant catabolic pathways, the 
cytosol (e.g. red blood cells) or the mitochondria, for a particular cell type. 

Kleiber [58] originally showed that the oxygen flux of animals decreased with 
the increasing size of them. This Rule was shown to apply to the direct 
calorimetric data for Vero cells growing on Cytodex 1 beads in a stirred vessel 
[38]. As will be seen in Figure 7, the low value of the weight exponent (0.4) 
reflects a very marked influence of cell size on the metabolic flux, expressed as 
per unit protein [59]. Thus, cell number concentration may be an important 
factor in determining the value for the heat flow rate. In general, as cells become 
confluent on the substratum, exemplified in the above case by the surface of the 
solid beads, there is a declining rate of cell growth. This is because, after 
division, daughter cells exhibiting contact inhibition of growth are arrested in 

early G~ phase while they are still small and then become "resting" cells (G o ). 
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Figure 7. Double-logarithmic plots of cellular heat flux (a) and protein mass per 
cell (b), both of them as functions of protein mass per cell, Wp. Vero cells grown 

on microcarriers at 37 ~ and pH 7.2 (original data from Reference [38]) 
(Reproduced from Reference [59] with permission). 

One of the properties of cancer cells in vivo is that they have escaped the 
contact inhibition of growth. This is retained in cells dissociated from tumours 
and grown in vitro. Instead of ceasing to grow on contact, cancer cells grow over 
one another and form layers that, in the example of human renal carcinoma cells 
[43], reflect the increasingly anaerobic conditions by having a reduced heat flux 
(see Figure 8A and Section 3.2.8). As predicted in the mathematical model 
discussed earlier (see Figure 3), Singer et al. [43] also showed that Kleiber's 
Rule can apply to explanted tissue samples (Figure 8B). For liver, the heat flux 
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increased with decreasing sample size apparently because the condition in the 
larger explants was more anaerobic than that in the smaller, "biopsy-like" 
samples. There is evidence that anaerobic glycolysis is the reason for the 
decrease in metabolic activity, at least in lymphocyte hybridoma cells [60]. 
Reworking the direct and indirect calorimetric data for unstirred cells (see 
Figure 9) showed that the calorimetric-respirometric ratio (CR r a t i o -  see 
Section 5.5) became more negative, f rom-570  kJ mol -] O2 t o - 7 7 0  kJ mol -~, 
with increasing cell density. Thus, it is likely that the apparent agreement with 
Kleiber's Rule in some cases is due to adverse environmental conditions rather 
than to an allometric relationship per se [44]. 
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Figure 8. (A) Influence of sample size on the heat output per cell in a suspension 
of human renal carcinoma cells. Note that it decreases with increasing cell 
number. This may be expressed by a continuous transition from aerobiosis in a 
"monolayer-like" suspension to increasingly anaerobic conditions in a 
"crowded" ampoule. (B) Influence of sample size on heat output per unit dry 
weight (dw) in rat liver tissue samples. It increases with decreasing sample size. 
This is apparently due to a continuous transition from mainly anaerobic 
conditions in large tissue slices to an increasing amount of aerobiosis in 
"biopsy"-like" samples. The two curves complement each other giving a 
sigmoidal relationship, whose steep portion fits a linear regression when plotted 
on log scales (Reproduced from Reference [43] with permission). 
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Figure 9. Relationship between the heat production and the oxygen consumption 
(n = 11) in lymphocyte hybridoma cells (Reproduced from Reference [60] with 
permission). 

3.2.8. Metabolism 
It has already been established that heat flow rate is a manifestation of the 

catabolic process on its own (see Section 2). Thus, one needs only to consider 
respiration- namely, the citric acid cycle and oxidative phosphorylation - the 
pentose phosphate pathway (PPP), fl-oxidation of fatty acids, glycolysis and 
glutaminolysis. With the exceptions of glycolysis, the PPP and some of the steps 
in the catabolic degradation of glutamine, these pathways are mitochondrial and, 
thus, do not take place in, for instance, blood cells without mitochondria. In the 
erythrocytes, the demand for ATP is met by the reduction of glycolytic pyruvate 
to lactate. In the phagocytic white blood cells, NADPH is required for the 
formation of the oxygen metabolites that kill the microbes responsible for many 
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infections. This is produced from glucose by the PPP with the pyruvate being 
completely oxidised to give the same enthalpy change as for the respiration of 
this substrate, according to Hess's Law. Without any of the side-reactions that 
occur because the overall reaction takes place in the cellular physiological 

environment, the molar (m) reaction enthalpy of glucose oxidation, AH m is 

-2814 kJ mol -~. Cells deriving ATP from glycolysis alone consume 16 times 
more glucose than those obtaining it by oxidation, but produce less heat per mol 
ATP. To illustrate the point for cells incubated in a glucose-containing, 
bicarbonate-buffered medium [44], it is necessary to assume an ATP 

stoichiometric coupling coefficient in glucose oxidation (VAvp/~c). The classical 

textbook value is 36 tool ATP per mol glucose (glc) but there is an estimate as 
low as 30 [61]. The most convincing calculated value, however, is that of 
Beavis, 33 [62]. In the given example, the stoichiometric coefficient for ATP 
coupling in glycolysis is 2, the molar reaction enthalpies were calculated from 
Wilhoit [63] and the heats of neutralisation were taken from Gnaiger and Kemp 

[64]. Then, the heat yield for ATP by the oxidation of glucose is -3044/33 = 

- 92.2 kJ mol ~ ATP and that by glycolysis is - 161/2 - -80.5 kJ mol ~ ATP. 

3.2.9. Growth 
For populations of cells in vitro, growth implies an increase in density 

(number concentration). Cells from normal (non-cancerous) tissues mimic their 
antecedents in the tissue. They only divide and grow until the onset of the well- 
known phenomenon of contact inhibition. Thus, most of the cells in tissues in 

vivo and in confluent monolayers in vitro are in the cell cycle phase of G o . This 

is a homeostatic mechanism to regulate the size of tissues and organs. The 
exceptions in the body are the stem cells that are continuously renewing 
epithelia and some tissues, for instance blood tissue, and certain other cells that 
maintain cell numbers in the tissue by duplication. Explants from these 
tissues/organs simulate wound healing and the cells constituting them grow out 
from the bulk. In such cells, as with freshly sub-cultured cells in vitro, the 
molecular mechanism of the cell cycle must be re-assembled before the cell can 

resume the growth that is characteristic of the G~ phase. This is one of the 
principal reasons for the lag phase in the growth of animal cells in culture. 

The cells in primary and secondary tumours as well as their descendants in 
culture have lost the mechanism causing contact inhibition. Thus, they 
continually grow and divide, overwhelming other tissues in vivo and forming 
multiple layers in culture dishes. Actively growing normal and cancerous cells 

have a higher metabolic activity than those that are in G o phase or have 
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differentiated and can no longer undertake growth and division. Most of these 
cells only require ATP for maintenance purposes whereas those in growth are 
synthesising considerable amounts of biomass and undertaking the energetically 
demanding process of cell division. Much of tlie ATP irtilised by cells is in 
protein synthesis, and this requires approximately 4-5 ATP molecules per 
peptide bond. 

4. TISSUES/ORGANS 

The greatest amount of work in this field has been done on the heat 
production of striated tnuscle starting with the pioneering stiidies by A.V.  Hill 
that began nearly 90 years ago [I]. It continued in his hands for more than 50 
years [65] and then passed to others [5-71. Smooth and cardiac iniiscle received 
comparatively less attention t i l l  recent times. The reverse is true of lieat 
dissipation in  nerve cells in wliicli there was some remarkable early work [ S ]  
and little in later years. Afier wine intcresting liindainenial stiidies on tlie heat 
outpiit of other tissues earlier this century 161, tlie more contemporary studies in  
this area have been stiiniilated by the need to know aboiit the physiology of 
medical conditions, including cancer (see for instance Reference [66]). 

4.1. Muscle 
-1. I .  1. Sll.ruled llllwcle 

The basic facts about heat production in  striated muscle have been known for 
some time [7,65]. Althoiigli some of  the crucial data lias been obtained using 
calorimeters, i t  must be said that many results were obtained by inserting 
tlierinopiles into the inuscle tissue in  vitro [65]. This technique is more highly 
sensitive than caloriinetry and has a rapid response h e  biit it cannot be used 
while the tissue is immersed in a solution [6]. By use of thermopiles, i t  is 
known that the heat flow rate of striated iniiscle during contraction is 100 to 
1000 times greater than at rest. This initial heat lasts for a few seconds and is 
followed by a recovery period of up to an hour during which there is the 
continuous prodriction of a sinaller amount of heat. Then, the heat flow rate 
returns to that of the resting condition. Unlike in yiirely chemical reactions, a 
considerable ainorint of work is done by this contractile system. I n  order to 
account for the erithalpy of the heat and the external woi-k, 11, in terms of the 
chemical reactions, therefore, a inodified foriii of Equation (8) inust be used, 

H = C !I; Ah, 
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where n, is the number of moles of reaction i. In this way, it was shown that 

much of the initial heat was derived from the tightly coupled conversion of the 
phosphogen, creatine phosphate to ATP to give the energy for the contraction. 
During this process, the external work was done on the system [7]. The amount 
of heat produced was independent of whether the muscle was under normoxic or 
anoxic conditions. It was during the second, longer phase of lesser heat 
production that the degree of oxygenation became important because this was 
when the level of creatine phosphate was restored to normal using ATP 
synthesised by the catabolic pathways. Normally, the supply and demand for 
ATP is tightly coupled but dominating this transient period is the endothermic 
(and endergonic) process of phosphorylating ADP and creatine (43 kJ mol - l -  
see Reference [25] and also Section 5.5) by harnessing the catabolic process. 
This means that, during this period of restoring the steady state, an enthapy of 6 
x 43 - 258 kJ is metabolically conserved in fully coupled net phosphorylation 
for each mol of oxygen utilised in the respiration of glucose. This increases the 
enthalpy change for fully uncoupled respiration from maximally -469 kJ mol -~ 
to -211 kJ mol -~. 

Making an account of the chemical reactions by the enthalpy balance 
approach during the contraction-relaxation cycle failed to explain all the sources 
of the heat [67]. In frog sartorius muscle, for instance, the unexplained heat was 
21% of the total produced during isometric tetanic contractions at 0 ~ [68] (see 
Figure 10). To consider the source of this unexplained heat, it must be recalled 
that contraction is initiated by the depolarisation of the sarcolemma spreading to 
the T-tubule system. This causes the Ca 2+ bound to calsequestrin in the 
sarcoplasmic reticulum to be released into the sarcoplasm (cytosol) and bind to 
troponin C [4]. It is the entropy change caused by the movement of the Ca  2+ ions 
that accounts for at least some of the unexplained heat. Another source of it that 
is difficult to quantify accurately is the splitting of ATP in the pumping of Ca 2+ 
ions back to the sarcoplasmic reticulum to mark the end of the contraction cycle. 
The exact stoichiometry of this relationship is not known but it is maximally 2 

2 + ,  ATP per Ca ion. 
The active Na+,K + pump restores the resting potential in the depolarised 

sarcolemma. Thirty years ago, it was thought that this pump made a 
considerable contribution to the overall amount of heat generated during 
contraction. In order to reinvestigate this claim, Chinet et al. [69] designed and 
built a combined direct and indirect calorimeter to measure the heat flow rate 
and the oxygen uptake rate (OUR) of perfused tissue (see Figure 11). It actually 
consisted of four heat conduction instruments and it was commercialised by SL 
Secfroid S.A. (Aclens, Switzerland). The cardiac glycoside ouabain was 
employed to inhibit the Na +, K + ATPase of rat soleus muscle and thus it was 
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Figure 10. This shows the heat + work produced (o) during a 15 sec tetanus of a 
frog sartorius muscle at 0~  and the heat + work that is due to the measured 
PCr splitting (O). The bars show 1 SEM (Original data from Reference [68]) 
(Reproduced from Reference [67] with permission). 

found that the pump only made a small contribution of 4.7% to heat production. 
The authors then calculated that the Gibbs energy transferred to the ions as they 
were transported across the sarcolemma (W) was 0.04 mW g (wet wt.) -~ min -~. 
Using this finding as an example, the overall thermodynamic efficiency, e, [5] of 
the process at steady state conditions is, 

dW/dt 
oc'= ~ A r  G (11) 

d4/dt 

where A~G is the total rate of expenditure of Gibbs energy involved in the 
process. Since the entropy change for substrate oxidation is small compared with 
the enthalpy change [24], the heat flux is approximately equal to the Gibbs 
energy flow rate and so it was possible to calculate the thermodynamic 
efficiency to be 34%. On the premise that the maximum efficiency of the 
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cellular energy conservation process is 65%, it was estimated that the minimum 
energetic efficiency of ATP utilisation by the active Na +, K + transport process in 
mammalian striated muscle is 52%. 

Figure 11. Scheme of one of the microcalorimeters used for the simultaneous 
measurements of 02 consumption and heat production rates in perfused 
preparations. The thermal gradient layers(l) are made of semiconductor 
thermocouples mounted in series on each chamber. The preparation (2) is placed 
near the upstream extremity of one of the 8-cm long tantalum chambers, so that 
most of the heat it produces is transmitted to the surrounding aluminium block 
that functions as a heat sink. The four-way distributor, driven from outside the 
thermostatic jacket by a torsion bar and a pneumatic valve, directs the effluents 
of the preparation chamber and the control chamber to the drain, alternately via 
a jet in front of the O2 cathode (3) or directly (4) every 2 to 5 min. Immediately 
upstream of the calorimeter chambers, the downstream components of the heat 
exchangers (5) are wound together, in co-current, in close contact with an 
extension of the aluminium block (not represented on the drawing) (Reproduced 
from Reference [70] with permission). 
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It is possible, of course, to use direct calorimetry, often in combination with 
the indirect approach (OUR) to investigate the properties of muscle under 
different physiological conditions and in the diseased state. Chinet's group [70] 
found that the slow- and fast-twitch skeletal muscle fibres from the murine 
model of Duchenne muscular dystrophy had a reduced sarcoplasmic energy 
metabolism as measured by the combined direct and indirect calorimeter [69]. 
The possibility that this could be due to diminished glucose availability was then 
examined [71] but was dismissed in favour of decreased oxidative utilisation of 
glucose and free fatty acids, conceivably due to defective mitochondria. 

In recent years, there has been increasing interest in the use of calorimetry to 
study the effects of drugs on muscle biopsies. The first consideration must be to 
establish calorimetric conditions that minimise artefacts. The Thermometric 
family of heat conduction calorimeters [72] was designed with the needs of the 
biologist in mind and the perfusion vessel is suitable for use with tissue samples 
[73]. In its standard form, this vessel has a stirrer but this was replaced by a 
basket to hold the muscle biopsies (Figure 12). The stirring rate was 24 rev/min 
and the medium perfusion rate was 20 cm 3 h -~. As an example of the type of 
experiment that can be done [74], human striated muscle was taken from the 
lateral vastus (proximal thigh) of volunteers given the ,/3-adrenceptor blocker, 
propranolol and of the controls without medication. The calorimetric data 
showed that blockade of the sympathetic ~-receptors decreased muscle 
thermogenesis (see Figure 13) and impaired isokinetic endurance. 

4.1.2. Smooth muscle 
In contrast to striated muscle, there has not been a sustained study of the 

sources of the heat flow rate in the smooth type. Some interesting work, for 
instance on rat anococcyeus muscle [75], has been performed, but the potential 
of calorimetric studies in this respect will be illustrated by the example of 
guinea-pig taenia coli smooth muscle [76]. The strips were chemically skinned 
in a solution based on Triton X-100 and then mounted isometrically on the 
hooks of a muscle holder in the modified titration vessel of a Thermometric heat 
conduction calorimeter (see Figure 14). The holder acted as the turbine stirrer 
and the tissue was incubated in a carefully designed solution containing 3.2 mM 
MgATP and creatine phosphate, pH 6.9. Unlike the striated type, there is only a 
very small phosphogen store in smooth muscle and so the heat flow rate of 
skinned muscle should accurately reflect ATP turnover. 

One disadvantage of skinned muscle is that Ca  2+ m u s t  be added to cause 
contraction. The resulting heats of mixing and binding must be backed off from 
the results. This was done successfully and it was found possible to titrate the 
effects of increasing the Ca 2+ concentration using a Hamilton syringe and also 
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demonstrate the effects on parallel experiments of force generation recorded 
with Grass FT03 force transducers. The results depicted in Figure 15 indicate 
that, as the heat flow rate increased with the stepwise increments in [Ca 2+] from 
pCa 9 to 4.8, the energetic cost of force maintenance tended to increase at higher 
[Ca2+]. After Ca 2+ activation, the forces still increased beyond the point at which 
the heat flow rate had reached its maximum. Skinning eliminated oxidative and 
glycolytic catabolism as well as abolishing any expression of the Ca 2+ pump. So, 
the calorimetric data were consistent with the observed breakdown of creatine 
phosphate. 

Because the chemical environment in skinned muscle is well defined, energy 
balance studies do not lead to "unexplained" heat values [4]. This is not to 
dismiss studies on native smooth muscle. It has been shown [77], for instance, 
that maintenance of tension in the smooth muscle in the pig coronary artery does 
not entail the dissipation of large amounts of Gibbs energy and is not dependent 
on the presence of normal Ca 2+ pools. 
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Figure 12. Schematic representation of some parts of the calorimetric 
equipment: (a) Simple cylindrical calorimetric vessel; (b) a type of perfusion 
vessel; and (c) another type of perfusion vessel with a simplified picture of the 
perfusion vessel inserted in the measurement position (c~), a section through the 

sample compartment (c2), and the sample cage (c3) (Reproduced from 
Reference [73] with permission). 
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Figure 13. Representative measurements of heat flow rate (P) on biopsy samples 
from the vastus lateralis muscle, obtained from one subject before and after 
medication with propranolol. The sample ampoule was inserted into the 
microcalorimeter at ~,, and taken out at ~'. Pm = the mean value during the 
second hour of registration (Reproduced from Reference [74] with permission). 

4.1.3. Cardiac muscle 
There has not been an intensive study to discover all the sources of heat 

production by all the different muscles in the heart. There have been, however, 
many recent papers building on the early work reviewed by Woledge [6] and 
focussed principally on the energetic consequences of lifelong contraction (see 
for instance References [78-80]). Some of them have also illustrated the 
powerful nature of combine direct/indirect calorimetry. In this respect, Chinet et 
al. [81] examined a specific example of the energetics of rat heart papillary 
muscles. It had been thought possible that energy dissipation and the bearing of 
tension during ionic contracture in the myocardium may not result from one and 
the same process. The OUR data were converted by an oxycaloric equivalent to 
being the indirect heat flow rate and compared with the direct calorimetric 
results. These obviously included the anaerobic pathways as well as respiration. 
It was shown that over a 15-rain contracture plus a 45-rain recovery cycle, both 
sets of rates were consistently larger than the basal rate (see Figure 16). During 
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contracture, the direct heat flow rate was higher than the indirect rate by 24% 
and in the recovery by 21%, meaning that the myocardium incurs the maximum 
oxygen debt compatible with complete oxidative recovery. From this result, it 
was suggested that the contracture tension was maintained at low energy cost 
whereas the heat was mainly related to the homeostasis of the intracellular 
calcium. 
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Figure 14. A, the specially modified sample compartment in the Thermometric 
TAM microcalorimeter showing the turbine with the muscle strips attached to it; 
B, the twin heat conduction calorimeter with the insertion vessel and an identical 
set-up without the sample in the reference compartment. Note that the 
calorimeter may be used for titration (Reproduced from Reference [76] with 
permission). 

4.2 .  N e r v e  
Generation of the action potential in a nerve is accompanied by a biphasic 

change in heat flow rate, the first is exothermic and the second is endothermic 
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(Figure 17). For a crab non-myelinated nerve, the initial exothermic heat after a 
single impulse was found to be-11 .7  mJ g-~ and the subsequent endothermic 
heat was + 10 mJ g-~ [82]. A similar experiment for rabbit non-myelinated fibres 
gave quantitatively different values of -102.5  and +92.9 gJ g-~, respectively 
[83]. The dissimilarity is probably due to surface area differences. In both cases, 
the nerves possessed a residual heat flow rate of 1.7 mJ g-l for the crab and 
9.6 gJ g-~ for the rabbit. This situation continued for over 200 s compared with 
the short biphasic peak for the action potential of 0.5 s. The relatively large 
amounts of heat produced and absorbed during this transient impulse cannot be 
explained by chemical reactions in the nerve. 
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Figure 15. Muscle titrated with CaCl2 solution. The upper panel shows heat rate 
records with and without muscle, respectively. The lower panel shows the 
corresponding force development from muscle fibres taken from the same 
preparation (Reproduced from Reference [76] with permission). 

Ritchie [8] likened the electrical properties at the membrane of a nerve to 
those of a condenser. He reasoned that the biphasic thermal peak was due to the 
changes in entropy that accompany the charging and discharging of such a 
condenser. He maintained that the change in enthalpy on discharging a 
condenser of capacity C at a thermodynamic temperature T (K) may differ 
considerably from the change in Gibbs energy by an amount TAS, that can be 
shown to equal AG(T/C)(AC/AT). If AC/AT is positive, heat will be released on 
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the discharge; and if AC/AT is negative, the entropy change will lead to the 
absorption of heat. In terms of the dielectrics, the permittivity, c, varies with the 
thermodynamic temperature (see Figure 18). For any substance, c/AT is zero 
near the absolute zero of temperature. 

i.O 

3O 

\,o I ' ......... A 

0 I . . . .  

]I00 

i 

I 
~ 7s 

,,, ~ 

c 

I in 

t J2s 
I 

low No-high K I 
I . . . .  __  1 . . . .  L [ __ - __1  -'[ 0 
0 15 30  ~5  60  

time (m in )  

Figure 16. Effects of a 15-rain exposure to a low-Na, high-K solution on the 
direct (dots) and indirect (triangles) calorimetric fluxes expressed in r wet 
weight, and on isometric tension (squares) expressed in mN/mm 2. All three 
variables were measured simultaneously, at 30 ~ on nine right papillary 

muscle preparations (vertical bars denote SEM). Eo2 values were computed 

from mean Eo~ determinations over 2 to 5-min periods and a standard energetic 

equivalent o f - 4 5 0  kJ/mol 02 (Reproduced from Reference [70] with 
permission). 

From Figure 18 it can be seen that, as the temperature increases, c also 
increases at first but starts to decrease after reaching a certain critical 
temperature, so that e/AT is positive in the range from zero temperature until the 
critical temperature is reached, and thereafter it is negative. Below the critical 
temperature [8,44], electrical polarisation of the dielectric increases entropy (see 
Figure 18); above it, polarisation decreases entropy. From this generalised 
consideration, it will be seen the situation depends on the exact relationship 
between the membrane capacity and the thermodynamic temperature for a 
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particular nerve. This is not known in the cases of the crab and rabbit for 
technical reasons, but the squid giant axon was shown to have a positive 
temperature coefficient for permittivity [8]. If this is also true for the nerves in 
question, it means that the entropy changes on the discharge of the condenser 
would indeed account for the bulk of the heat produced by them. In addition, it 
seems likely that the small residual heat was due to the activity of the sodium 
pump (Na +, K+-ATPase) (see Section 4.1.1. and References [8,69]). Hydrolysis 
of ATP is of course required for the movement of ions against a concentration 
gradient and the heat generated is presumably due to the need for re- 
phosphorylation of ADP by the oxidative process in the mitochondria. 
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Figure 17. Curve A: the changes in temperature of the non-myelinated fibres of a 
rabbit desheathed vagus nerve at 4.2 ~ in response to a single maximal stimulus 
of 2 msec in duration applied at a. The record is the result of averaging 20 
records electronically. Curve B: the rise in temperature of the same nerve, after 
it had been rendered inexcitable by isotonic KCI, in response to a block of heat 
(twenty-one 200 gtsec pulses of current applied between the two ends of the 
nerve at 1 msec intervals) beginning at b. The amplification was about a tenth of 
that in A and was adjusted to make the early part of the rising phase of B 
coincide with the early part of Curve A (Reproduced from Reference [8], after 
Reference [83], with permission). 
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Figure 18. The variation of the permitivity, c, with temperature. The broken line 
shows the increase in entropy (AS) associated with the electrical polarisation of 
the dielectric (Reproduced from Reference [8] with permission). 

4.3. Diseased and damaged human tissues 
Attention has only recently focussed on the potential of" calorimetry for 

studying the differences in metabolic activity caused by the diseased state and 
by such procedures as transplantation. In this respect, attention has already been 
drawn to an investigation into Duchenne muscular dystrophy (see Section 4.1.1). 
A disease that affects a far larger proportion of the population, however, is 
cancer. One of the most serious problems in treating neoplasia lies in the initial 
detection of it. Some of the methods rely to an extent on subjective criteria and it 
would be a great advantage if there were a more objective approach. 

For reasons identified previously (see the various subdivisions in Section 3), 
isolated neoplastic cells in vitro have a greater metabolic activity than their 
normal counterparts, as detected by calorimetry (see Table 1). Singer's group 
[84] has shown that this characteristic is a feature of many different tumour 
tissues from the human urogenital tract. Using a range of tissue biopsies to 
compare the tumour state with the normal one, it was shown that the use of 
calorimetry can allow such a distinction because heat production in the tumour 
tissue was as much as 8.4-fold higher than that for normal tissue. Furthermore, it 
proved possible to differentiate between the various histological gradings for the 
tumour tissue using microcalorimetry. 

After successful detection, the next stage is to secure a cure. One suggestion 
has been to heat tumour tissue by microwaves to 60 ~ and kill the cells by 
coagulation of their proteins-  thermotherapy [85]. For this to have some chance 
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Table 1 
Heat flux, J~/N, for mammalian cells with ranges or standard deviations for 

some cell types. The tabulation is based on data in References [4,6,7,8] that 
give the original sources (Reproduced from Reference [44] with permission). 

Cell type JqS/N/pW per cell 

Human erythrocytes 

Human platelets 

Bovine sperm 

Human neutrophils 

Human lymphocytes 

Horse lymphocytes 

Human T-lymphoma 

3T3 mouse fibroblasts 

Chinese hamster ovary (CHO) 320 
(recombinant) 

KB 

Vero 

Mouse lymphocyte hybridoma 

HeLa-53G 

Mouse macrophage hybridoma, 2C11-12 

LS-L929 fibroblasts 

Chinese hamster ovary (CHO)-K1 

Human foreskin fibroblast 

Rat white adipocytes 

Human white adipocytes 

Human melanoma, H1477 

Human keratinocytes 

Hamster brown adipocytes 

SV-K 14 (transformed) keratinocytes 

Rat hepatocytes 

0.01 

0.06 

1.3 +0.1 

2.5 + 0.3 

5 

8 

8+1  

17 

~23 

25 

27 +2 

3 0 - 5 0  

31.2 

3 2 + 2  

3 4 + 3  

38 

40+ 10 

40 

49+ 15 

80 

83+ 12 

110 

134+35 

329_+ 13 
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of success, many of the physical properties of the tumour must be better 
understood, including (i) optical properties in terms of the scattering and 
absorption of photons and (ii) thermal properties such as specific heat capacity 

and thermal conductivity. The specific heat capacity, Cp, can be calculated [86], 

Cp - EAU/mfl (12) 

where the calibration factor, E = 279.8 mW V -~, the differential voltage AU , the 

heating rate ] 3 - 3  K min -~ and the mass, m. The differential voltage is 
determined by differential scanning calorimetry (see Reference [87] in 
Volume 1 of this Handbook) with the value being taken from the thermogram 
(Figure 19) at a temperature of 37 ~ This profile is typical for a lung tumour. 
In Figure 19, the difference between the reference curve and the measured curve 
gave a differential voltage of 10.67 mV. 
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Figure 19. Thermogram of tissue from a tumorous lung. The continuous line is 
the measured curve and broken line is the reference curve (Reproduced from 
Reference [86] with permission). 

On a different topic, there is increasing pressure to improve the success rate of 
organ transplantation. As an example of the contribution that calorimetric 
measurements can make to this field, attention is drawn to a study on ischaemic 
liver. Tissue injury to liver due to hypoxia or ischaemia during surgery and 
transplantation is a serious problem and it is difficult to predict recovery from it. 
It has been suggested [88] that calorimetry, as an indicator of metabolic activity, 
might have role in prediction. One of the traditional indices of the ischaemic 
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state is ATP concentration but the ATP cycle is very dynamic and dependent on 
many factors. For this reason, measurements of static tissue concentrations 
during the ischaemic time course cannot fully represent the true cellular 
energetic state, and is certainly not a useful predictive variable for recovery after 
reperfusion [88]. As explained in Section 2, calorimetry measures the rate of 
heat flow and therefore indicates the dynamic metabolic condition of the cells. A 
positive indication of the advantage of calorimetry over other biochemical 
estimations can be seen in Figure 20 in which there is a good correlation 
between the time course of the heat flux and the functional recovery after 
reperfusion [88]. 

5. CELLS 

5.1. Cell types and their differing adhesion 
In the animal body, of course most of the cells stick to one another to form 

solid tissues and organs. The cells of one particular tissue, blood, are derived 
from stem cells in the haemopoietic tissue but are non-adhesive for the majority 
of their short, mature lives. Thus, blood was an early subject for calorimetric 
study, largely by some of the clinical scientists in Lund, the city that is the 
"spiritual" home of the LKB/Thermometric calorimeters. In the early days when 
batch vessels had no stirrers and were only rotated, the cells were pumped 
through a flow calorimeter because sedimentation in batch vessels caused the 
"crowding effect" (see Section 3.2.1) due to the onset of anoxic conditions. 

Whole blood has rarely been examined (but see References [89,90]) and most 
of the investigations have been on various fractions of blood tissue, including 
cells purified as single types. As such, they are covered in a separate Chapter by 
Monti in this Volume and are only considered in this chapter to illustrate certain 
generic points. The rest of Section 5 is devoted to cells from tissues other than 
blood and includes the one non-adhesive normal type of cell apart from the 
blood cells, that is the gamete. This area of research has been reviewed several 
times over the years by Kemp (see References [4,9-11,16]). 

To investigate cells from solid tissues/organs, in many cases they have to be 
dissociated by an enzyme. The most common one is trypsin, with or without the 
chelating agent, ethylene diamine tetra acetic acid, EDTA [91]. Calorimetric 
studies have only rarely involved freshly dissociated cells [92,93] because the 
tissue debris formed during the preparation can be very troublesome and causes 
great variation in the results. The use of established cell lines has been more 
common. Most of these are of course still adhesive and stick to surfaces. This 
fact can been ignored in some cases when using stirred vessels. For instance, the 
heat production of leukaemic KM-3 cells routinely grown on the surface of T- 
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flasks [94] was measured in the stirred insertion vessel designed in Wads6's 
laboratory [95] (see Reference [3] for details). 

12 

10 

8 
OD 

0 
E 

1200 

1000 

8OO 
1 

D 600 
~L 

4OO 

200 

ATP d u r i n g  I s c h e m l a  

n.__&, I . . _ _ .  

n . I .  

0 60 120 180 240 
Duration of Ioohomla [mln ]  

C a l o r i m e t r y  
o e o  

I 
T 

i I"  
0 60 120 160 240 

Duration of leohemla/ [mln]  

12 

10 

? '  

2 

0 

ATP a f t e r  R e p e r f .  
e e e  

i 

0 60 120 180 240 
Duration of Ioohomla [min i  

V 0  2 

5 , 

4 

o 2 

0 

0 60 120 1BO 240 
leohemla before Reper f . / [mln ]  

Figure 20. Synopsis of the metabolic parameters measured during ischaemia 
(ATP concentration and calorimetry) and during or after reperfusion (ATP 
concentration and oxygen consumption). The metabolic recovery is dependent 
on the duration of the preceding ischaemic storage. This kind of dependency 
could be predicted by the time course of the metabolic rate but not by 
measurement of ATP concentration at specified time points during ischaemic 
storage. Data are mean + SEM (Reproduced from Reference [66] with 
permission). 
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As briefly mentioned earlier in this chapter (see Section 3 , 1 . l ) ,  several 
different strategies have been adopted for obtaining data for tlie heat prodiiction 
of cells attached to a substratiun. Human keratinocytes were grown to 
confluency on the collagen coated hydrophilic membrane of a Petriperin dish 
[96], a piece was cut out and then inserted into h e  chamber of a large capacity 
Calvet calorimeter (see Reference [3] for details of it) to record the heat 
production. In  another approach, rabbit niacropliages were grown as two-tiered 
monolayers in tlie stainless steel vessels of a Thermometric TAM calorimeter 
[%I. In another ingenious approach, Ba/F3:6 lymphoid cells have been allowed 
to attach to the blades of a modified stirrer in a Thermometric insertion vessel 
1371. Although the 4-ctn’ vessel can be used for this purpose, in practice it is less 
~neclianically demanding to employ the 20-cm7 one for this purpose. These days, 
it would seein preferable to take advantage of one of the several types of beads 
that have been designed to act as tlie substratum for growing cells at high 
density. Exainplcs include chick fibroblasts attached to relatively large, solid 
glass beads [92], Vero cells adherent to solid Cytodex 1 microcarriers fiom 
Pharinacia AB [38] and CI-10 320 cclls stuck to tlie rnultiple surfaces of 
~riacroporoiis Cytoporc I carrici-s 197 1. I t  is criicial, however, that whatever 
strategy is ctnployed, i t  avoids the proble~n of the “cr-owding” effect that leads to 
anoxic conditioiis (see Section 3.2.  I ) .  One ingenious approach to avoid this 
problem resulting from cell sedimentation was to add Percoll (Pharinacia) to the 
culture medium and thus increase its density to allow tlie cells to “float” i n  tlie 
medium [98]. The alternative that is normally employed for suspension cell 
cultures in both bench and industrial reactors is to stir tlie cells at an appropriate 
rate. 

5.2. Heat flow rate as a variable in animal cell biorractors 
Over the past 15 years, there has been an increasing iisc of animal cells, 

principally from irisects and iiiaimials, to pi-odiice niedically important 
substances such as inotioclonal antibodies from hybridoinas, recoinbinant 
proteins froin genetically engineered cells and vaccines. l h e  cells are grown i n  
carefitlly controlled bioreactors with on-line monitoring of parameters such as 
temperature, pH and dissolved oxygen. With the exception of biomass 
ineasiireinents by laser nephalometry and dielectric spectrometry, there has been 
a paucity of reliable biosensors to measure metabolic variables such as changes 
in tlie conccntration of materials 1551. With one notable exception, there has 
been little recognition ainong hiocheinical engineers that heat flow ratc is in fact 
potcritially the perfect bioserisor since, as shown in Soctioii 2,  Equation (6), it is 
a function of tlie metabolic rate [4].  
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5.2. I .  l'he hioreaclor as a caloriiiielcr 
It has long been recognised that one problem always to be resolved in tlie 

design of an industrial scale calorimeter is the dissipation of heat produced by 
the cells. If tlie rate of heat production is measured, then this is an excellent way 
to assess metabolism. With this i n  mind, von Stockar's group has adapted a 2-L 
Mettler RC- 1 heat accumii[atIon calorirneter used mostly for the safety testing of 
chemical reactions in indirsttial plants (SCC Reference I31 in Volume 1 foi- 
calorimeter types) to  tneascire tlie heat prodiiced by cell cidtures. In this guise, it 
lias been used predominately for microbial studies (see Duboc et al. in  this 
Volume for details) but a first attempt to exploit its potential for animal cells 
was in 1989 when a hybridoina cell line was med as the experimental systeiri 
[99]. Two techniques for delivering air to the cells were compared, namely 
"under surface aeration" and sparging by air (see Figure 2 I ). When combined 
with data on the coilsumption of glc and tlie production of lactate (lac), tlie 
results showed that the culture with under surface aeration had a yield of heat to 
glc, Vc,.s, of 4 I .49 kJ c-1no1-l. For the sparged culture Y, ,F was inuch highcr at 

66.6 k.l c-rnol-'. This meant that the sparged culture was more aerobic, a 
concliision borne out by the fact that i t  contaitlcd less lac and gave a lower 

Y,t,c,e/c yield (0.96 c-mol/c-tnol) than did the one that was gassed by iinder 

surface aeration ( l'c,L..yk = I .24 c - m l / c  - mol ). At tha t  time, the detection limit 

for the reaction calorimeter was -2 x 10" cells per cin'. I t  should be noted that 
the starting point for cell cultures is generally an order of magnitude lower than 
less than this density, rising perhaps to approximately 1 x 10'' I t  is only 
recently that improvements to tlie calorimeter (see Ihboc et al .  i n  this Volume, 
also References [ 100,lO I ] )  have resulted i n  a sui'ficicntly low detection limit to 
follow the course of a conventional batch crilturc of aiiiinal cell culture. While 
the improved Mettler calorimeter allows modd espcrirnents on the bench scale, 
i t  is not intended to act as a biosensor for industrial scale biureactors. 

5.2.2. (.'oiiihinufion of'biorcnctor wi/li,flow iiiici.,iLcilol.iiiictUI. 

A solution has been found for tlie requirement to measure heat production i n  
industrial bioreactors by circulating the cell suspension from the bioreactor to a 
flow calorimeter [102j. A 3-L Applikon bioreactor that contained a stirred 
suspension of CHO 320 cells geiietically engineered to produce interferon-y 
(IFN-y) was taken to be tlie model for an industrial scale plant. 11 was connected 
by thermostated PEEK ti-ansmission tiibing to an ex sitii and on-line 
Thennometric flow microcalorimeter (Figure 22; see Reference 1321) with a 
standard gold flow-thi-ougli vessel (0.6 cin') that had been modified for 
downward flow to ininimise blockage (Figure I). The therrnal volume was 
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calibrated by the triacetin reaction (see Section 3.1.2) to be 0.77 c m  3 at pumping 
rate of 35 c m  3 h - l .  Because the results were to be used for enthalpy balance 
studies on this thermodynamically open system (see Reference [20]), it was 
important to (i) define the boundary of the system and (ii) ensure that the 
conditions were the same throughout that system. For the first requirement, it 
was decided that the infinitely thin boundary was in the walls, of, in sequence, 
the glass bioreactor, the PEEK transmission tubing, the Viton (or Aliprene) of 
the pump tubing and the gold of the flow vessel. For the second imperative, the 
transmission tubing was thermostated at the same temperature as the bioreactor 
and the calorimeter while the PEEK transmission lines and the Viton/Aliprene 
pump tubing were selected for their low gaseous diffusivity. In addition, the 
pumping rate was found experimentally to be sufficiently fast to ensure that the 
dissolved oxygen in the medium remained at normoxic levels because the cell 
suspension passed through the calorimetric measuring vessel at the dilute cell 
densities typical for animal cell culture. 

0 4 [ add glucose, Gin add glucose, Gin ] 0 3 ] add glucose, Gin 
| " II add glucose, ~n | Add 0 05% NaN3 " / [ 1 

031 ~ ] 1 1  / / ,nnoculate [ 
~ I ' / /~" ~1" ~ add NaN3 

0 2  1 

~ 010 01 

0 

-0 1 -01 

-10 10 30 50 0 20 40 60 
TIME (h) TIME (h) 

(A) (B) 

Figure 21. (A) Heat produced by a hybridoma suspension culture with under- 
the-surface aeration. (B) Heat production by the same type of culture with 
sparging by air (Reproduced from Reference [99] with permission). 

The continuous heat flow rate and the numbers of viable cells at discrete time 
intervals were recorded during a batch culture of CHO 320 cells. These 
measurements gave the important result that the metabolic rate declined while 
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there were still increases in the cell number concentration (see Figure 23). The 
implications were that the heat flow rate could be an even more sensitive 
reflection of cellular metabolism if it were made specific to biomass, i.e. scalar 
heat flux. 

Figure 22. A schematic diagram for the measurement of the heat flow rate of 
bioreactor-cultured animal cells using a flow microcalorimeter. 1 - bioreactor; 2 
- cultured cells; 3 - j a c k e t  water for temperature control in the bioreactor; 
4 - agitator; 5 - the outlet tubing of the jacket water is used for warming the cell 
suspension in the tubing leading to the microcalorimeter; 6 -  a non-conductive 
sponge-plastic pipe is used to reduce heat dissipation along the outlet jacket 
water attached to the PEEK tubing transmitting the cell suspension to the 
calorimeter; 7 -  PEEK T-piece; 8 -  PEEK two-way valve; 9 -  PEEK tubing 
(1 mm I.D.); 1 0 -  glass bottle holding sterilized medium for washing the flow 
vessel of the microcalorimeter through short-time interruption of the heat flow 
measurement; 11 -ster i le  medium for cleaning the flow vessel free of possible 
accumulated animal cells, that would result in an overestimation of the heat flow 
rate for the cells in the bioreactor; 1 2 - a  representation of the 4-channel 
Thermometric calorimeter (TAM); 13 - the gold flow vessel assembly; 14 - the 
dotted boundary, enclosing essentially the bioreactor and the flow vessel of the 
microcalorimeter, is an open thermodynamic system for enthalpy balance 
studies; 1 5 - t h e  peristaltic pump (Reproduced from Reference [32] with 
permission). 
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Figure 23. The heat flow rate of growing cells measured on-line by the 
microcalorimeter and scaled to the unit bulk volume of RPMI 1640-based 
culture medium buffered with 20 mM HEPES and 4 mM bicarbonate (~ ) .  
Estimates were made for the number of viable cells per cm 3 bulk volume (o) at 
discrete time intervals (Reproduced from Reference [44] with permission). 

It was found that the biomass could be measured with the in situ, on-line 
probe of a radio frequency (0.5 MHz) dielectric spectrometer (Viable Cell 
Monitor; Abet Instruments Ltd., Aberystwyth, Wales, UK). The capacitance (C, 
in Farads, F) measurements made with this instrument have been shown both 
theoretically [56] and by calibration with a flow cytometer [103] to record the 
volume fraction of the viable cells, when there is no change in conductivity. 
Providing there is also no alteration to the cell volume during the culture period, 
therefore, monitoring the change in capacitance indicates the variation in 
biomass. The Applikon BioXpert software [103] zeroed the capacitance for the 
value obtained with the culture medium, smoothed the two signals by the 
moving average technique and divided the digitised capacitance signal by that of 

biomass to give the flux. The resulting trace, Ja,/c, compared favourably with 

one in which the heat flow rate at discrete times during the culture was divided 
by the cell number concentration (N) obtained off-line with a Coulter counter, 
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J~,/c, (Figure 24) and it had the advantage of being continuous, on-line 

[44,103]. Then the on-line heat flux profile was compared with the discrete 
changes in the concentrations of the major substrates, glucose and glutamine, 
measured by off-line methods (Figure 25). The significant finding was that the 
biosensor detected a decline in the metabolism of the CHO 320 cells before 
there was an apparent alteration in the consumption of the two substrates. This 
result also confirmed the fact that, despite evidence of reduced metabolic flux, 
the cells continued to grow (see Figure 23) and produce IFN-7. What such 
measurements of concentrations cannot show, however, is any variation in the 
rates of material change. This requires the use of differentiation between at least 
two time points, t~ and t2, for each period of the batch culture and then it only 
gives the average relative rate. The research of Tikhonov [104] allows an 
alternative approach that employs an integration equation to fi~rnish the 
instantaneous rate in preference to the conventional differential equation that 
only gives the average rate between two time points. So far, the Tikhonov 
fimctional has not been applied to data for material flows. 
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and heat flow per viable CHO 320 cell (o) over 140 h of a batch culture. In the 
expression of .I~,/~., the values are given in terms of 1 cm 3 bulk medium volume 

(Reproduced from Reference [44] with permission). 
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For the work on CHO 320 cells described by Guan et al. [103], the average 
relative rates were obtained and made specific to cell nulnber concentration. The 
data then showed (see Figure 26) that indeed the specific growth rate (p) and the 
fluxes of the major substrates and products, including IFN-7;, did begin to 
decline at the relatively early time indicated by the heat flux biosensor. In fact, 
by plotting the fluxes for the major materials against the heat flux (Figure 27), it 
is clearly seen that there is a monotonic relationship to describe the fact that heat 
flux is a fi~nction of the material fluxes. This means that it can be regarded as an 
on-line, real time biosensor that (i) has a rigorous thermodynamic foundation to 
it, (ii) gives the instantaneous metabolism flux, (iii) is non-invasive as well as 
being non-destructive and (iv) is robust with no consumable components. Its use 
can be extended to medium design and fed-batch cultures in which heat flux is 
the control variable. 
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Figure 25. On-line measurement of heat flow rate and capacitance calculated on- 
line as heat flux ( - - )  with off-line measurements of cell density (m) and changes 
in the concentrations of glucose (n), glutamine (A) and IFN-y (+) for a batch 
culture of CHO 320 cells (Reproduced from Reference [22] with permission). 
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Figure 26. Comparison of the heat flux ( J~'N ) with the fluxes of glucose ( Jg lc  ),  

glutamine ( Jg~, ) and IFN-y ( J~vN ), as well as the specific growth rate (p) during 

the batch cultivation of CHO 320 cells in suspension. Heat flux (O), glucose 
flux C l), glutamine flux (A), IFN-y flux (x) and specific growth rate (.). The 
bars indicate the period over which the discrete off-line measurements were 
made to give the individual average values for fluxes (Reproduced from 
Reference [44] with permission). 

5.2.3. Heat flux and the growth reaction 
The growth of cells from substrates is a chemical reaction, albeit a complex 

one, and is accompanied by a change in enthalpy. In Chapter 10 of his famous 
book, Battley [18] describes the general procedures for writing microbial 
growth-process equations and the three simple rules in principle can be extended 
to the information necessary to construct the growth reaction for higher 
organisms: 
(i) The elemental composition and the quantity of the substrates used as a source 

of carbon and energy for growth; 
(ii) The elemental composition and quantity of any organic products of the 

growth process. This includes the cells and, especially in the case of cells 
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Figure 27. Heat flux is plotted as a function of the specific growth rate (m) 
showing the monotonically decreasing relationship. This dependence extends to 
the fluxes for 104 x IFN-,( production flux, IU s ~ per cell, (A) and the major 
catabolites, 107 x glucose consumption flux, mol s -~ per cell, ( . )  and 107x 
glutamine consumption flux, mol s ~ per cell (A) (Reproduced from Reference 
[22] with permission). 

producing heterologous proteins, any secondary product. The elemental 
composition of the cells (biomass) should consist of the ash-free proportions 
of C, H, O and N and is usually expressed as in terms of C-mol. The formula 

has the form CH, .O,oN,  ~ , where n H, n o, and n N represent the relative 

numbers of hydrogen, oxygen and nitrogen atoms, respectively, when the 
number of  carbon atoms is taken as one. 

(iii) The elemental composition of the nitrogen sources. In animal cells, these 
are the amino acids. 
The validity of the constructed growth reaction can be tested by the enthalpy 

balance method (see Sections 2 and 5.2.4). The metabolism of animal cells is 
much more complex than that of microbes but it has been found that in practice 
the components of the growth reaction can be simplified sufficiently to make the 
exercise a feasible one for cells grown in a defined medium without serum [44]. 
Although there are still many nutrients without this complex additive, it has 
been shown that the micronutrients can be neglected and that, for enthalpy 
balance studies, it is justifiable to ignore the amino acids [105] because the 
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enthalpy of anabolism is negligible, at least for microbes [18]. Considering all 
these factors, Guan and Kemp [ 105] decided that the following stoichiometric 
equation was a justifiable basis for constructing the growth reaction of cells 
producing heterologous proteins and was also appropriate for an enthalpy 
balance approach, 

vo~r (Glc) + vGjnCsHj0N203 (Gln) + voO 2 --> CH~OpNy (cell) 

+ VLC3H603(Lac)+ vcCO2 + vNNH3 + VHHzO+(~~J,,~dt) 
(13) 

The following conditions should be noted for Equation (13): (a) molecular 
formulae are used to aid the subsequent material and energy balances; (b) any 
target protein (e.g. IFN-7) is combined with the biomass which is expressed by a 
C-molar formula as customarily utilised for microbial biomass (see the Chapter 
by Duboc et al. in this Volume and also Reference [20]); and (c) the 
stoichiometric coefficient of the cell mass is set at unity and so the enthalpy 
change of the growth reaction now is based on unit number of C-molar biomass 
[105]. It has been shown from experimentation (see Figure 27) that there is a 
one-to-one monotonic relationship between the metabolic flux (see Equation 
(7)) and the stoichiometry of the growth equation (Equation (13)). This can be 
expressed by: 

l d~: 

x dt 
~-->~ (14) 

It means that the metabolic activity of the cell determines the stoichiometry of 
the growth equation and a particular set of stoichiometric coefficients for this 
equation corresponds to a value of the metabolic activity for the same amount of 
viable cell mass. Thus, for Equation (13), the growth reaction is characterised by 
its set of stoichiometric coefficients [105], that is, 

~ - ( v s ,  vs~ v o l(cell) v L v c v N v H Vx( ~2Jt4,rdtll (15) 

Looking at Equation (14) in the light of Equation (15), it is explicit that the 
cellular metabolic requirement can be determined by measuring the metabolic 
flux, specifically represented by the heat flux variable [105]. Since the metabolic 
flux varies with time in culture, the stoichiometry expressed by Equation (14) 
must change to reflect it. If the variable is measured for the culture on-line and 
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in real time, the cellular nutritional demand must be reflected in the growth 
equation. In the first place, however, it is necessary to incorporate the 
experimental data into the growth equation and to validate it by the enthalpy 
balance method. 

5.2.4. The growth reaction and the enthalpy balance method 
The Mayer enthalpy balance method is a device for checking that the 

construction of an equation to describe a chemical reaction is correct. There is 
no limit to the complexity of the equation and the calculations must obey Hess's 
Law that the net heat evolved or absorbed in any chemical change depends only 
on the initial and final states, being independent of the stages by which to reach 
the final state. Thus, the method is invaluable for checking the validity of the 
growth reaction, including the assumptions underlying it in terms of, for 
instance, the effect of excluding micronutrients (see Section 5.2.3). 

In terms of the growth reaction, the enthalpy balance is achieved when the 
sum of the enthalpy changes of all the reactions occurring during growth is 
equal to the heat production measured by calorimetry [16,20,44,105]. As 
described in equation (9), the enthalpy change of the growth reaction can be 

calculated as the sum of all the individual reaction enthalpy fluxes, JH, for the 
constituents in Equation (13) from their measured reaction fluxes and the molar 
reaction enthalpies. In the case of CHO 320 cells, the former is calculated from 
the type of data depicted in Figure 25 for the concentrations of the materials. 

Some of the molar reaction enthalpies are well known but they still have to be 
corrected for the side reactions present under the environmental conditions of 
the culture, for instance the enthalpies of neutralisation of the products. For 
calculating those reaction enthalpies not expressly in the literature, the most 
comprehensive reference work is the Appendix to Wilhoit [63] and it may be 
necessary to make the calculations on the basis of balanced reaction 

stoichiometries and the known enthalpies of formation, AfH ~ , in dilute aqueous 
solution. There are, however, other useful sources of information in, for 
instance, References [18,20,64]. 

The ratio of the heat flux to the enthalpy flux, J~/JH, is known as the 

enthalpy recovery (see review in Reference [102]). If the ratio is balanced, then 
it confirms the description of the (growth) reaction. If the value is greater than 
unity, then there is at least one unaccounted reaction in the system. If it is less 
than unity, then there is at least one unnoticed endothermic reaction. 

The direct application of the enthalpy balance method to growth reactions 
such as Equation (13) requires knowledge of the enthalpy of combustion for the 
cell mass. It is a major difficulty to obtain a clean sample of animal cell biomass 
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free of protein and other environmental macromolecules in the medium because 
the plasma membrane is relatively delicate and easily lysed during washing 
procedures. In addition, the large amount required for combustion, three dried 
samples of 0.5 g each, is a formidable proposition in terms of amount of animal 
cells, unlike for microbes (see procedures outlined by Gurakan et al. [106]). 
Because it is now possible to grow cells in completely protein-free medium, this 
is an experiment waiting to be done, for which Kemp [3] in Volume 1 of this 
Handbook tells the reader about bomb calorimeters. 

For those without the required instrumentation, an alternative indirect 

approach is to calculate the enthalpy of combustion, A~H~, for compound i, in 

this case biomass, from the known Thornton regularity of the heat evolved per 

equivalent of oxygen, Qo, [ 107] using the relationship [ 108], 

AcH, = QoT", (16) 

where 7", is the degree of reductance for any compound i of the generalised C- 

molar formula CH~. O~, N~, defined by 
I 2 3 

7", - 4 + e,, - 2e,: - 3e,, (17) 

This meaning makes 7', four times the number of moles of oxygen required to 

oxidise one C-mole of compound i to CO2, H20 and N2. There is a relatively 
small range for the value of the heat released per mole 02 during combustion 
[109] and the best estimate appears to be -115  kJ deg -~ ofreductance [108,109]. 
There is still a problem, however, in that this approach requires knowledge of 
the degree of reductance calculated from the elemental analysis of the biomass. 
Sample preparation can still be an issue for the reasons stated above but the size 
of the lyophilised sample is small at ~3 mg. "Empirical" formulae for the 
elemental composition of biomass are beginning to appear in the literature and 
Bushell et al. [ 110] has given the formula for the murine hybridoma, PQXB 1/2, 

as CH170025N025. From equation (17), the degree of reductance of the biomass 

(Yb) is 4.45. More recently, there have been determinations of the biomass 

formula for the SP2/0-Ag 14 myeloma cell line at CH~.780043N025 [1 1 1] that 

gives 7'6 = 4.17 and for the Zac3 hybridoma at CHl.64Oo.36No.24 [1 12] to give 

7'6- 4.2. Erickson [109] regards 4.291 as an acceptable generalised degree of 

reductance when the elemental formula is unknown. Using the generalised value 
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for Thornton's regularity (above) and applying the calculated degrees of 
reductance to Equation (16), the enthalpy of combustion appears to lie in the 
range -480 to-512 kJ mol -~ O2 with the likelihood of it being towards the lower 
side. Since the substrates (s), glc (y~ = 4) and gln (y~ = 3.6), are less reduced 

than the biomass, CO2 is a net product of anabolism as opposed to being a 
reactant in the process, e.g. in anaplerotic reactions. 

It is well-established that culture media are generally not optimised for the 
production of biomass in terms of the supply of the correct stoichiometric 
quantities of amino acids [49,54,103] and the cells require biosynthetic 
precursors from glucose via the glycolytic pathway. In addition, glutamine is 
oxidised to provide energy by glutaminolysis [113-115] as well as being 
directly (purine and pyrimidine synthesis) and indirectly (transamination to give 
other amino acids and amino sugars) incorporated into biomass. Although many 
of the valence electrons (high quality e n e r g y -  Gibbs energy) of the major 
substrates are (i) lost as H20 in the oxidation to CO2 and (ii) excreted from the 
cell as lactate, the degree of reductance found for animal cell biomass means 
that a considerable number of them is conserved in the biomass (see Section 2 
for the theoretical background). So, much of the substrate Gibbs energy is 
dissipated as chemical entropy in the biomass (see Equation (2)) rather than as 
heat. This opens the whole question of the efficiency of biomass production that 
has been rather well addressed for microbial systems (see Duboc et al. in this 
Volume and References [23,108,109,116]). It has not really been addressed for 
animal cell systems, largely because medical products produced under patent are 
not price-sensitive at this time. 

5.2.5. The application of the growth reaction to medium design 
The exhaustion of one substrate before the others seen in Figure 25 with 

respect to glc and gln is a typical occurrence in cell culture because, in general, 
an empirical approach has been adopted in formulating culture media, rather 
than a rational one based on demand by the cell [44]. Xie and Wang [114] have 
made a complete stoichiometric analysis of the medium requirements for a 
particular type of hybridoma cell but this is a very lengthy and expensive 
exercise. Bonarius et al. [113] have employed a mass balance method to 
improve the medium for another type of hybridoma cell. Yet another way is to 
use frequency statistics for medium optimisation by applying Plackett-Burmann 
equations [117]. A plausible alternative to these three methods would be to 
employ the procedure of constructing a growth reaction. In its fullest sense, this 
would require either knowledge of the enthalpy of combustion for the particular 
cell type or sufficient confidence in the regularities detailed above to employ a 
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reasonable approximation to it. In their absence, it has been demonstrated that an 
indirect application of the enthalpy balance approach has its merit [105]. 

Using growing CHO 320 cells as the example of the advocated method, the 
growth reaction given in Equation (13) is divided into two half-reactions, 
namely the catabolic half-reaction, Equation (18), and the anabolic half-reaction, 
Equation (19), 

(vs,)c~t Glucose + (%,)~t Glutamine + vo O_, ~ v~_ Lactate 

+(vc),tCO~ + (VN),tNH 3 +(v~)c~tH:O + v., 'In..,: 

(vs,) a,-,a Glucose + ( vs: ),,,,a Glutamine --> Biomass 

+(vc)an,,CO: +(VN) .... NH3+(V~,) ..... H:O 

(18) 

(19) 

The criteria for the separation are well-established (see Reference [105] for 
details) but, for the genetically engineered cells used in this example, the 
anabolic half-reaction is taken to include both (i) substrate degradation to form 
biosynthetic precursors and (ii) the subsequent syntheses from them of the 
diverse macromolecules constituting the biomass and the heterologous protein, 
IFN-~,. For the reason stated in Section 5.2.4, carbon dioxide was incorporated 
into the right hand side of this half-reaction, together with the consequent H20. 
Equation (19) implicitly involves the relation [105], 

A~H~.~ ~- 0 (20) 

The enthalpy change for the anabolic half-reaction is neglected on good 
circumstantial evidence for microbes reviewed in References [18,105]. In one 
case, it can be seen from the calculations that there is a small but significant 
enthalpy of anabolism for cultured Saccharomyces cerevisiae cells [27] but, 
even so, the assumption in Equation (20) would only fail by a few percent. 

Acceptance of Equation (20) means that, as stated in Section 2, the heat flux 
of the growth reaction is entirely reflected by that of the catabolic half-reaction 
(Equation (18)). The details of the methodology are too lengthy for inclusion in 
this Chapter and are given in Reference [105] but in essence the enthalpy of the 
catabolic half-reaction constructed as shown in Equation (18) is calculated in the 
way stated in Section 5.2.4 from the experimental reaction flux data. If this 
value balances the observed heat flux, then the complete description of the 
growth reaction is correct and the enthalpy recovery is unity. It should be 
remembered, however, that batch cultures are not in steady state. The metabolic 
activity and therefore the heat flux changes in terms of the environmental 
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conditions include substrate availability and the accumulation of toxic products. 
This can be seen for CHO320 cells by the differing fluxes during the batch 
culture (see Figure 26). For the intervals between each sample to assay for 
changes in the material, the necessary equations for the metabolic, catabolic and 
anabolic reactions were constructed and are shown in Table 2. The data not 
unexpectedly reflect the alterations in metabolism with the dynamically 
changing environment. In particular, they show the demand for substrates with 
time. As an illustration, when cells were in early "exponential" growth (4-28 h), 
the demand for glc:gln was 3:1, not 5:1 as provided in the medium. Thus, this is 
one of the bases for a strategy to supply nutrients in fed-batch culture (see 
Section 5.2.6). More immediately, it was the impetus to design a new medium 
for improved growth of CHO320 cells and their production of a heterologous 
protein [51 ]. 

5.2.6. The role o f  the heat f lux  biosensor in fed-batch  culture 
In a batch culture, cells grow in number until one or more of the substrates are 

depleted, whereupon metabolic activity declines, the cells stop growing and 
eventually there is death. If the cells are producing medically important 
substances in the pharmaceutical industry, there is a disadvantage in terms of 
overall production if cultures have to be started at frequent intervals. Since there 
is a limit to the concentrations of metabolites in the medium in terms of osmotic 
pressure, the adopted strategy is to retain the relatively low levels of materials in 
the batch culture but then feed the cells more nutrients when the growth rate is 
in decline. The problem has been to detect this retardation because of the paucity 
of on-line probes that measure a variable related to the slow-down [55]. Heat 
flux is a good candidate in this respect because, as shown in Equation (14), there 
is a monotonic relationship between the metabolic flux and the stoichiometry of 
the growth reaction (see for example that calculated in Equation (13)). Since 
heat flux, Jm is a form of metabolic flux, Equation (14) can be converted as, 

v:- f(J,h) (21) 

The strength of this relationship was illustrated from data for cells grown in 
batch culture with the improved medium (Figure 28 - see Reference [51]). The 
utilisation of glucose, glutamine and oxygen was calculated in relation to heat 
flux for the following stoichiometric ratios, 

VGIr o -- 0.0581JtZh -- 2.0949Jth + 19.663 

VGI,/V o -- 0.0279J,Zh -- 1.045Jth + 9.8561 

(22) 

(23) 
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Figure 28. Changes in the concentrations of the major catabolites during the 
batch culture of CHO 320 cells grown in the improved medium. Cell growth (x) 
is shown together with the concentrations of glucose (l'q), glutamine (~}) and 
lactate ( ~ )  at each time. Also shown is the constitutive secretion of IFN-y (~) 
(Reproduced from Reference [51] with permission). 

When expressed graphically over the 120-h period of the culture, it can be seen 
in Figure 29 drawn from Equation (22) and Equation (23) that heat flux is a 
monotonically increasing function of these ratios and therefore an apparently 
valid probe of metabolic activity. 

Direct experimental proof of the relationship, however, can only be achieved 
by using continuous cultures in which theoretically there is a metabolic steady 
state at each dilution rate [118]. Unlike such cultures of microbial cells, 
however, a given dilution rate for animal cell culture can still give variation in 
the concentrations of substrates and products because of their metabolic 
complexity. This is where the measuring system that monitors on-line both heat 
flow rate and the viable cell mass to give heat flux [103] has an advantage over 
most others. A constant value for the former indicates steady state metabolic 
activity and the latter, as shown in Reference [103], is a good reflection of viable 
cell mass. In experiments on CHO320 cells [119], the specific metabolic activity 
as shown by the heat flux plateaux for different dilution rates, was at steady state 
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and its value increased with increasing dilution rate (see Figure 30). For a given 
steady state, glucose was at a low concentration and glutamine was depleted 
entirely in most cases. The concentration of lactate appeared to vary for the 
dilution rate, D - 0 . 0 1 6 h  ~. However, the heat flux for each of the periods 
selected (usually each period lasts from 4 to 7 days) means that the steady states 
were properly achieved without long transition periods. This is the first time that 
a direct measurement of steady state has been made for cultured animal cells. 
The result is very instructive and opens up a new avenue for addressing and 
exploring the changes of metabolic fluxes in response to the cellular 
environment. It is as important, especially from the aspect of employing heat 
flux as a possible control variable, to realise that Figure 30 gives the required 
proof of the strict relationship between the material stoichiometric coefficients 
and their equivalent in terms of heat. 
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Figure 29. The heat flux over a specified set of values is compared against the 
stoichiometric ratios for the consumption of glucose (s~) and glutamine (s2) to 
oxygen. The data for the two specific cases [see Equations (22) and (23)] show 
that the relationship of heat flux to glucose (D) and glutamine (0) fluxes 
(Reproduced from Reference [51] with permission). 
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Figure 30. The cell specific growth rate, and fluxes for glucose, glutamine and 
lactate were correlated to heat flux at different dilution rates in a continuous 
culture (Reproduced from Reference [119] with permission). 

It is suggested from the above results that, once a culture system has been 
defined in metabolic terms, the heat flux probe is indeed the ideal way for early 
intervention to control feeding by an automated on-line technique. With this 
background, the fed-batch experiments were conducted with the averaged 
decrease in on-line heat flux over a 1-h period being taken as the biosensor 
signal in the Applikon BioXpert software to trigger the feeding of a nutrient 
cocktail (glucose, 50 mM; glutamine, 16 mM) to the cells. The results depicted 
in Figure 31 showed that biosensor-controlled nutrient feeding effectively 
restored the metabolic activity at cell concentrations below ca. 106 cm 3. Above 
this level, feeding slowed the deterioration in metabolism to a degree dependent 
on the time in culture. These results give incontrovertible evidence that heat flux 
is a robust and reliable biosensor that can be used to control nutrient feeding in 
batch culture. 
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Figure 31. This shows a small section of the heat profile for a fed-batch culture 
(from 70 to 80h) to illustrate that the medium feeding was triggered by the 
declining heat flux values over 1-h assessment periods. The heat flux was 
restored, to a varied extent, by this feeding strategy (Reproduced from 
Reference [119] with permission). 

5.3. Metabolic studies to identify and quantify pathways in cells 
As indicated earlier (see Section 5.2.4), it is enthalpy balance studies that 

permit the identification and characterisation of metabolic pathways. The 
earliest use of the method for cells in vitro was by Eftimiadi and Rialdi [120] 
who studied the metabolic events following the triggering of human neutrophils 
by phorbol-12-myristate-13-acetate to give the respiratory burst. This mimics 
natural messengers that cause the cell to produce oxygen metabolites such as 
hydrogen peroxide that destroy the foreign organisms infecting tissues. The cells 
require NADPH for the process. Radioisotopir tracing was combined with the 
use of classical metabolic inhibitors. The data depicted in Figure 32 indicated 
that triggered cells employ both aerobic and anaerobic pathways to provide 
sufficient NADPH to give the oxygen metabolites as well as ATP for energy. 
The cells have few mitochondria and so most of the oxidation is in the hexose 
monophosphate (HMP) shunt. 
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Figure 32. Power-time curves of human neutrophils activated with 10 ng cm 3 
PMA(~). Arrows indicate additions at times indicated: (a) neutrophils (5 x 106 
cells/cm3; (b) PMA; (c) saline. Representative patterns of power-time curves 
obtained with the blood donors investigated: A (9 donors), B (10 donors), C (11 
donors). Power-time curve of resting neutroplils ( - . - ) .  (.-.)pO2 = pO2 in basal 
state; (---)pO2 after addition of PMA. [1-~4CO2] = ~4CO2 produced during the 
oxidation of [1-=4C] glucose ( - . - ) ;  [6-14CO2] produced during oxidation of [6- 
14C] glucose (_n_). Each point of 14CO2 represents the mean of closely agreeing 
duplicate determinations; the data are from single experiments that are 
representative of four separate experiments; basal values have been subtracted 
from the reported values (Reproduced from Reference [120] with permission). 
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Calculations from the data indicated that oxidative inetabotisin prodiiced heat 
of 1 pW per cell. The Ernbdeti-Meyerhof pathway to fiirnish lactate was 
estimated to give 1.8 pW per cell. Using an elderly L K B  model 10700-1 flow 
calorimeter (see Reference 28) to pump the cell suspension from a stirred vessel, 
the heat production was found to be 2.5 pW per cell. Coinpared to the calculated 
value of 2.8 pW pcr cell, tlie siinilarity was considered to be within the 
experimental error to justify that all thc catabolic pathways had been lield to 
account for the respiratory burst. 

A siinilar study with the saine type of caloriineicr was Iatcr carried out on 
2C I 1-12 mouse macrophage hybridoma cells that iindcrgo a phorbol-triggered 
respiratory burst after activation with a lipopolysaccharide (LPS) mixture and 
recombinant interferon-y [ 12 I ] .  In this case, mitochondria were introdiiced to the 
cells from the cytoplasm of tlie lyinpliosarcoma cells required in the hybridoma 
fiision process and so there was an intense involvement of oxidative 
pliospliorylation with a conseqiient reduced proportion of oxidative metabolism 
tlirougli the HMP sliiirit. The calculated cnthalpy flux from tlie conventional 
inetabolic data usiiig ~s;ell-aullie~i~icated molai- reaction cnthalpy values 163,1221 
was then compared with the espcriincntal valiie fbr hcaf f l w  (']'able 3). I t  is clcar 
that soine iinportatit patliways were not discovcred for (tic activated cells aiid 

that the same w a s  true to a lesser extent for tlie phorbol-triggered hybridonias. 
Unsurprisingly, the increased heat flux of  these cells w a s  mostly due to the 
oxidation of glucose arid there was in fact a small decrease in glycolysis. 

Tlie study on the inac.rophage hybridoina cells higliliglited tlie role of 
gliitainine in energy production (see References [49,50;54]). The data were 
analysed more intensely for the significance of glutamiiiolysis in  ~netabolisin 
(see Table 4). These stuicliiornetric calcrilations revealed that, aner allowing fbr 
tlie deaininatioti of glutarnine, 16.3 pinol s-' per 10'' cells was available to the 
LPS-activated cells. I f  all tlic oxygen w r c  c o ~ i s i i i i ~ e d  in  glutainine oxidation, 
then only 12.6 pinol s-' per 10'' cells of' i t  corild be fiilly osidised and none of tlie 
glucose. Furtlierinore, the CO: production was lower than would be expected 
froin the glutainine oxidation with a respiratory quotient ( R Q )  of 1 , I  1 .  Tlie 
balance for tlie amrnoniuin ions also showed that deamination and complete 
oxidation of glutainine was less than could be suggested from its consumption 
[121]. 

There i s  an alternative to pumping cell suspensions through a flow 
calorimeter from a ciiltrire aiicl iiieasuring chaiiges i n  the concentrations of 
metabolites off-IIiie. At the riiicroanalytical scalv, il is to make on-line 
estimations using probes situated in  the caloriinctric V G S S C ~ .  The Thermometric 
TAM has a series of' different batch insertion vessels with a sinall volume (see 
Reference [ 3 ] ) .  One type of vessel is designed fur tissue perfusion and has a 4- 
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cm 3 volume. It has been modified to include polarographic microsensors for pH 
and oxygen (Figure 33 - see Reference 123). It was used to monitor the 
metabolic activity of immortalised T-lymphoma cells (CCRF-CEM) stirred in 
suspension. In one experiment, the vessel was regarded similarly to a bioreactor, 
there being a headspace (0.6 cm 3) so that oxygen could be recruited at the air- 
liquid interface. The results showed that the cells grew over approximately 30 h 
while there was a decrease in both the DO and the pH (Figure 34). The authors 
commented on the fact that the increase in heat production was not exponential, 
but this is often the case for animal cells rather than microbes [103]. It was 
attributed to the decline in bulk phase pH because they had already established 
that this has a detrimental effect on the rate of glycolysis (see Section 3.2.2. and 
References [45-47,124]). The pH of the HEPES-buffered medium was probably 
affected by the excretion of lactate produced partly in response to the poorly 

Table 3 
Flux of 2C11-12 mouse macrophage hybridoma cells calculated from the 
measured reaction flux and the theoretical molar reaction enthalpy for each 
reaction pathway 

Molar reaction 
enthalpy A~H B 
(kJ mol 1) 

Reaction enthalpy flux Jth 

(btW per 10 6 cells) 

Activated Triggered 
cells cells 

Actual heat production 

Calculated heat production 
for 

(a) Oxidation of 

(i) Gin to CO2 
(ii) Gln to Lac 
(iii) Gln to Pyr 
(iv) Glc to CO2 

(b) Glycolysis of 

(i) Glc to Lac 

Total 

-2084 
-695 
-890 
-3018 

-153 

34 58 

-(4.6) 
-3.5-6.3 
-0.2 
-11.6 

-4.2 

-20.9 

-(2.5) 
-2.4-2.8 
-0.05 
-45.3 

-2.3 

50.25 

Reproduced from Reference [ 121 ] with permission. 
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Tab le  4 

Stoichiometr ic  calculations a for the respiration o f  glutamine to C O  2 and N H  4 

Theoretical oxygen flux ( Jo~ ) 

Gln t ransaminat ion (tam) flux 

Jtam - JAsp -I- Jser -I- JAla 

Gln deaminat ion (dam) flux to Glu 

Jdam-JGlu-Jtam 

J B / p m o l  S "1 per 10 6 cells 

Activated cells Tr iggered cells 

0.83 + 2.67 + 1.5 - 5.0 0.47 + 0.76 + 2.6 - 3.83 

6 . 4 -  5.0 - 1.4 5 .1 -  3 . 8 -  1.3 

Gin oxidation flux 

JGln(ox) "- JGin -- JGlu 22.7 - 6.4 - 16.3 18.7 - 5.1 - 13.6 

These values are used to calculate the enthalpy change for complete  oxidation of  
glutamine 

Oxygen  consumpt ion related to 

G l n ( o x )  

O 2 / G l n -  1/0.22 - 4.55 

Jo~ (Gin) - J61nCo• X 0 2 /Gin  16.3 x 4 . 5 5 -  7 4  13 .6  x 4 . 5 5  - 62 

57 109 
Actual value 

Comple te  Gin oxidation based on 
02 uptake 
R Q / G I n -  1.11 

A m m o n i u m  balance 
+ 

N H  4 / O  2 - 0.44 

JNH; ( G i n -  ox)=  Jo~ (Gin) x N H ~ / 0  2 

JNH; (theor) = JNlt~ (dam) + JNHg (Gin -ox) 

Actual value 

74 x 0 . 4 4 -  32.6 62 x 0.44 - 27.3 

1.3 + 27.3 - 28.6 1.4 + 32.6 - 34 

22 18 

a The theoretical oxycaloric equivalent for glutamine AkHo2 is -452 kJ per mol 02 at pH 7 

and an enthalpy of neutralization, A bHII, o f - 8  kJ mol l .  Assuming an enthalpy of 

neutralization of the intracellular buffer A bHH* of--21 kJ mol ! [64] and H +//O 2 - 0 .46,  

the standard oxycaloric equivalent ( - 4 5 2 -  [0.46 x (-8)] = -448 kJ mol 1) becomes the 

actual value (-448 + [0.46 x (-21)] = -456 kJ mo l l ) .  

Reproduced from Reference [121] with permission. 
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designed medium that resulted in the need for recruiting biosynthetic precursors 
from catabolic pathways (see Section 5.5 and References [51,103,114,115]). The 
reason for the slight decrease in DO was unclear but, of course, OUR is usually 
measured in a sealed vessel [125]. 

In order to discover the longer term effects of incubating cells in medium 
without a gas phase for oxygen recruitment [123], the perfilsion vessel was 
firstly equilibrated to 37 ~ with stirred medium. Then, 100 lul of concentrated 
cell suspension was introduced to the vessel using a Hamilton microsyringe 
attached to a high precision, motor-driven pump [126]. This model is no longer 
available but a substitute with at least an equal specification is the Titration- 
Injection microPump - T I P -  produced by Oroboros Alge (Alge Elektronik 
GmBH, A-6893 Lustenau, Austria). It was used for the titration experiments on 
CHO320 cells [22]. 

The metabolic results found for T-lymphoma cells injected into the vessel 
after it had been equilibrated to 37 ~ for 5 h are shown in Figure 35. With a 
closed vessel, a reliable estimation was made of OUR as well as heat flow rate 
until microxic conditions prevailed at 10 h, whereupon there was a rapid 
decrease in the heat production (Figure 35A). As depicted in Figure 35B, the 
enthaipy balance calculations revealed that oxidative processes accounted for 
60% of the heat flow rate with the remainder being due to anaerobic pathways. 
Presumably, the main candidate would be glycolysis to produce lactate. The 
calorimetric-respirometric ratio during the first phase was -776 + 15 kJ tool -~ O2 
(for interpretation of this finding, see Section 5.5). 

After 10 h, the second phase was characterised by a gradual increase in heat 
flow rate that was restored to its former value by 13 h (see Figure 35A). This 
was entirely due to anaerobic processes (Figure 35B). The carbon flux was 
found to be double the level in phase 1. This was presumably due to the much 
lower yield of ATP by such processes that would be dominated by the reduction 
of pyruvate to lactate in substrate phosphorylation, with the net synthesis of 2 
tool ATP per tool GIc. The increased glycolytic flux would result in a decreased 
pH as seen in Figure 35A. It was not possible of course to monitor the viability 
of the cells over the 20-h period but one would imagine that the accumulation of 
toxic lactate [53] would have a profound effect on the cells. Indirectly, this may 
be supposed from the fact that the heat flow rate during this phase was 
approximately at the same level as in phase 1, despite the fact that 15• more 
carbon is required to produce the same quantity of ATP as by oxidative 
phosphorylation. For the purpose of this speculation, the reliable number 
calculated by Beavis [62] for the stoichiometric yield of ATP per glc of 33 has 
been chosen, but there are many other values to be found in the literature (see 
Section 3.2.8). 
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Figure 33. (A) A combined titration/perfusion vessel equipped with a stirring 
device, a polarographic oxygen sensor and a combination pH-electrode (MI- 
414). (B) Section through the 3-cm 3 sample compartment with the electrodes 
mounted. The sample compartment is shown in the perfusion mode, with the 
turbine stirrer mounted on a hollow stirrer shaft. (C) Turbine stirrer made of 
Kel-F or stainless steel. (D) Section through the tip of the oxygen sensor. 
a -  sample compartment; b - hollow stirrer shaft; c - outer steel casing; 
d - tu rb ine  stirrer; e -O-r ings ;  f -combinat ion pH-electrode with the glass 
membrane protected by stainless steel tube; g-polarographic oxygen sensor; 
h-glass-coated platinum cathode; i - e p o x y  resin; j -  stainless steel tubing; 
k -  silver anode; 1 - stainless steel membrane holder; m -  Kel-F collar; 
n -  double teflon membrane (Reproduced from Reference [123] with 
permission). 

On occasions, it may be preferable to increase the resolution of the 
respirometric measurements by using much larger electrodes than could fit in 
the 4-cm 3 vessel. This was the case for a study of reversible metabolic 
suppression induced by anoxia in isolated turtle hepatocytes [127]. The cells 
were freshly prepared and were incubated in a phosphate- and HEPES-buffered 
physiological solution containing BSA but without glucose in order to record the 
endogenous metabolism from the glycogen stored in them. As seen in Figure 36, 
hepatocytes in a normoxic environment had a higher heat flow rate than did 
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those in argon-induced anoxia. Furthermore, only normoxic cells responded to 
the respiratory inhibitor, cyanide, introduced with a motorised Hamilton syringe. 
Measurement of OUR with a high resolution Paar Oroboros Oxygraph with 
Orbisphere electrodes [128] showed that the oxidative processes fully accounted 
for the heat production. In other words, there was no "unexplained" heat (see 
Sections 2, 4.1.1. and 5.2.4. for an explanation of"unexplained" heat in terms of 
the enthalpy balance method), in contrast to the situation for the anoxic 
hepatocytes. Using the caloric equivalent of glycogen reduction to lactate, it was 
found that the heat flux for lactate production accounted for 36% of the anoxic 
heat flux [ 127]. The enthalpy change associated with the release of free glucose 
from glycogen breakdown accounted for an additional 6%. The remaining 58% 
of anoxic heat flux constituted the "unexplained" gap for future investigation. 
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Figure 34. Variation in heat production rate ( ), oxygen activity ( - - - )  and 

pH ( ..... ) in a suspension of growing T-lymphoma cells. After obtaining baseline 
values for the medium (RPMI-1640) alone, the cell suspension was added as 
indicated by the arrow. During the experiment, a gas phase (air) of 0.6 cm 3 was 
present above the cell suspension (Reproduced from Reference [123] with 
permission). 

For experiments of the above type these days, it would be preferable to use 
the 20-cm 3 vessels available from Thermometric and CSC (see Reference [3] in 
Volume 1 of this Handbook). There are now many other possibilities for 
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biosensors, some based for instance on polarography and others with light 
guides on changes in fluorochromes. One of the possible criticisms of the work 
described above is the lack of knowledge of what was happening to the cell 
suspension in terms of growth and viability. This information could be obtained 
using a light guide (see Figure 37), such as advocated by Wads6 [129]. In fact, 
quartz rods were used some years ago as light guides to measure the optical 
density and thereby the amount of biomass, but this was for yeast [ 130]. It may 
now be possible to assess the quantity of viable biomass by dielectric 
spectroscopy [56] as used in bioreactors [103]. Clearly, it is important to 
maintain the cells in suspension and thus avoid the "crowding" effect that occurs 
on sedimentation (see Section 3.2.1). As mentioned previously, if stirring is not 
possible, then the alternative should be examined to suspend the cells by 
increasing the specific density of the medium using the PVP-coated silica gel 
Percoll manufactured by Pharmacia. This has been utilised for BHK fibroblasts 
that were found to float in 20% (w/v) Percoll and had a heat flux of 15 pW per 
cell [98]. 
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Figure 35. (A) Parallel measurements of the heat production rate ( ), oxygen 

activity ( - - - )  and pH ( ..... ) obtained from a suspension of T-lymphoma cells 
growing in RPMI-1640 medium. No gas phase was present during the 
experiment. Once the baseline had been established, the experiment was started 
(as indicated by the arrow) by the injection of 100/A of concentrated cell 
suspension. (B) The total heat production divided into an oxygen-related part 
(shaded; calculated as described in the text), and a part not related to oxygen 
(hatched) (Reproduced from Reference [123] with permission). 

Of course, motile cells do not require stirring or flotation. The best example in 
multicellular organisms is the haploid spermatozoan. In the 1980s, 
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Hammerstedt's group undertook a series of metabolic studies on bull sperm 
using a heat conduction microcalorimeter designed and built by Lovrien (Figure 
38; also see Volume 1 of the Handbook [3] and Reference [131]). The work was 
reviewed earlier [10] but, as an example of their studies, Inskeep et al. [132] 
looked at the differences in metabolism between ejaculated sperm (EJS), that 
had interacted with the fluids of the accesory sex glands, and newly matured 
sperm from the cauda epididymus (CES). The total heat dissipation from the 
former (224 gW per 108 cells) was significantly higher than that of the latter (92 
gW per 108 cells) when both were incubated in vitro with glucose. 
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Figure 36. A simultaneous calorimetric trace of normoxic (solid line) and anoxic 
(dotted line) hepatocytes at 25 ~ Cyanide (CN, 0.5 mM) was added to each 
incubation at the time indicated by the arrow. The anoxic cells are measured at 
twice the concentration of the normoxic cells to decrease the error at the low 
heat flow rate that was close to baseline. The normoxic cells have a linear heat 
output over the particular concentration range (Reproduced from Reference 
[127] with permission). 

Under similar conditions outside the calorimeter [132], OUR was threefold 
higher for EJS (414 pmol s -i per 108 cells) than for CES (152 pmol s -I per 108 
cells). On the other hand, the adenylate energy charge (EC = [ATP + 
�89 + ADP + AMP]) was identical for both sets of sperm. Inskeep et 
al. [ 132] calculated, however, that the rate of ATP synthesis was greater for EJS 
(3.6 nmol s -1 per 108 cells) than for CES (1.39 nmol s -l per 108 cells). Less than 
0.56 nmol s -~ per 108 cells for sperm from each source was derived from the 
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degradation of endogenous reserves. Thus, ejaculation would appear to be 
accompanied by a large increase in the catabolic rate coupled to the ATP cycle, 
that is satisfied by the breakdown of glucose. It was also found that the 
additional ATP generated by the ejaculated sperm was partly utilised in 
increased motility (85 nmol s ~ as against 58 nmol s -I for CES). The remainder 
may possibly be due to substrate cycling in glucose metabolism at the inter- 
conversions in the Embden-Meyerhof pathway between glucose/glucose 6- 
phosphate and fructose 6-phosphate/fructose 1,6-bisphosphate. 

(c) 

I ( :  ) (b) 
(a) ~ (g) 

(f) 

(d) 
Figure 37. This shows the principle arrangement of a microcalorimetric titration 
vessel equipped for light absorption. An electrode is also positioned in the 
vessel. (a) lamp and the other optical equipment, (b) light guide, (c) titration 
syringe, (d) microcalorimetric vessel, (e) electrode, O r) light path in the medium, 
(g) spectrometer (Reproduced from Reference [129] with permission). 

As stated earlier (Section 3.1.1)), it has always been a calorimetric problem to 
study the metabolism of cells adherent to a substratum. The obvious solution 
these days is to use beads in a "bioreactor-type" vessel. An early application of 
such a technique was the use of solid Cytodex 1 microcarriers (Pharmacia) to 
measure the heat production of anchorage-dependent green monkey kidney 
(Vero) cells [38] in a Thermometric stirred perfusion vessel [95]. As seen in 
Figure 39, the heat production was proportional to the number of cells assessed 
by counting in a Bfirker chamber the number of nuclei released from cells and 
stained with a hypotonic solution of citrate containing crystal violet [38]. In 
recent years, different kinds of microcarriers have been manufactured that are 
optimised for specific cell types. 
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5.4. Pharmacological studies 
It would seem obvious that a technique measuring the net metabolic activity 

of living material should have potential both as a screen for likely drugs and as a 
tool in seeking to establish the mode of action of natural products and synthetic 
compounds. Indeed, there has been sufficient research in this direction to show 
the value of heat measurements and, to illustrate the point, reference is now 
made to a few of the major studies. 
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Figure 38. A Lovrien three-channel batch heat conduction microcalorimeter for 
solution-solution or solution-suspension mixing. Each vessel (5 cm 3 total) has 
two compartments. The smaller chamber (shown being loaded with the syringe) 
holds 0.5-1.0-cm 3, while the larger chambers can receive 1.0-2.0 cm 3. After 
thermal equilibration, 6 to 15 min, the assembly is inverted to mix all the 
vessels' contents and thus start the reactions. Two Seebeck thermopiles make 
contact with the sides of each vessel. The reference vessel's thermopiles are 
connected in opposition to the thermopiles of all the three sample vessels. Thus, 
the heat of the reference or control experiment is electrically subtracted from the 
heat of each of the three sample vessels. Port closures may be fitted for the gas 
purging necessary for either aerobic or anaerobic conditions. The mixing vessel 
materials are glass, 18 K gold or stainless steel (Reproduced from Reference 
[ 131 ] with permission). 
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5.4.1. Cancer drugs 
The potential for the calorimetric prediction of the action of antineoplastic 

drugs was first realised in 1988 by Sch6n and Wads6 [ 133]. The inhibitory drug 
methotrexate (MTX) is very well known in genetic engineering because its 
target enzyme, dihydrofolate reductase (DHFR), is often incorporated into 
plasmids for co-amplification. It effectively stops DNA synthesis by arresting de 
novo synthesis of purine and pyrimidines. In the experiments under discussion, 
it was injected into a suspension of neoplastic cells of the T-lymphoma line 
stirred in a Thermometric perfusion vessel by a Kel-F turbine [45]. As seen in 
Figure 40, the drug had an effect on heat flow rate within 2 h. A satisfactory 
dose-response curve was then constructed from the calorimetric data over the 
range of 0 .02-  2.00 IaM MTX. 
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Figure 39. Heat flow rate values plotted against the number of cells (Reproduced 
from Reference [133]. 

In a later, more comprehensive study, the effect of the purine and pyrimidine 
antagonist, 6-thioguanine (6-TG), was examined in detail [134]. The dose- 
dependent effect of 6-TG on the heat flow rate of T-lymphoma CCRF-CEM 
cells was examined and the results are depicted in Figure 41. The transient spike 
at the time of introducing the drug represents the heat of dilution of the drug 
and, more particularly, of the vehicle to dissolve the 6-TG, that is 
dimethylsulphoxide (DMSO). 
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Bermudez et al. [134] formulated equations to give a response value (R) based 
on the heat profiles shown in Figure 41. From these values they have 
constructed a dose-response line by fitting an exponential curve to the 
experimental data. This is depicted in Figure 42A. They also re-examined the 
inhibition by MTX and found a similar response to the dose (Figure 42B). One 
of the disadvantages of using MTX is that cells can readily become resistant to it 
owing to a defect in membrane transport. This is characteristic of the 
CFM/MTX subline and it makes these cells a positive control to ensure that the 
inhibitory effect is due to the action of MTX (see Figure 42C). In the case of 
CCRF-CEM cells, the saturation values for the response to both drugs were very 
similar, with the Rma• of-~2.4 that reflect the extent to which the culture 
can be inhibited, whereas Rmax for the resistant CEM/MTX cells was <1.3. Using 
the more familiar 50% effect as the endpoint [ 134], the sensitivity of the cells to 
the drugs was described as half the maximal response, Dso. For CCRF-CEM, the 
Ds0 was equal to 0.38 gM for 6-TG and 0.05 gM for MTX. In other words, these 
cells were more sensitive to MTX than to 6-TG. In contrast, the CEM/MTX 
cells gave a Ds0 for MTX of~8 gM. 
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Figure 40. Heat flow rate for a sample of T-lymphoma cells where methotrexate 
(MTX) is injected (bottom line) and for a reference sample (top) run in parallel. 
The addition of MTX to a final concentration of 0.18/~M was made at the time 
indicated by the arrow (Reproduced from Reference [133] with permission). 

It is well known that chemotherapy for neoplasia involves combinations of 
drugs in order to overcome variable cell biochemistry. Among other 
experiments, Roig and Bermudez [135] studied the effect of combining MTX 
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and 6-TG on the heat flow rate of T-lymphoma cells. In Figure 43 the time to 
the maximum effect (tD) was plotted against the molar concentrations of the anti- 
metabolites. This provided information on the elapsed time for the cellular 
response to the individual drugs and their combination. This variable decreased 
continuously with increasing concentrations of MTX but it was saturated for 6- 
TG at doses higher than 2 pM (see Figure 43). When both drugs were 
administered to the cells in combination, the response appeared earlier and tD 
was also saturated for combination doses above 3 pM (2 pM 6-TG + 1 pM 
MTX). 
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Figure 41. The heat flow rate (P) for CCRF-CEM cells exposed to 6-thioguanine 
(6-TG). The arrow indicates the point at which 6-TG was injected, the vessels 
being inserted into the calorimeter at time zero. Mechanical disturbance 
occurring during the first hour has been omitted. The final drug concentrations 
were (a) 0, (b) 0.2, (c) 0.5, (d) 1.0, (e) 2.0, and (f) 4.0 ~M (Reproduced from 
Reference [134] with permission). 

It is of course well justified in the context of cancer to dose the body heavily 
with "harmful" drugs. However, it must be expected that the other tissues, 
especially the liver, might be affected and possibly to a serious extent. Taxol is a 
natural product with potent anticancer activity because it is able to break the 
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Figure 42. The calorimetric dose-response curves constructed as the relative 
response, R, vs the concentration of the drug. A and B show the effect on CCRF- 
CEM cells of 6-thioguanine (6-TG) (A) and methotrexate (MTX) (B), 
respectively. C shows the effect of MTX on the subline, CEM/MTX. The solid 
line in each section represents the best fit to the experimental points. 
(Reproduced from Reference [134] with permission). 



628 

protection afforded to neoplastic cells that overexpress the bcl gene. It does so in 
some way by interfering with the microtubule-mitochondrion interaction, 
causing a post-translational change to bcl protein by inducing phosphorylation 
of it [136]. Manzano et al. [137] studied the metabolic effects of taxol on 
isolated rat hepatocytes and found that it occasioned a decrease OUR more than 
in the heat flow rate and increased lactate production. The reduced aerobic 
metabolism caused a reduction in ATP production that was then supplemented 
by a higher glycolytic flux yielding ATP from the reduction of pyruvate to 
lactate. Measurement of ATP content indicated that substrate phosphorylation 
was insufficient to meet ATP demand and meant that taxol reduced the overall 
metabolic activity. 

Because of the known action of taxol, Manzano et al. [137] initiated state 3 
respiration in isolated mitochondria by the addition of 0.8 mM ADP together 
with one specific substrate of each respiratory chain complex. These were 
10mM pyruvate (NADH-ubiquinone oxidoreductase, complex I), l mM 
succinate (succinate dehydrogenase, complex II) or 0.2 mM ascorbate and 10 
~tM tetramethyl-p-phenylenediamine (cytochrome oxidase). The addition of 
taxol strongly reduced the respiratory capacity of complex I and complex II by 
58% and 45%, respectively, without affecting cytochrome oxidase. Thus, they 
found a direct effect on respiratory metabolism. This is presumably because the 
change to mitochondrial bcl protein in the intermembrane space caused the 
release of cytochrome c [138] and can lead to the apoptotic cascade (see Section 
5.2.2). 

These few scientifically acceptable examples of a type of study show that 
drug interaction with cells can be detected by changes in heat flux as an index of 
metabolic activity. The problem from the point of view of the pharmaceutical 
industry is that conventional calorimetry cannot cope with the extremely high 
throughput of potential drugs produced in a field impelled by genomics and 
combinatorial chemistry. To a small extent, the answer may be to make a truly 
multi-channel calorimeter. Takahashi [139] has designed a 24-channel 
instrument (Biothermal Analyser H-201) that is produced by the Nippon 
Medical and Chemical Instruments Co. Ltd. (Osaka, Japan). It is intended, 
however, for the detection of the heat flow rate from microbial preparations and 
is not sensitive enough (17.2 ~W/IaV) for animal cell suspensions (10 6 cells 
produce ~20 ~tW). The throughput of such a system would be unacceptable in 
any case since the Pharmaceutical Industry talks in terms of screening tests 
using 284-weli or even 1536-well microtitre plates with robotic control. 

In terms of thermoelectric devices, the approach of Pizziconi and Page [12] 
may indicate a possibly fruitful path. They have engineered a microfabricated 
hybrid biosensor, in which both the cellular and macromolecular constructs are 
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Figure43. The time of maximum effect (tD) of 6-thioguanine (6-TG), 

methotrexate (MTX) and their combination at DMv x/D6.,rc , = 0.5 ratio, t D values 
were obtained for different doses of 6-TG (6), MTX (n) and the combination of 
both drugs (�9 Symbols show the mean + SEM for 3-5 experiments 
(Reproduced from Reference [135] with permission). 

integrated with a thermopile acting as an advanced transducer. As a model 
interactive system, they chose the mast cell recognition of immunoglobulin E 
(IgE) that attaches with high affinity to the cell surface. The cells are activated 
with the specific antigen and this causes the release of histamine. The 
representative immunoassay system (see Figure 44) thus consists of (A) living 
mast cells, with (B) the IgE antigen recognition, bound by natural extracellular 
matrix proteins at the cell/transducer interface (C) to a highly sensitive, thin-film 
thermopile transducer (D). It is possible to amplify the heat produced by 
reaction of the mediators with known ligands (E). It is of course important to 
multiplex the system using a sensing array, as shown conceptually in Figure 44. 

The prototype thermopiles were constructed as thin films of antimony and 
bismuth metals in regular patterns to form pairs of thermocouple junctions on a 
thin (38 lam) Mylar | support [12]. They were modified to accommodate the 
living cells by incorporating a small microwell, placed directly over both the 
active and the reference junctions, to contain the culture medium. The cells were 
immobilised with fibronectin placed over the active thermopile junctions only 
(see Figure 45), so that the thermopile electromotive force is proportional only 
to the temperature difference between the active and reference junctions. A 
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small stirrer was used to minimise the local temperature gradients. In the actual 
experiments, the cells were activated chemically using the calcium ionophore, 
A23187. There was a relatively rapid increase in the heat flow rate within 
20 min to give a value that was validated by conventional calorimetry. Further 
improvements were made in later papers (see for instance Reference [140]). 

A non-thermoelectric approach to the need for the rapid throughput of many 
samples is that of Paulik et al. [14] using thermal imaging to measure the 
thermogenesis by cells in microtitre plates. Heat dissipation was recorded with a 
thermo-electrically cooled Agema Thermovision System AB (Danderyd, 
Sweden) equipped with a SW scanner and a 40 ~ x 25 ~ lens that detects a 2-5.4 la 
spectral response and has a focal distance of 6 cm. The scanner had an internal 
calibration system with an accuracy of 0.08 ~ Images were captured using a 
recurs function set at 16. The data were analysed using OS-9 advanced systems 
and ERICA 2.00 software (Agema). Thermography of the human subcutaneous 
adipocytes was performed at 37 + 0.02 ~ in a strictly controlled incubator that 
contained the apparatus (Figure 46). 

Figure 44. The cell-based hybrid biosensor immunoassay system. The inset 
depicts the arrangement of the key hybrid sensor components. The details of the 
system A to E are in the text (Reproduced from Reference [12] with 
permission). 

The adipocytes used as the test system for mammalian cells were grown in 
96-well plates with the well-known respiratory uncoupler, carbonyl cyanide p- 
(trifluoromethoxy)phenylhydrazone (FCCP) or the inhibitor of the respiratory 
chain, rotenone. The results reproduced in Figure 47 validated the analytical 
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system by correctly showing that FCCP caused increased thermogenesis and 
rotenone inhibited heat dissipation. The authors also found that more heat was 
produced when the cells were stimulated by CL316243, a 132-adrenoceptor 
agonist being developed by GlaxoWellcome to treat obesity. On the other hand 
the antidiabetic agent, troglitazone, suppressed the heat production by the 
adipocytes. 

Figure 45. Schematic representation of the prototype of a thin-film whole cell 
biosensor. The top view shows the placement of living cells over active sensing 
junctions (Reproduced from Reference [12] with permission). 

5. 4.2. Clinical studies 
The potential to employ calorimetry as a diagnostic tool in medicine has been 

exposed largely by Monti and his co-workers in the University Hospital in Lund 
(see Chapter by him on Blood tissue in this Volume). As an example of the 
insight that calorimetry can give to clinical problems and to continue the theme 
at the end of the preceding Section, attention is drawn briefly to "bad" fat. This 
is the white adipose tissue associated with obesity (see review in Reference [10] 
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and Section 5.5 for "good" fat, brown adipose tissue). White adipocytes were 
dissociated with collagenase from human subcutaneous adipose tissue and 
suspended in (floated on) a Krebs-Ringer-bicarbonate buffer containing glucose, 
insulin and albumin [ 141 ]. It was perhaps surprising to find that the adipocytes 
from 14 obese patients had a lower average heat flux than those from the same 
number of normal controls (see Figure 48A). The average for the former was 26 
+ 12 (SD) pW per cell compared with the latter at 49 + 15 pW per cell. 

Figure 46. Apparatus for measuring infrared thermography in cell culture. The 
"black box" and the "black body" minimize the thermal noise (i.e. reflection and 
air currents) from the culture plates and the surrounding environment. The use 
of an incubator also prevents fluctuations in the surrounding temperatures and 
improves cellular responses and viability. The camera monitors the real-time 
heat production from the cells in culture with images recorded by a central 
processing unit for further data analysis (Reproduced from Reference [ 14] with 
permission). 

Adipocytes from obese patients mirrored their "owners" in being considerably 
larger than those cells from normal people, so the difference between the two 
groups was emphasised by expressing it in terms of tissue weight (Figure 48B). 
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"Obese" fat tissue produced 40 laW g-~ whereas the normal tissue evolved 133 
~tW g-~. The investigators stated that "there is increasing evidence that obesity is 
associated with an increased metabolic efficiency" [141]. Now this is not a 
particularly new idea for, over 40 years ago, a corpulent Latin master said, when 
criticising a typically poor translation of Ovid, "Kemp, you and I have only one 
characteristic in c o m m o n -  a highly efficient digestive system" [10]. The 
research in Lund was expanded to include for instance (i) the effects of fasting 
and horizontal gastroplasty on the heat produced by adipocytes by the obese 
patients [10]; and (ii) the differences that occur in such clinical conditions as the 
painful adiposis dolorosa in which the fat cells are larger than normal and 
produce less heat [142]. These effects were not as marked as those found in 
obesity but there was also the observation of an increased proportion of 
monounsatuated fatty acids at the expense of saturated ones. 

5.4.3. Cell signalling 
One of the more interesting current topics in Cell Biology at this time is the 

detection of cell signals and the energetic costs of the cascades subsequent to the 
binding of primary messengers (hormones, growth factors, etc.) to their cell 
surface receptors. Since many of the cascades after membrane transduction of 
the message involve a series of phosphorylations in the cytosol, it is reasonable 
to assume that there is more demand for ATP and thus metabolism coupled to its 
supply must increase in a proportionate manner. In an experiment reported in 
1993 [94], apoptosis was induced in a human pre-B acute lymphocytic 
leukaemia cell line, KM-3. On the surface of these cells is a 37 kDa cell surface 
antigen (BAL) that acts as a receptor, perhaps similar to what is now called the 
death inducing receptor (CD95), for an unknown primary messenger, possibly a 
cytokine. A mouse monoclonal anti-BAL antibody was raised and the cells were 
treated with it. It had no effect on the heat flux of a cell suspension stirred in a 
Thermometric insertion vessel (see Reference [3]) until the receptors, 
"extended" by the antibody molecules, were crosslinked by a rabbit anti-mouse 
Ig antibody. Within 20 min of its addition, the heat flow rate increased 
(Figure 49) and, following an inflexion, this enhanced rate of +3.5% continued 
for at least 4 h. No change in heat production was observed in cells without the 
secondary antibodies. These cells did not show any of the classical symptoms of 
apoptosis. On the other hand, the cells treated with the crosslinking antibodies 
within hours exhibited the growth inhibition (Figure 50A) and the DNA 
fragmentation typical of apoptosis (Figure 50B). 

In order to discover the source of the increased metabolism, OUR was 
measured and was said by the authors [94] to be unaffected by the induction of 
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apoptosis. No data were presented but it was shown that lactate formation 
increased by ~10%. It might be suggested from these results that the additional 
requirement for ATP was met by aerobic glycolysis and, from this, it could be 
inferred that the respiratory capacity of the mitochondria was at its maximum in 
the control cells. The absence of the OUR data precludes analysis of the data in 
terms of the enthalpy balance method and the intensity of the glycolysis in 
aerobic conditions that requires knowledge of the calorimetric-respirometric 
ratio (see Reference [65] and Section 5.5). 

This is the only comprehensive report of the effect of signalling but there was 
a recent abstract stating the effect of the human growth hormone (hGH) on the 
human lymphoid cells, Ba~3"6, growing on the improvised glass blades of the 
stirrer used in the Thermometric insertion vessel [37]. hGH in a 1 nM solution 
caused an immediate, if rather slow increase in metabolic activity, measured by 
the change in heat flow rate of about +10%. It would appear likely that the 
difference is an expression of the energetic cost of cell signalling in terms of a 
phosphorylation cascade. 

Figure 47. Black and white scan of an infrared image of human adipocyte 
cultures treated with rotenone and FCCP. Confluent human adipocytes were 
cultured in 96-well microtitre plates (50 gl/well). Dose responses are shown on 
the thermogenic effects of rotenone and FCCP on human adipocytes. The cells 
were treated for 10 min with either agent before the images were analyzed by 
infrared thermography. Representative data are presented from experiments 
performed in triplicate (Reproduced from Reference [14] with permission). 
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5.5. The calorimetric-respirometric ratio 
In most cases, scientists that wish to investigate intermediary metabolism in 

tissues choose indirect calorimetry, OUR, as one of their analytical tools and 
perhaps also measure lactate concentrations as an indicator of the intensity of 
aerobic glycolysis. Even when needing to express the results in terms of heat 
flux, for respiratory metabolism they apply the appropriate oxycaloric 
equivalent, AkHo2, to the data for oxygen flux ( Jo2 ), 

J~ = AkHo~ Jo~ (24) 

Heat production 
(pW/cett) 

70 

60 

50 

40 

30 

20 

10 

S 
Q 

I1. 

Heat production 
(pW/g fat tissue) 

200 

150 

100 

50  

o o �9 

$ 

Normal Obese o Normal 
weight controls patients weight controls 

Obese 
patients 

(A) (B) 

Figure 48. The heat flow rate of adipocytes in obese patients and in lean control 
subjects, expressed as gW per cell (A) and as jaW per gram of tissue (B). 
(Reproduced from Reference [141 ] with permission). 

Oxycaloric equivalents are the theoretical values for the enthalpy changes of 

the catabolic half-cycle, e.g. glc to HCO; and H +, and do not include any 

coupled processes such as ATP production. This means that no work is done, so 
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the net efficiency is zero. These equivalents can be calculated from standard 
enthalpies of formation (see Section 5.2.4) and, for given substrates, are the 
same as values obtained by bomb calorimetry. Combustion in a bomb 
calorimeter is dissipative and thus totally inefficient, not being coupled to any 
energy conserving mechanism. In practice, it has been found that the oxycaloric 
equivalents for all substrates are similar [64] according to Thornton's Rule (see 
Section 5.2.4). This is because of the regularity for the heat evolved per 
equivalent of oxygen consumed in terms of available electrons [ 107-109]. For a 
variety of substrates and conditions, Gnaiger and Kemp [64] have calculated that 
the theoretical oxycaloric equivalents range f rom-430  t o - 4 8 0  kJ mol -~ O2; on 
average AkHo2 =-450 kJ mo1-1 + 15% (see Table 5). 

Table 5 
Oxycaloric equivalents of aerobic respiration for various substrates in aqueous 
solution at pH 7. 

A k Hc~: and A kHI~, (kJ/mol 02) are calculated with enthalpies of neutralisation 

of 0 a n d - 9  kJ/mol H +, respectively, and with all reactants dissolved in water. 

/XkHo, refers to the same conditions as A kH'o:, except that 02 and CO2 are 

exchanged with the gas phase. The CO 2 / 0  2 ratio is the molar gas exchange 

ratio or respiratory quotient. Values for triacylglycerols, (C~88H3302)3, and 

protein, (C 479 H 7510~ 49 N ! 34S0032 )~, are calculated from average fatty acid and 
amino-acid compositions of organisms, with aqueous urea or ammonium ion as 
nitrogenous end-product. 

O Substrate CO 2/O 2 /~ k Ho~ A k H'o, A k Ho~ 

G luco se 1.0 -469 -476 -469 
Glycogen 1.0 -469 -477 -469 
Palmitic acid 0.70 -431 -435 -434 
Triacyglycerols 0.72 -439 -444 -442 
Protein --~ urea 0.84 -436 -442 -438 

+ 0.97 -443 -450 -443 Protein ~ NH 4 
Reproduced from Ref. [64] with permission. 

The theoretical oxycaloric equivalent is the expected ratio of the calorimetric 
heat flux and the respirometric oxygen flux, the CR ratio, 
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CR ratio : Jo/Jo: (25) 

For whole animals in normoxic conditions, homeostatic mechanisms ensure that 
the CR ratio is the same as the above generalised oxycaloric equivalent [143] 
with the Cori cycle in the liver converting to glucose any lactate formed in the 
tissues and subsequently excreted into the circulating blood. As noted some 
years ago [ 10,59], it is rare indeed for tissue cells grown in culture to have a CR 
ratio close to the generalised oxycaloric equivalent. The only authenticated 
report is for hamster mature brown adipocytes that have a CR ratio o f - 4 9 0  kJ 
mo1-1 02 when treated with noradrenaline [144]. This hormone stimulates 
thermogenesis in brown fat by acting on the 33-kDa uncoupling protein (UCP; 
also known as thermogenin) in the inner mitochondrial membrane to open 
channels between the cytosol and the matrix [145]. Thus it causes the dissipation 
of the protonmotive force. In the same way established for the familiar lipophilic 
uncouplers such as dinitrophenol, electron transport from NADH to 02 now 
proceeds at a maximal rate not coupled to the demand for ATP. There is a 
proportionate increase in both heat production and OUR as a result of the 
relatively uncontrolled catabolic flux. This is analogous to the situation in the 
bomb calorimeter (see above) because uncoupling results in a totally inefficient 
process that permits no energy conservation, i.e. there is no oxidative 
phosphorylation to produce ATP. Without another source of ATP, there must be 
the rapid death of uncoupled cells. 

Clark et al. [146] were interested in the hypertrophy of brown fat in rats fed 
on highly palatable "junk-type cafeteria" food as a mechanism to dissipate the 
additional energy by increased thermogenesis. They measured heat flow rate in a 
rotating LKB batch calorimeter [28,147] and OUR in a stirred respirometer. The 
results for the dissociated brown adipocytes shown in Figure 51 demonstrate 
that the injection of noradrenaline stimulated the heat flow rate more than OUR 
and apparently gave a considerably more exothermic CR ratio o f -1477  kJ mol -~ 
02. This result was interpreted to mean that the necessary ATP production had a 
reduced efficiency. 

In a series of papers using the same combination of direct and indirect 
calorimetry, Clark's group also studied isolated rat hepatocytes (see review in 
Reference [10]). Judging from calculations later undertaken by Kemp [10], the 
research showed that dihydroxyacetone and fructose both caused considerably 
more negative CR ratios; f rom-542 kJ mol -~ 02 to approximately -650 kJ mol -~ 
02 [147]. They attributed these findings to the increased rates of substrate 
cycling between glucose/glucose 6-phosphate, fructose 6-phosphate/fructose 
1,6-bisphosphate and pyruvate/phosphoenolpyruvate to decouple the catabolic 
process from ATP production and lower the efficiency of ATP production. 
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Figure 49. Calorimetric measurements of KM-3 cells. The heat flux at 37.0 ~ 
was plotted as a function of time (t). The early portion that is out of range, 
corresponds to lowering and thermal equilibration of the calorimetric vessel. 
During this 1-h stage, the temperature of the cell suspension reached 36.9 ~ in 
less than 6 min; (A) KM-3 cells incubated in the presence of  the anti-BAL from 
t = 0 h. At t = 2 h, 48 ~tl secondary antibody was injected as marked by the 
arrow. The difference between the original and the extrapolated dotted line is the 
excess heat flux (&P) in response to cross-linking; (B) the same as in (A), but 
without the cross-linking secondary antibody (Reproduced from Reference [94] 
with permission). 



639 

5oo 1 

, - ,  400~ 

�9 ~ 3 0 0 -  
v 

= ,  2 0 0 -  

loo 
E 

0 

0 i0 ,o ,;o 
time (h) 

A 

20 

10 & 

0 

0 20 40 60 80 100 

time (h) 

B 

Figure 50. (A) The uptake of [3H]thymidine as a function of time in KM-3 cells, 
treated with anti-BAL and secondary antibody (,) or without these antibodies 
(o). The indicated times represent the period between the addition of the 
secondary antibody and the end of the 4-h [3H]thymidine pulse. The data points 
are expressed as the mean value of five experiments. (B) The kinetics of DNA 
fragmentation in KM-3 cells after cross-linking of anti-BAL antibodies (,)  and 
in untreated KM-3 cells (o). KM-3 cells were incubated with anti-BAL 
antibodies for 2 h before addition of secondary antibodies at t = 0 h The degree 
of DNA fragmentation represents the percentage of DNA that was present in the 
cytoplasmic fraction in the cells. Samples were run in duplicates (Reproduced 
from Reference [94] with permission). 

It is important to examine the claims that CR ratios more negative than the 
corresponding oxycaloric equivalent, are due to decreased efficiency. As 
established in Section 4.1.1. (see also Reference [25]), an enthalpy of 258 kJ 
(i.e. 6 • 43) is metabolically conserved for each mole of oxygen utilised in the 
respiration of glucose. Therefore, the highest thermodynamic efficiency for ATP 
production is 0.55 (i.e. 258/469), using the oxycaloric equivalent o f - 4 6 9  kJ 
mol -~ 02 [64]. The enthalpy change per mol 02 for the fully coupled reaction is 
-211 (-469 + 6 • 43) kJ mol -I 02. The ATP/O2 ratio decreases with uncoupling. 
So, the thermodynamic efficiency is lowered, and the enthalpy change per mol 
02 decreases from-211 to a maximum o f - 4 6 9  kJ mol -! for fully uncoupled 
respiration. Since it has been established above that this value represents zero 
efficiency, then uncoupling (see Figure 52 for detailed explanation) and 
decoupling (see Figure 53 for reasoning) to give highly exothermic CR ratios 
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cannot be due to the lower efficiency of ATP production. The reasons for these 
CR ratios more must be sought elsewhere. 

Gnaiger and Kemp [64] established that highly exothermic CR ratios were 
due to the integration of anaerobic pathways with aerobic metabolism and it is 
common knowledge that the most common anaerobic end product in mamma- 
lian cells is lactate. Net production of lactate from glucose is accompanied by a 
dissipative catabolic enthalpy change, AkHLac, o f - 8 0  kJ mol -~ when the acid is 

buffered in the cytosol. The plasma membrane is very permeable to lactate (and 
pyruvate) and then the enthalpy change depends on the nature of the buffer in 
the medium [4]. It i s -80  kJ mol -~ when excreted into a bicarbonate buffer , -59 
kJ mol -~ into a phosphate buffer a n d - 7 7  kJ mol -~ into 20 mM HEPES buffer. 
The molar amount of lactate produced per unit amount of oxygen consumed 
(Lac/O2) indicates the relative extent of aerobic glycolysis. The catabolic (k) 

heat change per mol 02, AkH(ox+anox) ( C R  ratio), is then calculated as, 

AkH(ox+ano• ) = AkHo~ + Lac/O 2 x AkHLa c (26) 

Similar equations can be constructed for other anaerobic products (p); in a 
generalised equation, p can be substituted for Lac and, if there is more than one 

such product, the heat effect is additive, ~--'~p/02 x AkH v . 

As shown previously [4,11,22,44,59,64], in many cases of highly exothermic 
CR ratios the enthalpy balance approach in Equation (26) proved that aerobic 
glycolysis to produce lactate was the cause. The situation is not simple for many 
of the cell types in culture, however, because the various different growth media 
almost always contain glutamine. This is present primarily for purine and 
pyrimidine synthesis in the anabolism of nucleic acids. In many cases, however, 
this amino acid is completely oxidised to provide energy. More commonly and 
highly relevant to the present discussion, it also can be partially oxidised by a 
process called gluaminolysis to lactate [49,54], with a ATP stoichiometric 
coefficient for glutaminolysis of 6ATP/O2-  see Reference [22]). This pathway 
causes an overestimate of aerobic glycolysis because the oxycaloric equivalent 
for glutamine is within the normal range. For the HEPES-buffered medium used 
for 2C11-12 mouse macrophage hybridoma cells [121], the metabolic reaction 
and corresponding enthalpy change is [127], 

+ H3N(CHCH2CH2CONH2)COO-' (aq) + 1 1~2 O2(g ) 

+ 3H20(1 ) + HEPES(aq) --~ CH3CH(OH)COO- (aq) + 2HCO; (aq) 
+ 

+ 2NH 4 (aq) + H E P E S -  H § (aq) - 695 kJ 

(27) 
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The overestimate can only be redressed by radioisotopic experiments of the type 
undertaken with the 2C11-12 cells [121]. As will be seen in Table 6, the 
oxidation of the glutamine is considerable and results in the production of 
significant amounts of lactate. 
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Figure 51. Representative traces of heat output (a) and 02 consumption (b) rates 
by isolated brown adipocytes from cafeteria-fed rats after the sequential addition 
of glucose, noradrenaline, propranolol and oleic acid. Isolated brown adipocytes 
(2.65 x 105 cells/cm 3) were prepared from two cafeteria-fed rats. Noradrenaline, 
propranolol and oleic acid were prepared in Krebs-Henseleit bicarbonate- 
buffered saline, equilibrated at 37 ~ for 3.0 min, and added in a concentrated 
form at the times indicated (Reproduced from Reference [146] with permission). 



642 

@ @ 
116Gic_ 1/6 GIc 6 ATP 1 0 2 

10 2 

, 6 ADP 1 C02~-'"  [ 1 CO 2 1 l 

"k"O, 
Figure 52. Energy transformation half cycles in (a) fully coupled conservative 
metabolism, and (b) uncoupled catabolism, a: Net synthesis of ATP in fully 
coupled metabolism. The enthalpy change per mol O2 is the sum of the catabolic 
(k, exothermic) and phosphorylation (p, endothermic) half cycle, b: The 
dissipative catabolic half cycle provides the stoichiometric basis for calculating 
the oxycaloric equivalent, AkHo~ (Reproduced from Reference [25] with 

permission). 

Table 6 
Metabolic flux of [U-14C] glucose, J~lc in pmol s 1 per 10 6 cells (%) and [U-14C] 
glutamine, J~,,, in pmol s l per 10 6 cells (%)a by 2C11-12 mouse macrophage 
hybridoma cells in standard incubation medium (average of 4 experiments). 

Activated cells Triggered cells 

J~;l~ JGI, Jclc JGl, 

Lactate 55• (73) 9+1 (38) 30+2 (30) 4+0.5 (21) 
Pyruvate 0.5+0.1 (0.7) 1+0.1 (5) 6+0.5 (6) 0.2+0.1 (0.9) 
Carbon 23i2 (10) 10• 1 (9) 90+7 (29) 7+ 1 (7) 
dioxide 

Glutamine - 7+0.5 (29) - 
Total (83.7) (81) (65) 
a Calculated from the specific activity of the relevant substrate. 
Reproduced from Reference [121] with permission. 

5+0.5 (26) 
(54.9) 
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Figure 53. Half cycles in dissipative maintenance metabolism with steady state 
ATP turnover, decoupled by futile cycling. The fructose 6-phosphate/fructose 
1,6-bisphosphate cycle is shown as an example. The net enthalpy change is 
calculated from the net biochemical change which, at steady state levels of ATP 
and all anabolic intermediates, is exclusively due to the catabolic half cycle 
reaction, equivalent to uncoupled catabolism (oxycaloric equivalent). Enthalpy 
is intermittently conserved in endothermic half cycles (p, phosphorylation; a, 
anabolic), but an equivalent amount of enthalpy is exothermic in the reversed 
exergonic half cycles (-p, dephosphorylation; d, dissipative). Therefore, ATP 
turnover and futile cycling raise the heat flux strictly proportional to the 
catabolic flux which, however, can be augmented by anaerobic catabolism with 
a corresponding anaerobic contribution to total heat flux (Reproduced from 
Reference [25] with permission). 

If the enthalpy recovery is not achieved for lactate, then it is important to look 
for possible methodological deficiencies before resorting to further metabolic 
analyses. Or, better still, try to avoid them in the first place. The use of ratios 
considerably increases experimental error, so it is vital to set the conditions for 
both measurements to be as similar as possible. All polarographic measurements 
of OUR are done for stirred cell suspensions whereas there is only a limited 
availability of stirred calorimetric vessels. Not only does this lead to the so- 
called "crowding" effect (see Section 3.1.1) with increased glycolysis due to the 
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Pasteur effect, but the respiroineter gives an incorrect reflection of OUR in tlie 
iinstirred vessel. In many c.ases, the calorimetric vessel has a gaseous headspace 
that allows recruitment of oxygen, whereas OUR is ineasiired without one. 

It should be remembered that tnicrocalori~neters have extremely low detection 
liiiiits that can only be matched by some of tlie better respirometers, for instance 
the high resolution Oroboros Oxygrapli with large diameter Orbispliere 
electrodes (see Reference [ 1281). For this reason, the m a l l  oxygen electrode 
used in the Thertnoinetric TAM insertion vessel [ 1231 may only be suitable for 
OlJR measureinents at relatively liigli cell densities. Nevertheless, if both 
ineasiiretnents are made, then tlie experimenters sliould attempt an cntlialpy 
balance to detect possible systematic errors that could invalidate the results. For 
instance, i t  has been shown that tlie basic fibroblast growth factor (bFGF) 
appeared to depress tlie lieat flux and OUR (see Figure 5 4 )  of dissociated foetal 
rat mesencephalic cell suspensions normally used to compensate for 
nei~rological deficiencies by iinplantation into thc striatitin [ 1481. This was tlie 
opposite of the predicted result of stimulating metabolism as a ccll signal (SCC 

Section 5.4.3) fcir a iie~rrotrtiplii~ cffcct. From the results, the CR ratio can be 
calculatcd to be an illexplicably low --I03 k.l mol-' (I;, 

The reason that noritial inainrnalian cells i n  ciiltirre produce lactate in many 
cases may be poor mediuin design [5l] .  Tlie classical cell cultrire niedium was 
forinulated on tlie basis of a buffered physiological saline with gliicose, tlie 
essential amino acids and serum. It was not designed for tlie actiial needs of the 
cells. Thus, glucose and gliitaiiiine are used by cells as  biosyntlietic precursors 
for compounds not available, or not in  the correct qiiantities, i n  the medirim 1441. 
In tlie glycolytic pathway, amino sugars arise from fructose 6-phosphate and the 
amino donor, glutatnine; the amino acids serine (for fatty acids) and alanine 
froin 3-pliosphoglycerate; the lieterocyclic acids, ylienylalnninc, tyrosine and 
tryptophan froin pliosplioenolpyriivatc; and oxaloacetate from pyruvate and 
carbon dioxide (the anaplerotic reaction). I t  will be noted that these reactions 
mostly require three-carbon units to be produced at a rapid rate. As a result, a 
large quantity of pyruvate is available that is sriiyliis to energy requirements and 
i s  reduced to lactate to pay back NAD'. As stated earlier, the partial oxidation of 
glutainine to lactate c.atalysed by some of the enzymes of the Krebs' cycle and 
followed by transarnination, enables other amino acids to be formed from a- 
ketoglutarate and oxaloacetate. 

In order to optitnisc cell growth and ininiinise tlie pi-oduction of toxic lactate 
(and ammonia), Xie and Wang [ 1 141 undertook an exhaustive (and exliausting!) 
stoicliiometric analysis of all the metabolic requirements for growth of a 
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particular hybridoma cell and this reduced their lactate production by 90%. A 
more empirical approach monitored by the heat flux probe [51] was taken to 
improve the culture medium of recombinant CHO 320 cells. The redesigned 
medium (see Table 7) improved the specific growth rate and the flux of IFN-y 
(Figure 55) while decreasing the catabolic flux, especially of glucose and lactate 
(Table 8). 

An illustration of the relationship between highly negative CR ratios and 
growth can be seen in Figure 56 from a study of the growth of recombinant 
CHO 320 cells [103]. It will be seen that the oxygen flux of the viable cells 
remained constant over the whole culture period even when there was no net cell 
growth. On the other hand, the CR ratio was highly exothermic (~-700  kJ mol -~ 
02) during growth, only reducing to a level (-443 kJ tool -~ O2) indicative of 
oxidative metabolism when there was a decline in cell numbers (see Figure 56). 
Guan et al. [103] stated that there was some evidence that the amount of 
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Figure 54. Heat dissipation, P, and oxygen consumption of foetal mesencephalic 
cell suspensions. The arrows show the addition of the basic fibroblast growth 
factor (bFGF) to a final concentration of 50 ng/cm 3. The discontinuous lines 
indicate the effect of the addition of medium without the bFGF (Reproduced 
from Reference [148] with permission). 
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Table 7 
Comparison of the compositions of the improved and the original media for 
growing CHO 320 cells in suspension. 

Original Improved Medium components 

Glucose 10.5 mM 10.5 mM 

BSA 5.0 g dm -3 7.5 g dm 3 

Insulin 5 mg dm -3 5 mg dm -3 

Human transferrin 5 mg dm 3 5 mg dm 3 

Gentamycin 50 mg dm -3 50 mg dm 3 

Putresine 1 gM 1 gM 

FeSO4 10 nM 10 nM 

Na2SeO4 10 nM 10 nM 

CuSO4 10 nM 10 nM 

ZnSO4 3.0 gM 3.0 gM 

Methotrexate 0.1 gM 0.1 gM 

Pentex ExCyte No 5 (v/v) % 

Sodium pyruvate 1 mM 2.5 mM 

Glutamine 2 mM 3.3 mM 

Alanine 0.1 mM 0.2 mM 

Asparagine 0.38 mM 0.5 mM 

Arginine 1.15 mM 1.15 mM 

Aspartate 0.15 mM 0.5 mM 

Cystine 0.21 mM 0.5 mM 

Glutamate 0.14 mM 0.5 mM 

Histidine 0. l mM 0.5 mM 

4-Hydroxy Proline 0.15 mM 0.5 mM 

Proline 0.17 mM 0.5 mM 

Glycine 0.13 mM 0.5 mM 

lsoleucine 0.38 mM 0.5 mM 

Leucine 0.38 mM 0.5 mM 

Lysine 0.22 mM 0.5 mM 

Methionine 0.10 mM 0.5 mM 

Phenyl alanine 0.09 mM 0.5 mM 

Proline 0.17 mM 0.5 mM 

Serine 0.29 mM 0.5 mM 

Threonine 0.17 mM 0.5 mM 

Tryptophan 0.024 mM 0.5 mM 

Tyrosine 0.11 mM 0.5 mM 

Valine 0.17 mM 0.5 mM 
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Table 8 
Representative fluxes of the major metabolites for CHO 320 cells growing in the 
original medium and the improved version of it at 48 h during batch culture in a 
bioreactor. 

Fluxes 
Medium g 

(h") 
G luco se glutam i n e 1 actate 

(mol s 1 per cell) (mol s ! per cell) (mol s -I per cell) 

Improved 0.049 4.11 x 10 "17 1.67x 10 "17 5.28x 10 "17 

Original 0.028 5.81 x 10 17 1.78x 10 17 1.08x 10 "16 

Reproduced from Reference [51] with permission. 
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Figure 55. The effects of the semi-empirically improved growth medium that is 
based on RPMI 1640 on both the specific cell growth rate and the production 
flux of interferon-,/ during a batch culture of CHO320 cells in a controlled 
bioreactor. 

excreted lactate decreased after glucose and glutamine were fully exhausted in 
the medium (Figure 57). Since there was still an oxygen flux (see Figure 56), it 
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is possible that the lactate was oxidised as a source of energy. The mechanism 
for the oxidation of the lactate to pyruvate requires the isozyme H4 of the lactate 
dehydrogenase complex and there must be a low NADH/NAD + ratio. These 
conditions occur in liver cells for the operation of the Cori cycle to convert 
lactate to glucose but it is not clear that "ordinary" cells can operate in this way. 
It seems probable that pyruvate carboxylase (PYC) is more important to the 
continuation of this oxidative pathway than the dehydrogenase and there is 
evidence that transfection of BHK cells with a PYC construct dramatically 
decreased lactate production and improved growth [ 149]. In any case, it would 
seem advantageous to the control of cells in bioreactors to combine the on-line 
measurement of OUR with the heat flux probe developed by us [ 103]. It is likely 
that the former would be most sensitively measured for the typically dilute cell 
suspensions in batch cultures by the method of the stationary liquid phase 
balance [ 150]. 
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Figure 56. Comparison of the viable cell concentration measured by the on-line 
capacitance signal with oxygen flux and the calorimetric-respirometric (CR) 
ratio in a batch culture of growing CHO320 cells. The medium was buffered by 
20 mM HEPES and 4 mM sodium bicarbonate. The curves are D D for the 
averaged oxygen flux in terms of an individual viable cell on average, and 
~ ~ ~  for CR ratio. The trace stands for the smoothed capacitance 
signal in which the value for the cell-free medium is deducted by the Applikon 
BioXpert software. 
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Figure 57. Heat flux (Jo/.vc(.~) compared with the changes in concentrations of 

glucose, lactate, ammonia, glutamine for a typical batch culture of CHO 320 
cells. Symbols are ~ for specific heat flow rate, rn [] for glucose, 
for lactate, A ~ A  for ammonia, and A A for glutamine (Reproduced 
from Reference [103] with permission). 

6. CONCLUSIONS 

Wads6 [129] was recently pessimistic about the impact that calorimetric 
measurements have had in animal cell biology. While it is certainly true that few 
Cell Biology laboratories have a calorimeter, it is also undeniable that 
thermobiochemistry already has had a significant impact in several areas 
associated with the subject and particularly in the applied fields of 
biotechnology and pharmacology. Its importance will multiply in the coming 
age of post-genomics, when all of us will be wishing to know the functions of 
every one of those expression systems and how they interact to give life. 
Calorimetry has the advantage of a rigorous theoretical foundation in 
thermodynamics and this will ensure its precise contribution to cell biology and 
physiology. 
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CALORIMETRIC STlrDIES IN MEDICINE 

M. Monti 

Department of Cell Biology 1, University Hospital of Lund, 221 85 Lund, Sweden 

I ,  HEMATOLOGY 

1. I Anaemia, obesity 
All bioclicinical processes are accompanied by citlicr tlic prodtiction or 

absorptioti of heat. Measurenient of heat effects by calorimetry is thus a general 
rnethod to monitor such processes. Cell metabolism is usually measured by 
estimation of substrate or ovygeti consimption and prodiicts of metabolisin, 
usually lactate and/or carbon dioxide. I n  the last three decades the development 
i n  the field of Calorimetry has becn extensive and lias resulted i n  the coiisfriiction 
of very sensitive tnicrocaloritneters, suitable tbr nieasiirements on small 
biological saiiiples. Caloririietric tnetliods ai-c not spccific, therelbre estimation 
CI f 11 cat s 1 io 11 Id oft e 11 be co 111 b i 11 e d w it ti bi ocli e 111 i crl I in c a s 11 irciti en t s . H owe ver, 
although non-specificity is a limitation, it caii also be advanlageoiis since general 
and non-specific methods are suitable for detection of rinknowi phenomena. 
Calorimetry thus provides a ineatis for measuring total cell metabolism, wliich is 
of clinical interest in rnany pathological conditions, e.g. blood and 
nutritional/rnetabolic disorders. 
Microcalorimetry has been used for investigations of blood cells inetabolisin as 
one of the first applications of this methodology in the medical field. 
Preliminary studies have beeti carried oiit to develop suitable inethuds that could 
be applied in  clinical investigations. 

The heat productioti rate (P)  pruduced by erythrocytes was h i n d  to be 
dependent on the expet-iineiital c.onditions. Venous blood froiri healthy 
volunteers was collected into 10 cin' Vacutainer tubes containing 143 USP units 
of sodium heparin. The preparation work, which was performed at room 
temperature, was started witliin 10 rnin after the blood sample was collected. 
Unless otherwise stated, the erytlirocyte suspensions were prepared by the 
coluinn adsorption method described by Nakao et al. [ I ] .  I n  one series of 
experiments cells prepared by a centrifugation method were used. This latter 
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method was identical to one of the preparation methods used in a previous 
work on erythrocytes [2], method c. Preparation by Nakao's method took 1.5 
h, whereas the centrifugation method required about 2.5 h. The purified cells 
were suspended either in autologous plasma, which had been made cell-free by 
centrifugation at 3000 g for 15 min, or in glucose-phosphate buffer (108 mmol 
NaC1, 3.9 mmol KC1, 5.0 mmol MgC1, 4 mmol glucose, and 20 mmol 
NazHPO 4 per litre, respectively: the pH was adjusted to 7.40 with phosphoric 
acid). In some experiments with plasma suspension the pH was adjusted to high 
or low values, and in some experiments with buffer suspensions decreased or 
increased glucose concentrations were used. The erythrocyte suspensions were 
normally stored for 0.5 h at about 4oC before the calorimetric experiments 
were started. When other conditions were used, these were indicated in the 
text. The hematocrit range in the erythrocyte suspensions was 34.8-45.2. By 
Nakao's preparation method the range of leukocytes in the first 16 experiments 
was 0-175/mm3, and the range of platelets 0-6750/mm3. For the succeeding 
experiments with the same cell preparation technique the mean values from the 
first 16 experiments were used: ca. 50/mm3 for leukocytes and 2000/mm3 for 
platelets. Preparations by the centrifugation method gave a leukocyte range of 
0-950 (mean, 330)/mm -~) and a platelet range of 1500-4000 (mean, 2060)/mm -~. 
Three different types of microcalorimeters were used [2]" a static ampoule 
calorimeter, an air perfusion calorimeter, and a flow calorimeter. They were 
all of the heat conduction type. P value increased linearly in the physiological 
pH range [3]. A rapid increase of P values was found when temperature was 
increased [3]. Using glucose as substrate, no dependence was found of heat 
production on glucose concentration, at normal or higher levels, in the cell 
suspension [3]. When erythrocytes were stored at 4oC, an increase of P was 
found by 6% per h during the first hours; after 24 h storage, the value was 
about 50% higher than the initial one [3]. P values were the same when 
simultaneous measurements were made on the same erythrocyte samples using 
different types of calorimeters" static ampoule, air perfusion and flow 
calorimeter [2]. P values were found to be significantly higher for erythrocytes 
in phosphate buffer than for cells suspended in autologous plasma [2]. Isolation 
of erythrocytes by the column adsorption technique resulted in P values 
higher than those obtained by a centrifugation procedure [2]. 

Calorimetric studies were also performed on platelets [4]" heat production 
rate was measured under different conditions of pH, temperature, cell 
concentration, preparation and storage time. Blood samples were collected 
from healthy volunteers into 10 cm3 Vacutainer tubes containing heparin and 
dextrane. After centrifugation, the supernatant, free of leukocytes and 
erythrocytes but containing the platelet fraction, was used for the calorimetric 
measurement. Duplicate platelet counts were made by phase microscopy, the 
range was 160-350x106/cm 3 (mean 250). There was a slight degree of 
contamination with other blood cells. The mean value of leukocytes present 
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was 17Ox103/cm3 and the corresponding value for erythrocytes was 300 
x 103krn3, Two identical microc.alorimeters of the heat conduction type were 
used. Thc samples were enclosed in stainless steel ampoules, volume 1 cm3. 
Measurcrncnts were made under static conditions. P values incrcased linearly 
in the pH range 7.00-7.95, by 20% per pH unit .  Thc temperature coefficient 
for the heat cCfect was found to be Q , ,  = 2.0 for the temperature interval 32- 
42OC. Heat production rate per cell was not significantly affected by variations 
in cell concentration, or by storage for several hours at room temperature. 
When citrate replaced heparin as anticoagulant significantly higher heat effect 
values were found. 

Heat production rates in lymphocytes were determined under some defined 
experimental conditions [ 5 ] .  About 40-60 cm3 of blood was obtained from 
healthy volunteers. One set of blood was collected into Vacutainer tubes 
eontaing heparin, while the other was defibrinated by gently shaking with glass 
beads. Lymphocytes were isolated f r o m  cach set by density gradrent 
ccntrifugation in Ficoll-Paque medium (Pharmacia, Uppsaln, Sweden). The 
phagocytic cclls present, granulocytes and monocytes, were removed by two 
different methods. In one method the impure lymphocytes were suspended in 
Hanks' balanced salt solution (Flow Labotatories) containing 20% autologous 
plasma mixed with iron powder (Merck) and incubated at 37OC under gentle 
rotation. After 40 min the phagocytic cells, which had ingested the iron 
particles, were removed with a magnet. In the second method lymphocytes 
were suspended in Hanks' balanced salt solution cont.aining 20% plasma and 
applicd t o  a Sephadex column at 17W. The phagocytic cclls adhcred t o  the 
column while the lymphocytes were elulcd lrom the column with l h u  
suspension medium. The lymphocytes were thcn resuspendcd i n  ccll-frcc 
plasma at concentrations bctwecn 0.S and 6 . 0 ~  IOVcm3. There was ;I low degree 
of contamination of other blood cells, less than 0 . 0 2 ~  1 Oh erythrocytes per cm7 
m d  less than 0.3~106 platelets per cmj .  One ctn3 of the cell suspension was 
enclosed i n  1 . 1  cm3 stainless steel ampoule just before calorimetrc 
measurements. Recording were made under static conditions in two identical 
microcalorimetrs of the heat conduction type. As for erythrocytes and platelets 
also for lymphocytes was found a dependence of P values on pH i n  the 
lymphocyte suspensions in the pH range investigated, 7.00-8.20. The effect of 
temperature wiis investigated i n  the interval 25-42oC. P values of lymphocytes 
obtained from heparinizcd blood were found to hc lower than P valucs of 
lyrnphocytcs from defibrinated blood. H e p a r i n i d  blood was found 10 be more 
convenient to handle and gave higher yields of lymphocytes. In contrast to 
lymphocytes lrom dcfibrinated blood, lymphocytes from heparinizcd blood 
also often gave steady-state calorimetric curves at higher cell concentrations. 
When lymphocytes suspended in plasma. were stored unstirred in a test tube for 
4 hours at 25OC, P values were found to decrease 5 %  per hour. 
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Using P values determined for the different cell fractions of blood, it was 
found that there is a considerable difference, being the lowest for erythrocytes 
and the highest for granulocytes and lymphocytes (see Table 1); however, due 
to the larger number of erythrocytes compared to other cells, they account for 
about 50% of the heat production in whole blood [6] (see Table 1). 

Table 1 
Heat production rate (P) for whole human blood and different cell fractions 
and plasma, presented as means + SD. Source: reference 6. 

Cell type P 
mW dm 3 blood per cell 
mean___ SD 

Whole blood 62 + 7 . . . . . . . . . . .  
Erythrocytes 34 + 2 10 fW 
Granulocytes 13 + 6 3.5 pW 
Lymphocytes 12 + 3 2.2 pW 
Platelets 12 + 2 59 fW 
Plasma 0.5 + 0 

Several groups of investigators have applied microcalorimetry to the study of 
erythrocyte metabolism in different types of anaemia and found increased 
metabolic rate [7,8,9] (see Table 2). 

Table 2 
Heat production rate in erythrocytes from anaemic patients and normal 
subjects. 

Source Calorimeter Anaemic patients Normal subjects 

Levin [9] flow, mW dm 3 
Monti and 
Wads6 [8] static, mW dm3 
Boyo and 
Ikomi-Kumm [7] flow, mW din3 
(calculated values from 
mcal cm 3) 

116 - 232 

126 + 29 (SD) 

1 16 + 18 (SD) 

79 + 11 (SD) 

149- 232 86 +__ 11 (SD) 
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Using microcalorimetry, a group of researchers have studied in sickle cell 
anaemia the blood viscosity alterations secondary to erythrocyte shape 
changes; the authors suggest that measurement of heat production could be 
used for the evaluation of results during therapy in sickle cell anaemia [10]. 
The understanding of the mechanisms behind the development of anaemias 
could be increased by a more complete knowledge of the erythrocyte 
metabolism in such pathological conditions. Examples of this are the studies 
carried out in renal insufficiency [11] and liver diseases [12] (see Table 3). 

Table 3 
Erythrocyte heat production rate (P) without and with stimulation of the 
pentose phosphate shunt by methylene blue (MB). 

P, mW dm 3 erythrocytes, mean _+ SD 
Source Without With 

Renal insufficiency Monti [11] 92 _+ 12 672 + 94 
Controls Monti [ 13] 76 _+ 12 571 + 22 
Liver diseases Monti [ 12] 101 _+ 16 644 + 54 
Controls Monti [13] 82 _+ 7 619 + 78 

Previous reports had suggested that erythrocytes of these patients have 
decreased metabolic activity in the pentose phosphate shunt leading to cell 
fragility and therefore to hemolytic anaemia. The calorimetric investigations 
did not support this hypothesis when the erythrocyte pentose pathway activity 
was stimulated with MB [ 11,12,13]. 

Calorimetric estimation of erythrocyte metabolism has been found to give 
useful information not only concerning overall cell metabolism but also in 
relation to specific metabolic processes. By simultaneous measurement of 
cellular heat production rate with and without specific inhibition with ouabain 
of the sodium-potassium-adenosine triphosphatase, an estimation can be made 
of the energy consumed by the Na+-K + pump. There is no agreement about 
the energy requirements of the Na +-K + pump. Microcalor imetr ic  
determinations due to the active sodium potassium transport have been made in 
the muscles and brown adipose tissue of the rat and found to account for about 
5% to 6% of the total energy flux [14]. In erythrocytes from healthy subjects, 
the corresponding value was 13% [15]. This principle was applied in a study of 
human obesity. In the last few years, the hypothesis has been advanced that a 
disturbance in cellular thermogenesis might lead to obesity. The Na+-K + pump 
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has been suggested as the site of such a cellular defect. In a microcalorimetric 
investigation [ 151 no difference was found between obese and healthy subjects 
(see Table 4), thus speaking against the hypothesis that a cellular metabolic 
derangement is of importance in the pathogenesis of human obesity. 

Table 4 
Erythrocyte heat production rate (P) without and with inhibition of the Na+- 
K +  pump in the presence of ouabain. Obese patients and healthy subjects. 
Source: reference IS. 

P, mW dm3, mean -t SD 
- ouabain + ouabain Na+-K+pump 

Obese patients 
Controls 

t 1 8 + 1 7  108+15  1 3 k 5  
107+13 9 4 k  1 1  1 4 k 5  

1.2 Trace elements, drugs 
The efLect on cell metabolism of trace elements considered to be a serious 

cnvironmental hazard has been tested in vitro by n~icrocalorimet.ry, on human 
crythrocytes (lead), lymphocytes (cadi~iium), and granulocytcs (Icad, 
cadmium) [ 161. Erythrocyte suspcnsions wcre prepared as previously 
described. Suspensions of lymphocytes were prepared from a 30 cm3 venous 
blood sample, collected into Vacutainer tubes containing heparin. The 
lymphocytes were separated by gradient centrifugation in Ficoll Isopaque. 
Contaminant phagocytizing cells, granulocytes and monocytes. were removed 
by incubating the lymphocyte suspension with iron filings at 37OC under 
rotation 30 min and removing the iron and adherent phagocytic cells with a 
magnet. The lymphocytes were washed twice in  buffer, pH 7.40. The 
separation process was completed within 3 h.  Suspensions of granulocytes were 
prepared from a 20 cmL3 venous bIood sample, collected into Vucutainer tubes 
co n t ai ni ng he par i n . G ran u I oc y t e s we rc i so 1 il t c d 1'1-0 111 the h 1 ood by 
centrifugation on a dcnsity gradie.nt in a one-step procedure using Mono-Poly 
Resolving Medium (Flow Laboratories, USA). On this gradient granulocytes 
and mononuclear cells are separated i n  two distinct bands with retained 
functional properties. Contaminating erythrocytes were removed by hypotonic 
lysis at OOC using 0.3% sodium chloride for 20 s, then made isotonic with 
4.5% sodium chloride and centrifuged. Estimation of the Na+-K+ p u m p  
activity was done by calculating the difference between two simultaneous 
measurements of heat production, one without and one with ouabain 
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octahydrate, specific ATPase inhibitor, added to the cell suspensions. Both 

overall cell metabolism and Na+-K + pump activity were measured. Cadmium 
was found to decrease granulocyte overall metabolism, otherwise no other 
effects on cell metabolism were observed in the other calorimetric tests. 

Substances of interest in human medicine also have been investigated by 
calorimetry measuring their effect on blood cell metabolism. It is well known 
that several antibiotics have potentially the capacity to cause toxic effects in 
blood cells, particularly leukocytes: e.g. chloramphenicol has been found to 
affect oxidative metabolism and phagocytic activity of human granulocytes. 
Especially one group of antibiotics, aminoglycosides, has been reported to 
cause side effects on blood cells: i.e. inhibition of the candidacidal activity of 
human granulocytes. However, previous studies on aminoglycoside antibiotics 
are controversial. Gentamicin, belonging to this group of antibiotics, is used 
extensively in the treatment of gram-negative infections; patients are often 
treated with a higher dosage of the drug and for long periods of time. Toxic 
side effects have been reported, the most common being nephrotoxicity and 
ototoxicity. The mechanism behind these complications is unknown. Reduced 

Na+-K + ATPase has been found in experimental animals and this finding has 
led to the hypothesis that disturbances of the electrolyte balance might play a 
role in the development of nephrotoxicity. 

A calorimetric study was done to investigate whether gentamicin affects the 
metabolism of human blood cells [17]. Venous blood was collected from 
healthy persons and isolation was carried out for erythrocytes, granulocytes 
and lymphocytes; the cells were then suspended in autologous plasma. Cell 
suspensions were introduced in the calorimetric vessels Ibr measurement of 
heat production. Gentamicin was added to the cell suspensions at different 
concentrations. 

Increased erythrocyte heat production rate was recorded at gentamicin 
concentrations above the therapeutic level, whereas no effect was found at 

lower concentrations. The Na+-K + pump was unaffected at any concentration. 
Granulocytes showed a slight increase of heat production rate when gentamicin 
was above therapeutic level, and no effect was noted at lower concentrations. 
Lymphocytes were found to have normal heat production rate at any 
concentration. 

In conclusion, the metabolism of blood cells was found to be affected by 

gentamicin only at concentrations above therapeutic level. Na+-K + pump was 
unaffected at any concentration. 

Two commonly used drugs in human medicine, terbutaline and propranolol, 
have been tested concerning their effect on erythrocyte metabolism. 
Terbutaline is a beta-2-adrenoceptor agonist and propranolol is a beta-l-beta- 
2-adrenoceptor antagonist. Both drugs are taken up into the erythrocytes. 
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Previous studies have shown that incubation of erythrocytes with high doses of 
propranolol reduces glucose catabolism, whereas other investigators have 
found enhanced generation and utilization of ATP; thus controversial results 
have been obtained. 

A calorimetric study [ 181 was done to estimate whether propranolol and 
terbutaline affected human erythrocyte nietabolism after short treatmcni with 
therapeutic doses of the drugs. The study had a double blind, cross-over 
design. Propranolol and terbutaline slow-release 7.5 mg were randomly 
administered twice daily for 1 week to 15 healthy non-smoking males. Placebo 
tablets of similar shape and colour were employed. Blood samples were taken 
after seven days on each drug. A "wash-out" period of at least two weeks 
separated each study period. Neither of the drugs was found to influence 
overall erythrocyte metabolism or the energy expenditure connected with the 
Na+-KS pump. 

The mechanism of action of different calcium antagonists varies, although 
thcir final effect is inhibition of the influx of extracellular calcium through 
channels in vascular smooth cell membrancs, resulting in peripheral 
vasodilation. These drugs are widely used in the treatment of hypertension and 
ischemic heart disease. Their effect on platelet metabolism was tested by 
calorimetry [ 191. Platelet rich plasma (PRP) suspensions were prepared from a 
LO cm3 venous blood sample collected into Vacutainer tubes containing heparin 
and 2 cm3 of a 5% Dextrane solution. Thereafter the erythrocytes sedirnenred 
during 1 h at the bottom of the tubes. By centrifugation for 10 m i n  at 100 g 
the lymphocytes sedimcntcd whcreas the platelets were collected in the 
supcrnatant. For two of the drugs, flunarizine and verapamil, significontly 
reduced platelet heat production was recorded when their concentration was 
ahove therapeutic level, whereas no effect was observed nt Iowcr 
conccntrations. The other two calcium antagonists tested, diltinzem and 
nifedipine, were without effect on platelet metabolism. 

Coffee is one of the most consumed beverages and caffeine is used commonly 
as a drug in human medicine. In a calorimetric study the influence of caffeine 
on cel1 metabolism was tested [ZO]. Heat production rate was measured in 
platelets from healthy subjects after administration of 100 or 200 mg of 
caffeine, corresponding to 1 or 2 cups of coffee. Increased values were 
recorded and return to normal levels was noted 1 h later. I t  is presumed that 
the effect of caffeine on platelet metabolism is duc to increased concentrations 
of catecholamines. It is in  fact known from previous investigations that 
caffeine stimulatcs production of adrenaline and noradrcnaline. Another effect 
of caPfe.ine observed in the calorimetric study was a temporary, but significant, 
increase of blood pressure. It  is possible that the described effect on cell 
metabolism is not limited to platelets, as indicated by previous studies showing 
increased basal metabolism after administration of caffeine. I t  cannot 
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therefore be ruled out that in some diseases, e.g. heart diseases, the ingestion of 
coffee repeatedly might be harmful. 

Further calorimetric studies [21] have been carried out on the direct effect on 
platelet metabolism of caffeine and two other substances, enprofylline and 
theophylline, belonging to the same group of drugs, the methilxanthines. The 
latter drugs are used in the treatment of asthma. Heat production was measured 
after addition of the drugs to the platelet suspensions. Caffeine in therapeutic 
concentrations was found to reduce platelet metabolism, thus indicating that 
previous studies in vivo showing increased platelet metabolism after 
administration of the drug [20] could not be due to a direct effect of caffeine 
on cell metabolism. Enprofylline and theophylline reduced platelet metabolic 
rate when their dosage was higher than the therapeutic level. 

Other calorimetric studies [22] on human blood platelets were performed in 
order to clarify the mechanism of action of xanthine derivatives in relation to 
adenosine receptor. In addition, there were investigations on the effect of 
adenosine and adenosine agonists on platelet metabolism. The results showed 
that the two xanthine derivatives tested, enprofylline and theophylline, at 
therapeutic concentrations, did not modify the heat production induced by 
adenosine. Both adenosine and one adenosine agonist, NECA (5-N-ethyl 
carboxamide adenosine) increased platelet metabolism. The other adenosine 
agonist tested, PIA (L-N6-phenylisopropyl-adenosine) induced a reduction of 
heat production. The adenosine uptake inhibitor, dipyridamol, was without 
effect. Thus, by microcalorimetry, useful information could be obtained 
concerning the complex mechanisms behind the effects on human cell 
metabolism of adenosine and adenosine agonists. The same applies to 
substances used in the treatment of asthma, xanthine derivatives; they are 
thought to act by inhibition of adenosine receptors. 

The most important function of platelets is to arrest bleeding from damaged 
vessels, by adhering to the surface of the vessels and aggregating with each 
other, thus forming a hemostatic plug. The platelet metabolism changes during 
this coagulation process are not so well known. A group of investigators [23] 
has studied the problem by microcalorimetry using a number of substances 
known to induce platelet aggregation Significant increase of platelet heat 
production was recorded when the aggregating agents thrombin, ADP, 
collagen, Mn2+ and Cd2+ were added to platelet suspensions. The qualitative 
change of cell metabolism induced by aggregating agents was studied by using 
specific metabolic inhibitors. Thus, it was observed that most of the increased 
platelet heat production rate appears to be due to activation of the two main 
metabolic pathways, oxydative phosphorilation and glycolysis. The heat 
produced by the process of aggregation per se seems to be relatively small. 
These results have given further information on the mechanism of action of 
commonly used drugs on platelet metabolism and function, thus showing that 
microcalorimetry has a potential as a new methodology to uncover unknown 
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drug effects on cell metabolism. Further hematological studics are described in 
Sections 2,3,4,5. 

2. MALIGNANCY 

2.1 Lymphoma, cancer 
A calorimetric study 1241 of metabolism in cultured human T-lymphoma cells 

has been carried out using a new microcalorimetric vessel; the instrument was 
equipped with small electrodes lor simultaneous measurements of hcat 
production and oxygen consumption as well as pH. The cell suspension was 
stirred by means o f  a ncw type of turbine stirrer. It was found that aerobic 
processes accountcd for 60%) of the total cell heat production r ak .  I n  a further 
study [25], [he calorimetric recording was extendcd over a period of 12-28 h 
and i t  was found that cell metabolism and cell growth decreased with time, 
concurrently with a decrease in the pH of the medium. The same group of 
investigators has studied the ef€ects of experimental factors on the recording of 
heat production in T-lymphoma cells [26]. Temperature and pH changes were 
found to influence calorimetric results, whereas variations of cell 
concentration and stirring rate i n  the suspension did not affect heat produdon.  

Microcalorimctry has been applied succcssfully to the study of cell 
rnetnbolisni in lumour' cells arid blood lyrnphocyles from patients with non- 
Hodgkin lymphoma (NHL)  [27]. This is i~ discase with a grenl deal 01' variation 
in the clinical course due t o  different degrees of malignancy. A correct 
prognostic evaluation in  each individual case is very important in order to 
choose the most suitable therapy. Classification of the disease into different 
groups is traditionally based on the morphology of the tumour cells, although 
this is considered not to be optimal as a prognostic parameter. From the 
clinical point of view, there is therefore a need for other variables i n  order to 
improve prognostic estimation. 

The metabolic activity of malignant cells from a group of patients with NHL 
was monitored by microcalorimetry. Heat production was measured in cells 
aspirated from tumours and blood lymphocyles [27,28,29]. Lymphoid cells 
from tiimour masses were obtained by repeated (3 - 6 times) fine needlc 
punctures and the aspirated material was suspended in  autologous plasma. 
Phagocytizing cells were removed by incubilting the cell suspensions in a 
phosphate buffer containing iron filings and 10% autologous plasma at 37OC 
under rotation for 30 min and removing adherent phagocytic cells with a 
magnet. The cells were washed twice in a 50 cm3 phosphate buffer, pH 7.40, 
and resuspended in autologous cell-free plasma which had been recentrifuged 
at 8000 g. This was diluted with an equal volume of saline, layered on 2 cm3 
of lymphoprep TM (sodium metrizoate/Ficoll solution) from Nyregaard & Co, 
Oslo and ccntrifuged at 500 g (MSE ccntrifuge with Swing-out rotor) for 20 
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min at 20oc  to sediment contaminating erythrocytes and granulocytes. Cell 
count in each cell suspension was made in duplicate in a Barker chamber just 
before the calorimetric measurements. Viability of the tumour cells was 
determined by trypan blue exclusion test. In the prepared cell suspensions, a 
few platelets and erythrocytes were sometimes found. The pH of the cell 
suspension taken directly from the calorimeter ampoule at the end of 1 h 
incubation at 37oC was determined using a capillary electrode pH meter 
(Radiometer), type G279/G7. Calorimetric measurements were also made on 
cell-free plasma samples and buffer medium. 

P values of malignant cells from patients with non-Hodgkin lymphoma were 
higher in the group who did not respond to treatment compared to patients 
showing improvement during therapy [27] (see Table 5). Also heat production 
of blood lymphocytes was found to be higher in the group of patients with 
progressive disease as compared to the group of patients who responded to 
therapy. The difference between groups was significant for both tumour cells 
and blood lymphocytes. The results suggested that a high metabolic activity in 
lymphoma cells is associated with an aggressive growth of the turnout tissue. 
The period of observation was however short and the number of patients too 
small to allow conclusions about the survival rate. Further studies were later 
carried out in lymphocytes from NHL patients [28]: a large group was 
followed for a long period of time after the initiation of treatment and P values 
were related to the length of survival. The results showed that assessment of 
the heat production in peripheral blood lymphocytes has a prognostic impact in 
NHL. A multivariate analysis regarding prognosis showed that heat production 
rate was superior to age, histological classification and clinical staging, 
parameters traditionally used for a prognostic evaluation of the clinical course 
of NHL. Because cellular heat production rates are considered to reflect 
overall cell metabolism these results suggest that circulating lymphoid cells 
with high metabolic activity are especially common in patients with advanced 
and aggressive NHL. 

Table 5 
Heat production rate (P) of tumour cells and lymphocytes from non-Hodgkin 
lymphoma (NHL) patients and of lymphocytes from normal subjects. Source: 
reference 27. 

P, pW/cell, mean + SD 
Turnout cells Lymphocytes 

NHL without remission 
NHL with remission 
Controls 

5.5 + 3.3 
3.7_+ 1.1 

3.1 + 0 . 8  
2.4 + 0.5 
2.7 + 0.6 
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The correlation between metabolism of lymphoma cells and the clinical course 
of the disease was confirmed in another investigation [29], where a larger 
group of NHL patients was studied and their survival for more or less than 2 
years was evaluated. A high correlation was found between the length of 
patient survival and P values in tumour cells: the heat production rate before 
therapy was significantly lower in the patients surviving more than 2 years 
than in those who died within that period (see Table 6). 

Table 6 
Heat production rate (P) of tumour cells from 36 untreated patients with high 
and low grade non-Hodgkin lymphoma (NHL), and with survival for more or 
less than 2 years. Source: reference 28. 

P, pW/cell, median values 

NHL high grade 3.9 

NHL low grade 2.8 

NHL with survival for less 
than 2 years 

NHL with survival for more 
than 2 years 

4.0 

2.5 

p=O.05 

p=0.02 

For the study of tumour cells in vitro, some substances are often added to the 
cell suspensions: antibiotics to prevent bacterial growth, dimethyl sulphoxide 
(DMSO) to dissolve anticancer drugs. It is important to know whether such 
substances affect cell metabolism and cause artefacts that might create 
difficulties in the interpretation of the results obtained. Some investigators 
have therefore studied by the use of microcalorimetry the metabolic effects of 
these substances on human lymphoma cells [30]. DMSO was found to cause a 
dose-dependent decrease of heat production after 24 h of incubation. Penicillin, 
streptomycin, gentamicin and amphotericin B did not affect significantly cell 
metabolism. 

Hyperthermia is used in the treatment of cancer. It is unclear however what 
metabolic changes are present in tumour cells as compared to normal cells by 
increasing temperature. In normal cells it has been found [1,3,4] a rapid 
increase of heat production with increasing temperature from 25 to 42oC. Cell 
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metabolism was thus still functioning normally although at an activated state, 
whereas tumour cells were unable ta maintain a normal metabolism when the 
temperature was increased above 4 l oC [31 ]. 

In treatment of malignant tumours there is need of a predictive test in order 
to measure, in vitro, the sensitivity of individual tumours to different 
neoplastic drugs. In fact resistancy to therapy is not uncommon and leads to 
delayed regression of the tumours, which is very deleterious taking into 
account the importance of the time-factor in this type of disease. Moreover, the 
drugs used might be not only inefficient but also harmful to the patients by 
causing serious side effects, as often is the case with anti-cancer drugs. 

Since the growth of a tumour depends on cell metabolism, measurement of 
heat production was considered a reliable way to follow the effect of drugs 
presumed to inhibit such growth. A clear correlation was found between 
calorimetric values and cytotoxicity when methotrexate, a common 
antineoplastic drug, was tested on cultured lymphoma cells [32]. These results 
show that microcalorimetry offers the possibility to develop a quick method 
for testing antineoplastic drugs in vitro. 

2.2 Leukaemia 
Symptoms of hypermetabolism, such as sweating and loss of weight, are 

common in chronic lymphocytic leukaemia (CLL). Increased basal metabolism 
has been measured in these patients. The mechanism causing hypermetabolism 
is not known. A calorimetric study [32] was carried out to investigate to what 
extent the increased lymphocyte mass accounted for the high metabolism. The 
heat production rate per CCL lymphocyte was found to be lower than normal, 
in agreement with previous investigations showing decreased pentose phosphate 
shunt and glycolytic activity in CLL lymphocytes. Using the mean calorimetric 
value obtained, calculations of the heat production of the blood circulating 
lymphocytes in a healthy subject with a blood lymphocyte count of 2xl09/dm 3, 
gave a value of 0.03 W. It is not unusual that CLL patients have a lymphocyte 
count of 200xl09/dm 3 or more. It has to be taken into account that blood 
lymphocytes represent only a minute fraction of the total lymphocyte 
population, much of it accumulating in storage organs. Therefore it was 
calculated that in CLL the heat production of the whole lymphocyte population 
can account for 5-6 W or more. Relating this figure to the amount of heat 
produced by the normal human body, about 100 W [34], it seems that the 
increase of lymphocytes in CLL might play a significant role in the 
development of hypermetabolism. This is supported by the fact that the 
extirpation of the spleen, containing a large amount of lymphocytes, in CLL 
patients is followed by a decrease of the basal metabolism. 

Heat production rate has been measured in polymorphonuclear granulocytes 
(PMN) from patients with acute myelogenous leukaemia and compared to the 
corresponding results obtained in a group of healthy individuals [35 ]. Patients 
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with acute myelogenous leukaemia (AML) were given cyclic chemotherapy. 
Blood specimens were taken immediately before a course of chemotherapy 
exclusively from patients without clinical and laboratory signs of infections. 
Granulocytes were prepared by layering leukocyte-rich plasma onto Ficoll- 
Isopaque (Lymphoprep, Nyegaard, Oslo, Norway). After centrifugation for 10 
min at 70 g followed by 15 min at 700 g the sedimented granulocytes in the 
bottom of the tubes were washed twice in saline. The suspensions contained 
approximately 90-95% mature granulocytes with a normal appearance in 
Giemsa staining. The cells were suspended in autochtonous plasma, serum or 
RPMI tissue culture medium containing 10% heat inactivated calf serum and 
2% Hepes. Cells were also suspended in allogenic heat inactivated sera (56oC, 
30 min) diluted 1 : 2 in fresh serum from the cell donor. The heat production 
rates in granulocytes from AML patients and from healthy donors were 
determined in autochtonous plasma suspensions. A group of patients was 
studied in the acute stage or in remission within 6 months after diagnosis. 
Another group of patients was studied during remission after 6 months 
duration of the disease. 

Increased values were found in the patients at diagnosis and during the first 6 
months of remission (see Table 7), whereas during sequential analysis heat 
production decreased gradually. Also PMN from healthy persons show 
increased heat production when mixed with sera from patients with leukaemia, 
thus indicating that the increased cell metabolism is serum (leukaemic) 
dependent. 

Table 7 
Heat production rate (P) of polymorphonuclear granulocytes from normal 
subjects and patients with acute myelogenous leukaemia (AML) in the acute 
stage and during emission. Source: reference 35. 

P, pW/cell, mean + SD 

AML patients, acute stage 
AML patients, remission 
Controls 

11.3 _+ 3.2 
9.0 + 3.8 
8.4+ 1.7 

Infections are common in patients with acute leukaemia and PMN function in 
general exerts an important defense against microbial organisms. There is 
therefore a decreased defense in leukaemic patients due to granulocytopenia 
but also defects in PMN function have been reported. PMN function, 
phagocytosis, has been studied by microcalorimetry [36]. The increase of heat 
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production, equivalent to phagocytosis, was measured after stimulation of the 
cells with immune complexes. In previous studies ( see Section 3) it had been 
found that preformed immune complexes led to increase of PMN heat 
production, thus reflecting PMN phagocytic response to particles. 

In a group of leukaemic patients decreased PMN responsiveness was found in 
the acute stage of the disease (see Table 8). 

Table 8 
PMN responsiveness to immune complexes in patients with acute myelogenous 
leukaemia (AML) and normal subjects. Source: reference 36. 

% increase of heat production, mean _+ SD 

AML, remission less than 6 months 
AML, remission more than 6 months 
Controls 

27.8 + 8.9 
37.7 _+ 10.8 
40.2 _+ 7.3 

Microcalorimetry was also used for functional studies of leukaemic cells 
surface receptors by measurement of heat production changes following the 
binding of IgG to Fc receptors [37]. 

In a human leukaemia cell line it was found by use of microcalorimetry that 
antibody-induced death, apoptosis, as shown by DNA fragmentation, was 
energy-dependent [38]. 

3. I M M U N O L O G Y  

Microcalorimetry has been applied in a few studies to investigate metabolism, 
in the resting or stimulated state, of those cells who play an important role in 
the field of immunology: lymphocytes, macrophages and granulocytes. 

3.1 Lymphocytes 
Lymphocytes have the ability to recognize foreign particles (antigens) capable 

of causing immunoreactions, due to the presence of specific antigen receptors 
(antibodies) in the cell membrane. Antigen stimulation induces lymphocyte 
proliferation that is dependent on cell metabolism. 

When horse lymphocytes were stimulated with mitogenic agents [39] 
significant heat production, that preceded DNA synthesis, was recorded after 2 
days of incubation, reaching a maximum at 4-5 days. A similar response was 
observed in human lymphocytes [40] reaching a maximum of heat production 
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after 1-3 days and showing a great variability of individual response in the 
different cell preparations. 

An attempt has been made to characterize lymphocytes simultaneously with 
biochemical measurements during stimulation with mitogens. Ross and Lnos 
1411 have found that the energy required is provided by eithcr glycolysis or the 
Krebs cycle. 

In a recent investigation [42], basal lymphocyte metabolism and metabolic 
changes were analysed in the non-activated and activated state respectively, 
using phytohaemagglutinin (PHA) for antigenic stimulation. Conversion of 
glucose to lactate accounted for 25% of the total heat production, whereas the 
rest of the heat produced was due to glucose oxidation. The calorimetric values 
were in full agreement with the expected vaIues, based on calculated heat flow 
from the rate of lactate formation and oxygen consumption due to glucose 
catabolism. 

3.2 Macrophages 
Macrophages play an important role in the field of immunology. These cells 

participate in the defense process by phagocytyzing foreign particles 
(antigens). Moreover, they activate T-lymphocytes when antigens are present 
in their cell membrane. The alveolar tnacrophages (AM) in the lungs, living on 
surfaces exposed to inhaled polluted air, act as scavengers, protecting the 
pulmonary tissue from invading microorganisms and inhaled particles. ln 
addition to being responsible for the sterility of the lung, the AM takes part in 
the ccll- and humoral-mediated processes in cooperation with other celIs. 

The interest to study macrophage metabolism by caloriinetry was motivated 
by the need lor new short-term tests for characterization of toxic effects of 
e.nvironmentd pollutants without use of expcnsivc and time-consuming animal 
experiments. The aim was to correlate toxic effects and macrophage heat 
production and this required development of a method [43]. 

AM were collected from rabbits by bronchopulmonary lavage. The animals 
were killed by a blow to the neck. The throat was opened under sterile 
conditions and the upper part of the trachea was klamped and cannulated under 
this point by a sterile plastic tube with a three-way valve. The lungs were 
washed in situ with a 0.9% physiological sodium chloride solution in 20 cm3 
portions during gentle massage of the thorax, yielding 80-100 cmi of cell 
suspension. This was centrifugcd at 300 g for 10 min and decanted. The cells 
were resuspcndcd in Hanks’ balanced salt solution (HBSS) followed by another 
centrifugation and decantation. Finally, for experiments with cells in 
suspension, minimum cssential medium (MEM) with or without serum was 
added to give the cell concentration desidered. HBSS was added for 
experiments with cells in monolayers. Contaminating erythrocytes were 
removed using a lysing buffer without the addition of EDTA at 37OC for 10 
min followed by centrifugation and resuspension. Circular polystyrene plates 
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with a diameter of 10 mm were punched out of commercially available cell 
culture dishes. The plates were sterilized and their negative charge was 
increased by overnight exposure to concentrated sulfuric acid at room 
temperature. The acid was poured off and 10% sodium carbonate was added 
for 15 min to neutralize the residual acid. The dishes were finally washed with 
HBSS. The cells were left in HBSS to sediment and adhere to the plates for 1 h 
at 37oC. Non-adherent  cells were rinsed out with HBSS. MEM was 
supplemented to give a final concentration of 20% homologous serum. The 
cells, in suspension and in monolayers, were stained with May-Granwald 
-Giemsa for identification. Samples were taken from the cell suspensions and 
the proportion of viable cells was counted manually using fluorescence 
microscopy. At the end of the calorimetric experiments viability was assessed 
by measuring the extracellular activity of lactate dehydrogenase (LDH). At the 
start of each calorimetric experiment two supplementary calor imetr ic  
ampoules charged with cell-free medium with or without the addition of serum 
were placed in a thermostated oven at 37oC for 20 h. The increase in LDH 
activity during the calorimetric measurements was calculated as the difference 
between the values for the cell-charged ampules and the mean of the values for 
the two supplementary ampoules. For monolayers, two polystyrene tubes with 
cells and culture medium (pH 7.40) were placed into 5.0 cm3 stainless steel 
ampoules. After the calorimetric measurements, the number of cells on the 
plates was determined by use of an Image Analysing Unit (Mikro Measurement 
III) connected to an invert microscope (Olympus IMT/LWD) and a 
microcomputer (Apple II) with a printer (Epson MX 80 II). By an automatic 
step table mounted to the microscope the monolayers were scanned. From the 
viability index the number of viable cells of each plate was calculated and the 
heat flow per living cell could be estimated. 

The system was tested with AM from rabbits and heat production rate could 
be monitored from a low number of cells that could be easily collected. No 
contaminating cells were observed. The calorimetric values were found to be 
unchanged or to decrease very slowly over a period of about 20 h. The cells 
should be used only in monolayers and suspensions should be avoided since 
heat production rate per cell in macrophage suspensions was found to be 
dependent on cell concentration. There are several important advantages with 
the monolayer technique. The measurements can be made with a small number 
of cells and the washing procedure removing non-adherent cells and non- 
bound particles can be performed easily and rapidly. Furthermore, the 
monolayers can easily and repeatedly be examined microscopically. 

The method was later tested with three different substances known to be 
potentially toxic as air pollutants [43]. In preliminary experiments it was found 
that non-viable macrophages did not have any heat production. This was 
assumed to be the case in all experiments. It was considered that exposure to 
toxic substances always causes a change of cell metabolism. Manganese dioxide 
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and quartz particles were found to be cytotoxic, unlike titanium dioxide. The 
results were in agreement with cell survival data found by the use of a 
fluorescein-ester staining method and measured by an image autoanalyser. By a 
combination of a calorimetric technique and a very reliable cell counting 
technique with a semi-automatic autoanalyser, it was found that measurement 
of macrophage heat production rate is possible using a small number of cells; 
thus making the methodology suitable for short-term screening tests in 
toxicology. In case toxic effects would be found, the test should be completed 
with biochemical measurements for more specific informations about the 
metabolic disturbance present in the cells. With the gradually increasing 
number of toxic substances in the environment there is a growing need for fast 
screening tests to evaluate the toxic effects on the human organism. 

Peritoneal macrophages become active phagocytic cells in immunological 
conditions. A group of investigators has studied these cells in rats by 
combining a calorimetry with a luminometric method to measure the release of 
oxygen radicals [44]. Ten cm3 of RPMI 1640 without bicarbonate but 
supplemented with 10% heat inactivated calf serum, gentamicin 72 laM, L- 
glutamine 2 mM, and buffer with 20 mM Hepes was injected intraperitoneally 
under aseptic conditions. The abdomen was massaged for 3 min. Animals were 
then sacrificed by inhalation of ether, and the peritoneal fluid was recollected 
and placed in a 15 cm3 cell culture tube by a large bore needle. The fluid was 
centrifuged for 15 min at 500 g, supernatant was discarded and 2 cm3 of the 
same RPMI 1640 was added and mixed gently. The cell suspension was placed 
in a 60 mm cell culture dish and incubated at 37oC and 5% CO2 for 1 h. The 
upper medium layer was discarded and the cell layer attached to the dish was 
washed three times with 0.02 mM phosphate buffered saline. The remaining 
cells were scraped and resuspended in 2 cm3 of the same culture medium. 
More than 90% of the harvested cells were identified as macrophages under 
light microscopy, and the cell viability was found to be above 95% using 
trypan blue exclusion staining test. Measurements were performed on resting 
cells and during phagocytic stimulation with phorbol 12-myristate 13-acetate 
(PMA). The cell samples obtained from rats with liver or kidney injury 
showed differences when compared to healthy rats. 

3.3 Immune complexes 
Some substances, antigens, have the ability to induce an immune response 

which consists of stimulating the immune system to produce antibodies. These 
combined with antigens form antigen-antibody complexes, also called immune 
complexes. It is unclear what role blood immune complexes play in the 
etiology and pathogenesis of some diseases, particularly rheumatic and in 
human neoplasms. There are several methods to detect blood immune 
complexes; however, the results of these measurements do not correlate well 
with the degree of activity of the diseases investigated, and this rather limits 
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their use from a clinical point of view. Due to the growing interest i n  blood 
immune complexes, an attempt was made to develop a calorimctric method for 
their detection. Earlier studies have shown that in the presence of immune 
complexes there is an increase of blood oxygen uptake [45], leading to the 
expectation of an increased heat production in granulocytes. 

Previous calorimetric investigations have shown large increases in heat 
production when aerobic metabolism was stimulated in erythrocytes [ 13,461 
and leukocytes 1471. 

During defined experimental conditions, antigens and their corresponding 
specific rabbit antisera, were found to activate the metabolism of human blood 
cells, whcn heat production was measured 1481. In this study no attempt was 
made to identify the blood cells respansiblc for heat production. An increase 
was observed from the normal basal heat production of blood of about 60 pW 
to about 200 pW cm3. Sensitivity, specificity and reproducibility of the 
measurements were very good. 

In further investigations, simultaneous measurements of heat production were 
carried out in whole blood and isolated populations of blood cells and plasma, 
mixed with immune complexes [49]. GranuIocytes were found to be the main 
source of heat production. Also mononuclear cells were activated when 
exposcd to immune complexes, but their activation level was significantly 
lower than for granulocytes. N o  incrcasc of heat pi-oduction was ohscrvcd 
when the other blood cclls and plasma were mixed with immune cornplexes. 
Binding of antigen-antibody cornplexes to granulocytes and subsequent 
activation of cell metabolism appears to be mediated by Fc and C3b receplors 
on the cell surface. 

Granulocyte activation has also been studied by microcalorimetry, stimulating 
cell phagocytosis with bacteria and latex particles [47] and yeast [ S O ] .  Other 
investigators have stimulated granulocytes with phorbol- 12-myristate- 13- 
acetate [5 132,531. 

An elaborate study [51] was carried out where calorimetric values were 
correlated to the enthalpy change of aerobic and anaerobic metabolism during 
phagocytosis; hcat production was measured sitnuItaneously with oxygen and 
glucose consumption as well as carbon dioxide, lactic acid and ATP 
production. 

The capability of microcalorimetry to signal prescnce of immune coinplcxes 
has been used in a clinical study of patients with acute leukaemia [36], (see 
Section 2 ) .  Another clinical application was carried out by other investigators 
[54] in patients with Systemic Lupus Erytheniatosus. It  was found that 
leukocyte heat production increased in the presence of homogenates prepared 
from autochthonous leukocytes, thus suggesting the presence of antigen- 
antibody complexes. According to the investigators the method could be useful 
to estimate thc degree of activity in immunological diseases. 

In other investigations microcalorimetry has been used to follow in vitro 
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antigen-antibody reactions [55,56] and to detect complement-dependent 
immune reactions [57]. The results obtained indicate that microcalorimetry can 
be a useful tool for studying the mechanism of cellular immunological 
reactions. 

4. E N D O C R I N O L O G Y  

4.1 Hyperthyroidism, hypothyroidism 
Thyroid dysfunction is a fairly common disorder to be found in clinical 

practice. The thyroid synthesizes two hormones, triiodothyronine (T3) and 
thyroxine (T4), dipeptides containing 3 and 4 atoms of iodine respectively in 
each molecule. The thyroid stimulates cell metabolism of most tissues, might 
cause hypermetabolism symptoms: loss of weight in spite of increased appetite, 
palpitations, tremor of the fingers, anxiety, heat intolerance. The hormone 
activity is mainly carried out by T 3. Most of it derives by monodeiodination 
from T 4 that is secreted directly by the thyroid. Both hormones in the blood 
are bound to plasma proteins. In the development of medical applications of 
microcalorimetry, among the first pathological conditions to be studied were 
thyroid dysfunctions. 

Although it is well known that thyroid hormones stimulate metabolism, the 
mechanism of action is still unclear at the cellular level. The whole body basal 
metabolic rate (BMR) has been previously used for clinical evaluation of 
thyroid dysfunction but for many years largely has been abandoned because of 
high inaccuracy of the method. The diagnosis of thyroid dysfunction is based 
on the clinical features (signs and symptoms of the disease) and thyroid 
hormones concentrations. However, the clinical features of the disease might 
vary considerably between different patients with the same concentration of 
hormones, depending on the variability of cellular response to thyroid 
hormones stimulation. Old patients, for example, have often less pronounced 
symptoms compared to younger subjects. Thus, there is not at present a 
parameter reflecting the degree of metabolic disturbance at the cellular level. 
Microcalorimetry was then introduced in medicine about two decades ago with 
the purpose of providing a method to measure cellular metabolic rate in 
physiological conditions as well as in pathological states. 

Studies in different laboratories have shown increased heat production in 
leukocytes [58,59] from hyperthyroid patients. In the former study [58] heat 
production was measured with a flow microcalorimeter in the whole leukocyte 
population In the latter investigation [59] microcalorimetric measurements 
were carried out in the lymphocyte population using a static ampoule 
calorimeter. The results showed a qualitative agreement between the two 
studies, although the two investigations are not comparable since the former 
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study was done on a heterogenous cell mixture comprising different sub- 
populations of leukocytes with variable heat production rate. A good 
correlation was noted between erythrocyte heat production rate and the clinical 
condition of the patients [60]. The increased values of heat production were 
found to return to normal levels after treatment [60, 61] (see Table 9). 

Table 9 
Heat production rate (P) of erythrocytes and lymphocytes from hyperthyroid 
patients before and after treatment. The variation of values is dependent of 
different experimental conditions. 

P 
Source Cell samples Before After Controls 

treatment 

Monti and erythrocytes 
Wads0 [60] mW dm 3 + SD 
Monti et al. [61 ] " 
Valdemarsson lymphocytes 
et al. [59] pW/cell + SEM 
Valdemarsson 
et al. [62] " 
Valdemarsson and 
and Monti [68] " 

102 + 15 
1 2 0 + 2  

3.43 + 0.25 

3 .19+21 

85 +_ 14 78 + 5 
99_+2 108+_2 

2.31 +0.12 

2.26 + 0.11 

3 .37+0.25  2 .50+0.11 2 .32+0 .10  

The action of thyroid hormones at the cellular level is expected to be carried 
out by attachment of the hormones at the nuclear receptors in the target cells. 
The increased heat production in erythrocytes, cells without a nucleus, 
indicates that thyroid hormones have the capability to stimulate cell metabolism 
also by other mechanisms than through nuclear receptors 

It is well established that thyroid hormones stimulate oxygen consumption, 
whereas their effect on anaerobic metabolism is unclear. Calorimetric studies 
on erythrocytes were therefore performed to clarify the influence of thyroid 
hormones on anaerobic metabolism. After initial calorimetric recording of 
erythrocyte total metabolism, sodium fluoride was added to the cell suspension 
to inhibit enolase and thus stop substrate utilization through the anaerobic 
pathway [62]. The decrease of heat production rate in samples with sodium 
fluoride corresponds to the anaerobic contribution, whereas the values from 
samples with sodium fluoride reflect aerobic metabolism. The value from 
samples without sodium fluoride reflects total cell metabolism. The results of 
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a study in a group of hyperthyroid patients [62] show that both the aerobic and 
anaerobic pathways were stimulated and not less than 60% of the total 
erythrocyte heat production was derived from the anaerobic activity. The 
relative contributions of aerobic and anaerobic metabolism were found to be 
the same in the hyperhyroid and euthyroid state. Thus, only quantitative and no 
qualitative changes of erythrocytc metabolism were observed in 
hyperthyroidism. 

nucleatcd cells by 
simultaneous rncasurements of heat production and oxygen consumplion rates 
in lymphocytes from patients before and after treatment [63]. The 
contribution from aerobic metabolism was calcufated from the product of the 
lymphocyte oxygen consumption rate and the enthalpy change for glucose 
combustion. The anaerobic contribution was calculated as the difference 
between heat production (total cell metabolism) and oxygen consumption. The 
results show that during thyroid hormone excess, adenosine triphosphate 
(ATP) generation has to be supplied mainly through an increased activity in 
the anaerobic pathway. These data support the results obtained in erythrocytes 
indicating a gross underestimation in the importance of anaerobic metabolism 
in h y pc rth y ro i d i s in. 

The activity of the Na+-K+ pump has bccn proposcd to bc regulated by 
thyroid hormones and to account for a largc contribution of the increased 
energy expenditure in  hyperthyroidism. Microcalorimetry was used to 
measure erythrocyte [64] and lymphocyte [62] heat production rate during 
ouabain-induced inhibition of ATPase, thus estimating the importance of the 
sodium-potassium pump in hyperthyroidism. The results of these studies show 
that the raised heat production rate i n  this condition was not due to incrcnsed 
energy expenditure by the pump. This was confirined in microcalorimetric 
studics with mammalian skeletal muscle 165,661 and hcpatocytes [66,67J. 

Subclinical thyroid dysfunctions, hyper- or hypothyroidism, are frequently 
encountered in clinical practice, accompanied by slight changes, incrcuse u r  
decrease, of thyroid hormone levels. Since i t  is d cul t  to evaluate the clinical 
significance. of these moderate alterations of hormone production, it is 
therefore also difficult to take decisions about the treatment of these patients. 
In order to clarify the effect of low degrees of thyroid dysfunction on cellular 
energy expenditure, an investigation was carried out where heat production 
was measured in lymphocytes from patients with different degrees of thyroid 
dysfunction [59]. The lymphocyte heat production rate was found to bc 
significantly correlated to thc thyroid hormone levels over t.he ranFe from 
c 1 e a r 1 y h y pe r t h y ro i d p a t i e n t s to those w i 111 s 11 h c 1 i n i c n 1 h y po t h y ro i d 1 s m . I n 
patients with subclinical dysfunction the change of cell metabolism was found 
to be not significant, thus supporting the conclusion that microcalorime.try is 
suitable for studying the effect of thyroid hormones on cells, and thereby 

Further studies in hyperthyroidism were done with 
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obtaining useful information in order to reach a decision about the choice of 
therapy. 

Beta-adrenoceptor antagonists are used in the treatment of hyperthyroidism 
to alleviate symptoms but are not considered to influence thyroid hormone 
production nor the effect of the hormone on cell function. A study of the effect 
of beta-blockers on lymphocyte metabolism was done with the purpose to 
clarify their mechanism of action in hyperthyroidism [68]. When hyperthyroid 
subjects were treated with beta-blockers, lymphocyte heat production was 
found to be within normal limits, thus showing that beta-blockers prevent the 
expected increased of cell metabolism under stimulation of thyroid hormone. 
These results seem to indicate that increased thermogenesis  in 
hyperthyroidism is mediated via adrenergic receptors, rather than via nuclear 
thyroid hormone receptors. 

In a recent study [69] myocardial tissue metabolism has been measured by 
calorimetry in experimental hyperthyroidism in rats. It is known that 
hyperthyroidism is associated with increased myocardial aerobic metabolism 
and accelerated heart function, but it is unknown whether there is also an 
increase of anaerobic metabolism. Myocardial heat production, oxygen 
consumption and ATP content have been measured in a group of rats treated 
for 2 weeks with triiodothyronine. The results were compared with the 
corresponding values obtained from control rats who were administered saline. 
Tissue slices, about 5 mg, from the apical region of the heart were prepared 
immediately for measurement of heat production and oxygen consumption, 
whereas separate specimen were frozen in liquid nitrogen for ATP analysis. 

The results (see Table 10) showed significantly increased heat production and 
oxygen consumption and decreased ATP content. 

Table 10 
Heat production rate (P), oxygen consumption rate (PO 2) and ATP content in 
heart muscle from rats treated with T 3 or saline for 2 weeks. Data are 
expressed as mean + S.E. Source: reference 69. 

P, mW g-J PO2, nmol s-lg -I ATP, ~tmol g-I 

Hyperthyroid rats 153 + 0.09 2.75 _+ 0.16 2.82 + 0.53 
Controls 0.94 + 0.05 1.55 + 0.14 7.91 + 0.44 

There was a significant correlation between heat production and oxygen 
consumption. Aerobic metabolism accounted for about 80% of the myocardial 
heat production in the controls and for about 87% in the hyperthyroid rats, 
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thus indicating that the anaerobic metabolism was not influenced by the excess 
of thyroid hormone. Apparently the response is not the same in different 
tissues, in fact in previous studies it was found that in human lymphocytes 
from hyperthyroid subjects, hypermetabolism was accounted for by the 
anaerobic activity. The decreased ATP content in the hyperthyroid group of 
rats is apparently due to increased ATP expenditure and insufficient ATP 
generation, as indicated by the inverse relationship between heat production 
and ATP content of myocardial tissue. 

A decrease of thyroid hormone production has been found to be accompanied 
by a decrease of heat production in several types of cells and tissues examined: 
platelets [70], adipocytes [70] and skeletal muscle [71]. The change of energy 
expenditure in platelets, non-nucleated cells, was found to be relatively small, 
although significant, and has not been recorded with less sensitive 
microcalorimetric technique [58]. These results supports previous findings in 
erythrocytes that thyroid hormones influence cell metabolism also in cells not 
carrying nucleus, thus indicating other mechanisms of action than only through 
nuclear receptors. 

Administration of thyroid hormone to hypothyroid, thyroidectomized rats 
was found to increase heat production in liver, heart, kidney tissue as well as in 
skeletal muscle [66]. 

4.2 Acromegaly 
Increased production of growth hormone in adult life causes acromegaly. The 

diagnosis of this condition is based on the clinical signs of the disease (large 
extremities) and increased levels.of growth hormone and insulin-like growth 
factor I. However, it is not unusual to find a discrepancy between the clinical 
state and the level of growth hormone. This causes unsecurity in the judgement 
of the gravity of the disease and therefore doubt about the choice of treatment. 
Some of the clinical signs, feeling warm and increased perspiration, seem to 
indicate increased metabolism and in fact slightly elevated basal metabolic rate 
has been found. An attempt was made to clarify the effect of growth hormone 
on cell metabolism and to relate it to the degree of activity of the disease. 

Heat production rate (P) was measured in lymphocytes in a group of patients 
with acromegaly [72]. The values obtained were compared with data from a 
group of healthy subjects. P value was significantly higher in samples from 
patients, 2.90 _+ 0.15 pW/cell (mean + SEM), than in samples from the control 
group, 2.31 +_ 0.12 pW/cell. Heat production rates did not correlate with 
growth hormone levels, whereas a significant correlation was found with the 
clinical activity of the disease, as expressed by a score index based on 
symptoms often known to be present in patients with acromegaly. 
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5. C A R D I O V A S C U L A R  SYSTEM 

5.1 Cardiovascular drugs and cell metabolism 
Beta-adrenoceptor blockers represent a very important group of drugs used 

in the treatment of several cardiovascular diseases and hyperthyroidism. 
Sometimes their use is limited by the occurrence of side effects, such as fatigue 
in the lower extremities, general tiredness; the pathogenesis of these symptoms 
is unclear. 

Skeletal muscle has been found to be a suitable tissue for calorimetric studies 
of the metabolic and thermogenetic effects of these drugs. Basal studies were 
first carried out to develop a microcalorimetric method that would be simple 
but sensitive enough for studies in vitro on small samples of muscle in 
physiological and pathological conditions. In order to be able to apply the 
method to clinical situations it was important that the quantity of material 
required for the measurements should be of such a magnitude that could be 
obtained by needle biopsy [73]. Previous studies had indicated that isolated 
skeletal muscle fibre bundles maintained viability in vitro which reflected 
fairly well the metabolic situation in vivo [74]. 

Muscle samples were taken during operations from patients referred to the 
hospital for surgery because of inguinal hernia, varicose veins, uncomplicated 
gallstone disease and uterine myoma. Apart from the current surgical disease, 
all patients were healthy and in good condition. Different microcalorimetric 
techniques were compared, and significantly higher values were found with 
perfusion calorimeters (see Table l l). 

Table 11 
Duplicate measurements of heat production rate (P) on human obliquus 
internus muscle using two different calorimeters: static and perfusion 
instrument. Source: reference 75. 

P, mWg-I 
Calorimeter Mean SD 

Static 0.19 0.05 
Perfusion 0.50 0.14 

A simple perfusion method was found to be the most suitable, reaching usually 
steady state heat production values within 1 h of the start of the calorimetric 
experiment [75]. No difference was found between intact whole length muscle 
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fibres and teased samples from rat quadriceps muscle; small variations in fibre 
length of human muscles did not affect the results. An inverse correlation was 
observed between P values and the age of the subjects. For some muscles 
significantly lower values were found for human males compared to females. 
Significant differences were found for samples from different human muscles 
(see Table 12), presumably due to the variability of fibre composition, taking 
into account that different types of fibres, type I and type II according to the 
histochemical characterization, have different metabolism, more aerobic in the 
former and more anaerobic in the latter fibres. 

Table 12 
Heat production rate (P) of different muscles from healthy human subjects, 
obtained with a perfusion calorimeter without stirring. Source: reference 75. 

P, m W g  -I 
Muscle Mean SD 

Obliquus internus 0.44 0.13 
Vastus lateralis 0.55 0.11 
Vastus medialis 0.66 0.20 
Rectus abdominis 0.73 0.23 

Heat production rate in human resting muscle was measured in a perfusion 
microcalorimeter during 2 h, then ouabain octahydrate was introduced into the 
calorimetric ampoule at an optimal concentration to obtain maximal inhibition 
of the Na+-K + pump. The decrease of heat production reflected the amount of 
energy consumed by the pump. From the same muscle specimen, samples were 
taken for determination of potassium and magnesium concentration. The 
energy expenditure of the pump was found to correlate positively with muscle 
potassium and magnesium [76]. 

The influence of beta-adrenoceptor blockade was studied in a group of 
healthy subjects after performance of light physical work [77]. Three beta- 
blockers with different pharmacodynamic profile were used: a non-selective 
drug (propranolol), a beta-l-selective (atenolol) and a non-selective with 
partial beta-2-agonist activity (pindolol). The three drugs were given as 
specially prepared identical capsules which were counted for assessment of 
compliance. Each subject received all three drugs subsequently with at least 1 
week intervening between the study periods. Muscle function was tested after 7 
days in each period. Muscle biopsies and blood for analysis were taken after 8 
days on each drug. Muscle heat production was found to be significantly 
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decreased by non-selective beta-blocker but not by beta-1-selective blockade, 
thus indicating that beta-2- receptors seem to account for the effect of beta- 
blockers on muscle metabolism (see Table 13). 

Table 13 
Heat production rate (P) in muscle from healthy subjects treated with 3 
different beta - adrenoceptor blockers. Measurements were performed with a 
perfusion calorimeter. Source: reference 77. 

P, mWg-I  
Drug Median Interquartile range 

Before treatment 0.67 0.53 - 0.75 
Propranolol 0.46 0.28 - 0.68 
Atenolol 0.62 0.53 - 0.72 
Pindolol 0.53 0.40 - 0.63 

The investigation was extended to a group of hypertensive subjects 
undergoing surgical operations, in order to find out whether a beta-1-selective 
drug, metoprolol, would affect muscle thermogenesis during stress [78]. 
Muscle heat production rate was found to be significantly lower in the 
metoprolol group compared with a hypertensive group given placebo, and a 
normotensive group without treatment (see Table 14). 

Table 14 
Muscle heat production rate (P) from hypertensive subjects treated with 
placebo or metoprolol, compared with normotensive subjects. Measurements 
were performed with a perfusion calorimeter. Source: reference 78. 

Subjects Median 
P, mWg-I  

Interquartile range 

Placebo 0.71 0.56 - 0.79 
Metoprolol 0.41 0.30 - 0.68 
Controls 0.74 0.65 - 0.89 
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The metabolic effect of the drug on muscle metabolism was interpreted as 
being due to the blockade of beta- 1-receptors in adipose tissue, resulting in 
diminished availability of fatty acids and reduced rate of  oxidation in muscles. 
It is known that during stress, such as caused by surgical operations, there is 
normally increased sympathetic nervous system activity and stimulation of 
lipolysis. 

The thermogenetic effect of beta-adrenergic blockade was also studied after 
treatment for two weeks with the selective beta-blocker metoprolol in 
hypertensive patients during general anaesthesia: pulmonary arterial blood 
temperature was measured by means of a thermistor in a indwelling 
pulmonary arterial catheter, simultaneously with measurements of heat 
production rate in skeletal muscle [79j. A significant fall of temperature and 
muscle heat productio rate was observed in the group of subjects treated with 
metoprolol compared to the placebo group. 

I n  order further to understand the metabolic effects of beta-adrenoceptor 
agonist/antagonist drugs, a comparative study was carried out where skeletal 
m u c k  heat production rate was measured in healthy subjects after 
administration of a beta-adrenoceptor agonist, terbutaline. or a beta- 
adrenoceptor antagonist, propranolol [80]. Moreover, due to the insufficient 
understanding of the mechanisms behind potassium concentration changes 
during treatment with beta agonists and antagonists, a calorimetric evaluation 
was made of the activity of the Na+-K+ pump; the results were related to 
serum drug levels and electrolyte concentrations in the intracellulnr and 
extracellular space. Unexpectedly, a decrease of muscle heat production rate 
was found aftcr administrurion of a beta agonist, interpreted as  possibly due lo 

desensitization of beta-2-receptors. Unchanged P values for the NaS-K+ pump 
werc found aftcr treatment with the drugs. 

A double blind placebo-controlled study 18 I ]  was conducted of thc efiects of 
oral propranolol and terbutaline on erythrocyte heat production rate. 
Propranolol 80 mg and terbutaline slow-release 7.5 mg were randomly 
administered twice daily tor one week to 15 healthy males, using a cross-over 
design. After an overnight fast of 12 h, blood samples were taken 09.00, 2.5 h 
after drug intake and after the subjects had rested for at least 45 min. Venous 
blood was collected from an antecubital vein into 10 cm3 Vacutainer tubes 
containing sodium heparin 143 USP. Erythrocytes were separated from other 
blood cells by Nakao gel adsorption technique [ l ]  A lack of influence of bot.h 
drugs on erythrocyte hcat productinn rate was noted, implying that drugs 
acting through beta-adrenoceprors have clinically no relevant effect on 
erythrocytes. Also incubation of terbutaline with platelets i n  vitro shows no 
effect on thcsc cells [8 I].  

In another study [82] the thermogenetic effect of a new drug, carvedilol, 
with combined beta- and alfa- 1 -blocking activity was investigated in skeletal 
muscle of rats. A comparison was made with the effect of a well known non- 
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selective beta-adrenoceptor drug, propranolol. Whereas the latter drug caused 
decreased heat production, carvedilol had no influence, presumably due to its 
combined beta- and alfa-blocking activity (see Table 15). 

As previously mentioned (see Section 4), non-selective (propranolol) and 
selective (metoprolol) beta-adrenoceptor antagonists could preclude an increase 
of lymphocyte metabolism, otherwise present in hyperthyroid patients. 

Table 15 
Muscle heat production rate (P) from rats treated with propranolol or 
carvedilol, compared with controls. Measurements were performed with a 
perfusion calorimeter. Source: reference 82. 

Drugs Mean 
P, mW g-i 

Confidence interval 

Propranolol 0.45 0.36 - 0.55 
Carvedilol 0.63 0.55 - 0.72 
Controls 0.62 0.52 - 0.73 

5.2 Arterial insufficiency 
Diminished blood flow in the lower limbs is in most cases due to 

arteriosclerosis, that causes atheromatous plaques containing cholesterol and 
other lipids, gradually becoming calcified with development of vascular 
stenosis and eventually occlusion. Less common causes of changes in the 
arteries, that might lead to impairment of blood supply, are inflammatory 
diseases and spasm of the vessels. Common symptoms of arterial insufficiency, 
due to diminished oxygen supply, are pain and coldness in the lower 
extremities, often site of arteriosclerotic changes, that in untreated cases may 
develop to ulcers and gangrene. There is however no reliable correlation 
between the magnitude of symptoms and the degree of ischemia. Also 
radiography and ultrasound do not give sufficient information about the degree 
of impairment of blood flow. The presence of collateral circulation may 
compensate for the stenosis or obliteration in the vessels. There are no 
available methods to evaluate muscle metabolic changes secondary to ischemia. 

A calorimetric study was carried out with the purpose to measure heat 
production rate in skeletal muscle of patients with different degrees of 
peripheral arterial insufficiency, defined by blood flow measurements [84]. A 
linear positive relationship was found between heat production, reflecting 
overall muscle metabolism, and degree of diminished blood flow. Calorimetric 
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values were significantly lower in the group of patients with severe arterial 
insufficiency, compared to healthy subjects. 

5.3 Prosthet ic  heart valves 
Thrombo-embolism is a well known complication in patients with prosthetic 

heart valves. The pathogenesis of thrombo-embolic incidents is unclear but it 
seems that platelets play a significant role, due to the interaction between these 
cells and the artificial surfaces of the prosthetic valve. In an attempt to detect 
possible metabolic abnormalities, heat production rate was measured in 
platelets from patients with prosthetic cardiac valves [84]. Significantly 
decreased calorimetric values were observed, indicating that the metabolic 
activity of platelets in these patients is abnormally low (see Table 16). 

Table 16 
Heat production rate (P) of platelets from patients with valvular heart diseases, 
operated and not operated with prosthetic heart valves, compared to healthy 
subjects. Source: reference 84. 

P, tW/cell 
Subjects Mean SD 

Operated 49 9 
Not operated 65 11 
Controls 61 10 

These results are in agreement with the observations of other investigators 
who had previously found decreased platelet ADP and ATP as well as 
shortened platelet survival,  that correlated with th rombo-embol ic  
manifestations in patients with prosthetic heart valves. No conclusive 
explanation can be offered for the observation of decreased heat production 
rate in the platelets of patients with prosthetic heart valves. Previous 
investigators have advanced the hypothesis that mechanical, chemical or 
immunological factors may cause alterations of blood cell function by 
interaction of the cells with the prosthetic valves. It is interesting to note that in 
the calorimetric study, the two patients who had double prosthetic valves were 
found to have P values below the mean value of the whole patient group. 
Moreover, the only patient who exibited thrombo-embolic manifestations, had 
the lowest value of platelet heat production rate. 
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In a prospective study, a larger group of paticnts with scverc aortic or mitral 
rheumatic h a r t  discase were followcd before and after prosthetic valve 
replacement. Platelet heat production rate did not correlate with either type of 
valvular disease, valvular calcification or atrial fibrillation. Before the 
operation a significantly elevated platelet heat productio rate was found 
compared to normal subjects [85]  (see TabIe 17), probably due to the presence 
of a younger and metabolically more active platelet population. Platelet 
number before the operation was significantly lower than normal, most likely 
due to shortcncd platelet survival. The presence of largcr platelets may bc due 
to  bonc marrow activation and increased platelet production rate, stimulated by 
increased cell destruction. Previous studies havc shown that young and 
hyperactive platelets are largcr than older cclfs. After cardiac valve 
replacement the platelet heat production rate decreased significantly as 
compared to the pre-operative values (see Table 17). The greatest reductions 
were observed in two patients with thrombo-emboiic complications, suggesting 
a relationship between platelet metabolism and thrombo-embolism. 

Table 17 
Hcat production rate (P) of platelets t'rorn patients with valvular heart diseases. 
before (pre-op) and a l t e r  (post-op) proslhctic hcnrt valve replacement, 
compared with healthy subjects. Source: rcference 85. 

Sub iec ts 
P, tW/cell 

Mean SD 

Pre-op 

Con t ro 1 s 
Post-op 

63 5 
58 5 
59 4 

These studies seem to indicate that microcalorimetry is a suitable method for 
the quantitative measurement of overall metabolism in  platelets lium patients 
with prosthetic heart valves. I t  might be of help for identification of patients 
with high risk to develop thrombo-embolic complications after replacement of 
heart valves. 

5.4 Myocardial metabolism, cardiomyopathy, myocardial infarction 
Very limited experience is available concerning microcalorimelric 

measurements i n  heart muscle within the frame of medical problems. 
Extensive information is however available concerning heat production and 
cardiac energetics [86,871. 
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For many years cardiac involvcrnent in patients wih diabetes mellitus was 
thought to be due to coronary atherosclerosis, known to occur with higher 
frequency in diabetic than non-diabetic subjects. From medical reports in the 
last decade there is increasing evidence that diabetic cardiomyopathy, as 
applied to the cardiac disease of diabetes mellitus, is not necessarily a 
consequence of coronary disease. In fact, cases of diabetic cardiomyopathy 
have been increasingly reported, where coronary disease was not present. 

A large amount of information has been provided in recent years by reports 
from animal studies. Defective oxydative metabolism and decreased pyruvate 
dehydrogcnasc activity have been found in heart mitochondria from gcnetically 
diabetic mice. A reduccd myocardial metabolism has been rcporlcd in rats with 
streptomtocin-induced diabetes. Diabetic hamsters have been found to show 
reduced activity of several enzymes and ATP content in the myocardium. 

The hypothesis that a negative energy balance in  the myocardial tissue might 
be the cause of the heart dysfunction in diabetes was tested in a calorimetric 
study [MI, where heat production rate was measured in myocardial tissue of 
rats with streptozotocin-induced diabetes. Lower P values were found in heart 
muscle of diabetic rats as compared to the corresponding values in healthy rats 
(see Table 18). These results give support to the hypothesis that a derangement 
of myocardial metabolism is prescnt in  diabetes mcllitus, indcpcndcnt o f  
coronary disease. 

Table 18 
Heat production rate ( P )  in  myocardial tissue of diabetic rats, compared to 
controls. Source: reference 88. 

Rats 
P, pW mg-I 

Mean SD 

Diabetic 
Controls 

0.79 0.23 
0.96 0.13 

Congestive heart failure (CHF) due to ischemic heart disease is a very 
common clinical situation, particularly in the elderly group of patients. It  is 
however unclear how the myocardial cells behave metabolically when 
decreased blood flow in the myocardial tissue develops as a result of stenosis, 
or obstruction of coronary vessels, eventually leading to myocardial 
infarction. Myocardial metabolism was studied by microcalorimetry and 
oxygen consumption measurement in tissue from rats with CHF after a 
myocardial infarction. induced by ligativn of the left coronary artery [89]. 
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The results show that the consequences of the vessel occlusion are not limited 
to the damaged tissue, but will also affect the metabolism of myocardial cells in 
other parts of the left ventricle. I t  seems that the myocardial cells have lost thc 
ability to increase their metabolic activity, as a necessary compensatory 
mechanism, in CHF due to the myocardial infarction. The results are 
unexpected, in fact previous studies have shown increased activity of 
myocardial oxidative enzymes, stimuiated by enhanced sympathetic nervous 
system activity in CHF. Heat production rate in the ischemic myocardium 
indicated a persistent metabolic activity with continuous demand of oxygen and 
fuel suppIy. This finding is of interest with regard to the possibility to use 
drugs that may improve the metabolic condition and survival of the  damaged 
myocardium. 

5.5 Hybernation and myocardial metabolism 
I t  is well known that hypothermia can induce ventricular fibrillation and 

circulatory arrest in  humans. Enlargement of the heart increases the 
susceptibility to fibrillation. The pathogenesis of hypothermia-induced 
fibrillation is unclear. Some investigators suggest that difficulty of 
coordination of the myocardial cells might lead to clectrophysiological 
disturbances. There is evidence that hypothermia induces abnormal cation 
fluxes and changes i n  cellular energetics via the activity o f  membrane ATPnse. 
Hcdgehogs arid other hibctnators dewlop apparently II bioohcmical adaplnlion 
lu cold during hibcrnation that makcs thcm resistant to hcart fibrillation. In a 
previous study however no significanr difference WHS found in  the lactate content of 
myocardium bctwccn hibernating and non hibernating hedgehogs; similar 
values were also found in  guinea pigs. Thus the mechanism behind the 
resistance of hedgehogs to fibrillation remains obscure. 

Microcalorimetry has been used in an attempt to detect metabolic differences 
in myocardial tissue by comparing a hibernator and two non-hibernators 1901. 
Twenty-four animals consisting of I2 hibernators (6 summer hedgehogs and 
six winter hedgehogs), and 12 non-hibernators (6 rats and 6 guinea pigs) were 
studied. The hedgehogs were trapped in late August and were all in the non- 
hibernating statc during the period of study. All the animals were kept in thc 
experimental house at room temperature between 18 and 20OC. The henrls of 
the animals were removed on different days under ether anesthesia and 
immediately stored in ice-cold Na-Krebs bicarbonate buffer containing glucose 
at 5 mM as substrate and saturated with carbogen (a mixture of gases, 
composed of 95% oxygen and 5 %  carbon dioxide). From each animal, slices of 
cardiac tissue were removed under the cold buffer and stored in the same for 
determination of the rates of heat production and oxygen consumption rates 
about 40 min later. Mcasurements of heat production and oxygen consumption 
in  heart tissue werc carried out at 20OC and 37OC. A quantitative evaluation of 
cell metabolic energy linked to thc transport of sodium and potassium was also 
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done by determination of the changes of metabolic rate induced by specifc 

inhibition of the Na +- K + pump. A higher rate of energy production and 
utilization was observed in the cardiac tissue of the hedgehog than in that of the 
non-hibernators, rat and guinea pig, at both temperatures (see Table 19). 

Table 19 
Mean values(+ SEM) of heat production rate (P) and oxygen consumption rate 
(PO2) in myocardial tissue from the guinea pig (GP), the rat (RT), the non- 
hibernating summer and winter hedgehog (SH and WH), at 20oC and 37oC. P 
values are expressed as mW g-i tissue. PO 2 values are expressed as mW g-1 
tissue, recalculated from the recorded values in units mol s-lg -1 tissue. Source: 
reference 90. 

20oC 37oC 
Samples P PO 2 P PO 2 

GP 0.56 + 0.22 0.38 + 0.17 0.80 + 0.19 0.78 + 0.24 
RT 0.60_+ 0.13 1.13 + 0.27 1.09 _+ 0.10 1.34 _+ 0.52 
SH 1.04 + 0.41 0.85 + 0.15 1.79 _+ 0.43 1.49 _+ 1.06 
WH 1.22 +_ 0.39 1.68 + 0.54 2.00 + 0.74 4.57 _+ 1.23 

The temperature coefficients of total heat production and of the amount of 

heat connected with the Na+-K + pump were significantly higher in the 
hibernator. These results indicate that microcalorimetry is a suitable tool to 
detect metabolic differences between hibernators and non-hibernators 

6. NUTRITIONAL AND METABOLIC DISORDERS 

6.1 Obesity 
Obesity, excessive amount of body fat, is a very common nutritional 

disorder in the developed countries. Excessive fat accumulates because there is 
an imbalance between energy intake and expenditure. It increases mortality in 
all age groups and it affects the quality of life. There are conditions where the 
cause of excessive adiposity is well identified, as is the case in endocrinological 
disturbances and excessive caloric intake or physical inactivity. In many cases 
however the etiology of the disease is unclear. 
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Several studies indicate variations in the cell metabolic efficiency that might 
play an important role in the pathogenesis of obesity. In some of these studies 
it was observed that there were subjects who in spite of excessive caloric intake 
did not show any increase in weight; on the other hand, some subjects did not 
reduce their weight in spite of a strict diet. 

Several hypothesis have been advanced concerning the development of 
increased metabolic efficiency, such as altered specific dynamic action of food, 
alterations of metabolism of brown fat or variations of ATP breakedown. It 
seems that genetic factors as well as diet in early life might play an important 
role for the development of obesity. 

Alterations of glucose and lipid metabolism have been observed in obese 
subjects. In fat cells have been found changes of enzyme activities, substrate 
utilization, receptor functions and responsiveness to hormones. 

The characterization of energy balance in cells and tissues relies upon the 
measurement of several variables: oxygen and substrate consumption, lactate 
and carbon dioxide production. These measurements however give only 
indirectly and partly quantitative information about the energy balance in 
obesity. Whole body calorimetry and direct measurement of cell heat 
production have been introduced as a complement to the assessment of energy 
balance in the whole organism and energy expenditure on the cellular level. 

A method was developed for the quantitative measurement of heat production 
in human adipocytes [91]. Fat cells were isolated by collagenase treatment of 
biopsy specimens of adipose tissue; there was no evidence of significant cell 
breakage during the preparation procedure. Plots of heat production against 
time were stable for at least 4 h. 

The presence of substrate (glucose) and insulin was necessary in the cell 
suspension, otherwise much lower values were recorded (see Table 20). As 
with other cells (see Section 1), a pH and temperature dependence of the heat 
production was observed. Adipocyte metabolic activity was found to be high, 
the heat production per cell was about 15 times greater than the corresponding 
value for leukocytes, but lower than that reported for brown rat fat cells. 

Table 20 
Effect of substrate (glucose) and insulin on adipocyte heat production rate (P) 
Source: reference 91. 

P, BW g-~ adipocyte 

Glucose and insulin present 
in the cell suspension 
Glucose and insulin absent 

82 
88 
20 
20 
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Further methodological development in recent years has made it possible to 
measure heat production during several days by maintaining adipocytes from 
rats [92,93] and humans [94] in gel cultures, thus allowing it to be easier to 
study how adipocytes respond to the influence of substrate and hormones. 
After excision of fat tissue, samples were minced with scissors and incubated in 
culture medium containing 2 mg/cm3 collagenase in a shaking water bath for 
60 min at 37oC. Isolated fat cells were filtered through a 1000 ~t nylon mash 
and subsequently washed three times with culture medium. Cell number was 
determined microscopically with a hemocytometer. Gel cultures were prepared 
in glass ampoules. 150 mm3 of packed adipocytes were embedded in a 3D- 
matrix of agar gel. Then the ampoules were filled up to 1.5 or 2.25 cm3 with 
agar-free medium. The gas phase was 1.5 or 0.75 air with 5% CO2. 

Some investigators have applied microcalorimetry to thermogenetic studies 
in brown adipose tissue [95] and brown adipocytes [96] from rats. The major 
conclusion drawn from these studies was that only about 5% of the total cell 

heat production is associated with the function of the Na+-K + pump. 
In a preliminary study [97] one group of 14 obese patients and one group of 

12 matched healthy controls, were studied. Open biopsies from the gluteal 
region were taken in the morning after 10 h fasting. Local anaesthesia with 1% 
Carbocain was given intradermally. The obese patients had been on a 
standardized weight-maintaining diet for 5 days and the controls had been on 
their own regular diet. Adipocytes were isolated from the biopsy material by 
collagenase treatment. The fat cell suspension was washed by repeated 
centrifugations, and 0.9 cm3 samples, corresponding to 0.45 cm3 packed cells, 
were taken for microcalorimetric measurements. The microcalorimetric 
measurements were performed with the cells suspended in 0.05 M Krebs- 
Ringer bicarbonate buffer (pH 7.4) containing 0.1 U/cm3 insulin and 11 
mmol/dm3 glucose. Adipocyte heat production rate was found to be lower in 
the obese group than in the lean control group; it was however unclear 
whether the decrease in heat production was a cause or a consequence of 
obesity. 

A further study [98] was carried out where heat production was measured in 
adipocytes from obese subjects before and after weight reduction and 
compared with lean individuals. In order to minimize possible differences in 
caloric intake and diet composition between the two occasions, when 
percutaneous fat tissue biopsies were taken, the patients were hospitalized for 1 
week before and after weight reduction. They were given a balanced diet (6.7 
MJ per day) with 20% of the calories derived from protein, 30% from fat and 
50% from carbohydrates. The fasting period was spent in a health center. 
Alter 5 weeks fasting the patients were instructed to break gradually the fast, 
aiming at obtaining their usual food intake after about 2 weeks. After another 
1-2 weeks they were again admitted to the ward and subjected to the same diet 
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and regimen as before the fasting period. Samples were taken from the patients 
after about 1 week on the standard diet and after weight reduction. Biopsies 
were taken in the gluteal region and adipocyte heat production rate measured 
as described earlier. A weight loss of about 13 kg (mean) was noted during the 
fasting period. The heat production rate per adipocyte was significantly lower 
in the obese group compared to lean subjects. After weight reduction, 
calorimetric values were found to increase by about 40%, but were still 
significantly lower than in the control group (see Table 21). 

Table 21 
Adipocyte heat production rate (P) in lean subjects and obese patients before 
and after weight reduction by fasting. Source: reference 98. 

P, gW g-I tissue 
Groups Mean SD 

Lean subjects 
Obese patients, before treatment 
Obese patients, after treatment 

133.4 48.1 
39.7 23.9 
64.6 28.2 

The same investigators found in a later study [99] that also after pronounced 
weight reduction by surgical treatment, gastroplasty, adipocyte P values were 
found to increase compared to values before the operation (see Table 22). 

Table 22 
Adipocyte heat production rate (P) in obese patients before and after weight 
reduction by gastroplasty. Source: reference 99. 

P, gW g-l tissue 
Groups Mean SD 

Be/ore gastroplasty 
After gastroplasty 

66 9 
115 7 

The results of these studies give support to the hypothesis that there is an 
altered metabolic efficiency in obesity. However, the change of adipocyte 
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metabolism towards normality after weight reduction suggests that the initially 
reduced adipocyte heat production rate is a consequence rather than a cause of 
obesity. In any case, whatever is the primary causc of obesity, reduced cell 
heat production rate indicates lower metabolism that may contribute tn the 
accentuation and perpetuation of the obcsc state. 

Many metabolic abnormaliries previously observed in obese subjects have 
been suggested to play an important role in the pathogcnesis of obesity. Among 
them that has attracted particular attention is the finding of decreased activity 
of Na+-K+ ATPase, which is the enzyme expression of the Na+-K+ pump, in 
erythrocytes from obese subjects. The hypothesis was then presented that a 
defect in the Na+-K+ pump function may lead to decreased energy expenditure 
and accumulation of fat tissue. The issue 'has however been controversial in 
view of the fact that other investigators have found normal or increased Na+- 
Kf ATPasc activity in eryrhrocytes and incrcased values in liver homogenate 
h r n  obcsc subjects. 

In order to obtain further information that might help to clarify the existing 
controversy, a calorimetric study was carried out [ 1001. By mcasurcmcnt of 
heat production, the changes in overall metabolism induced by specific 
inhibition of the Na+-KS pump were quantified in erythrocytes from normal 
and obese subjects. A group of obese patients with stable weight and without 
signs of endocrine disease was investigated and compared to H group of lean 
subjects. Heat production rate was measured in  erythrocytes suspended in  
plasma with and without thc cardioactive glycoside ouabain, specific inhibitor 
of the N;i+-K+ ATPase. Emphasis was put on the response of cclIular 
rnetabolisni t o  inhibition of the N a + - K +  ATPasc activity and not o n  
quantitative values o f  Nii+-K+ ATPase ac1ivit.y per se. N o  difference was found 
between obese and lean subjects. The results were thus speaking against the 
hypothesis that a metabulic derangement connected with a defective Na+-K+ 
pump could be of importance in the development of obesity. 

6.2 Adiposis dolorosa 
Adiposis dolorosa is a clinical condition characterized by tenderness of the 

adipose tissuc. The cause of pain is obscure. In order to estimate whether a 
metabolic derangement is present, microcalorimetry was used to measure 
overall adipocyte mctabolism i n  a group of paticnts with adiposis dolorosn 
L 10 I ] .  For many ycars they had been suffcring of thc gcncralixd type o f  this 
disease with a constant burning pain in their subcutaneous adipose tissue in all 
areas of the body, gradually increasing during the course of the disease. They 
were about 50% overweight. 

Adipose tissue specimens were obtained by open surgery from the upper 
lateral gluteal region, where all patients had moderate pain at palpation. Heat 
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production was measured as previously described [9 11 after isolation of 
adipocytes by collagenase treatment of adiposc tissue. 

Fat cells were larger than those of weight-matched subjects and similar in size 
to  those of a grossly obesc group. The mean heat production rate of adipose 
Iipid weight was significantly lower than the corresponding value nf both lean 
healthy subjects and weight-matched obese control subjects. However, the 
decrease was not found when heat produclion was calculated per cell. When 
compared with the group of grossly obese subjects, the patients with adiposis 
dolorosa had almost twice as high heat production rate per cell. These results 
indicate that the cell metabolic derangement in adiposis dolorosa is different 
than that in ordinary non-painful obesity. 

6.3 Anorexia nervosa 
Anorexia nervosa is a discasc affecting mainly young girls, characterized by 

thc patients' lack of appetite and preoccupation with food that makes them lose 
weight by minimizing their caloric inlake and by cxcessive physical activity. 
Sometimes it is associated with bulimia, characterized by overeating Collowed 
by self-induced vomiting. 

The pathophysiology of starvation in anorexia nervosa is obscure. Basal 
metabolism has been found to be reduced, probably due to the decrease in cell 
mass of the body. Atrofic changes in skeletal muscle and adipose tissue have 
been observed, otherwise no information is available about the metabolic state 
of different tissues. 

In order to further elucidate the inctabolism at the tissue levcl in  anorexia 
ncrvosa, a calorimctric investigation was carried out. The piirpose of this study 
was to evaluate cellular metabolism i n  skeletal inusclc and platelcts by 
nicasurement of heat production [102]. A group of patients was recruited after 
the diagnosis of anorexia nervosa had becn cslablishd nt the Dcparlmcnt of 
Psychiatry. Some of the patients had symptoms of bulimia. They were in 
malnourished state, although not critically i l l ,  due to their self-imposed state of 
starvation. Their average weight deficit was 35% compared with the healthy 
control group. Biopsies were taken from the middle portion of the vastus 
lateralis muscle by needle technique. Visible fat and connective tissue were 
removed and the fibre bundles of muscle with a diameter of about 1 Inm were 
teased away and the samples introduced into the calorimeter. The weight of the 
specimens, about S O  mg, was the same i n  both patienl and control groups. 
Blood samples were taken at the same time for preparation of plarelct-rich 
plasma suspensions. 

The heat production rate in  skeletal muscle was found to be about 50% lower 
in the group of anorexia nervosa patients in comparison with the control 
group. The patients' platelet heat production also was significantly lowered, 
although to a lesser extent than muscle. There was no difference between 
patients with and without bulimia. The reduced cellular heat production, 
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indicating hypometabolism, is presuniably duc to decreased substrate 
availability caused by the low caloric intake. 

6.4 Malignant hyperpyrexia 
Patients with this disorder develop very rapidly a rise of body temperature 

when exposed to some inhalation anesthetics e.g. halothane. The pathogenesis 
of the disease is a release of calcium from the sarcoplasmic reticulum into the 
muscle intracellular space, leading to increased glycolysis, ATP consumption 
and uncoupling of oxidative phosphorylation with high production of heat, 
lactate and carbon dioxide. In spire of progress of treatment of this condition in 
rcccnt years, the mortality remains high. I t  is therefore of parainount 
importance to identify thc subjects with inheritance for this disorder among 
the relatives of every patient with the clinical diagnosis of malignant 
hyperpyrexia (MH). 

The susceptibility to MH can be identified with in vitro testing of muscle 
exposed to halothane and caffeine. It is a time-consuming technique, requiring 
an open muscle biopsy. It would therefore be desirable to develop a simpler 
method. The main disturbance of MH is hypermetabolism of muscle, however 
platelets also contain contractile elements and there have been descriptions of 
abnormalities of platelet metabolism arid aggregation [ 103,1041. 

In an attempt to develop a diagnostic test for M H  without the nced for open 
muscle biopsy, measurements were carried out of the changcs in  hcat. 
production brought about when muscle and platclcts were exposed to halothane 
and caffeine [IOS]. The study was doiic in  a group of subjects previously 
identified as MH-susceptible and a group of persons with a negative test. 
Muscle samples were obtained by needle biopsy. N o  differcnce of heat 
production was found between the two groups. Thus the conclusion was drawn 
that the microcalorimetric method, as used in the present investigation, could 
not distinguish between tissues from susceptible and non-susceptible subjects to 
MH. 

6.5 Liver 
The liver plays a central role in  the nutritional and metabolic statc of the 

body. In carbohydrate metabolism this organ regulates blood glucose 
concentration by supplying carbohydrates, either glucose derived frnm 
glycogen breakdown or synthesized in the hepatocytes. Dietary arninvacids are 
taken up by the liver and released into the blood for transport to other tissues; 
moreover, hepatocytes use aminoacids for protein synthesis. The main function 
of the liver i n  lipid metabolism is by taking up dietary fat, mostly 
triglycerides, and breaking it down to small particles for use i n  several 
metabolic processes; hepatocytes have also the capability to synthesize lipid 
molecules. From a clinical viewpoint, the metabolism of drugs and alcohol is 
another very important function of the liver. 
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In medical practice several function tests are used for evaluation of the 
extent of liver damage. However the livcr has thc capability to compensate in 
the healthy hepatocytes i f  only part of the organ is diseased. Moreover, these 
function tests have insufficknt sensitivity and specificity and therefore give an 
indication of the presence and extent of a pathological condition only in  
pronounced derangement of liver function/mctabolism. I t  would therefore bc 
useful to have a test that could record metabolic changes of low degree at an 
early stage of liver diseases. 

With this purpose in mind, a microcalorimetric method was developed for 
measurement of heat production rate in hepatocytes cultured on microplates 
[ 1061 and in cell suspensions [ I06,107]. The measurements in cell suspensions 
were suitable only for short-term experiments, whereas hepatocytes cultured 
on microplates were found to be viable and with a stable metabolism for 
several days, thus allowing long-term experiments and repeated measurements 
on the same cell population. Hcpatocytes were prepared by the collagenase 
procedure. The use of' different calorimeters, rotating batch-type and static 
ampoule instruments, gave results that were in good agreement. 

Evaluation of thc acrobic rcspcctivcly anacrobic component of hcpatocyte 
metabolism was done by measurement of oxygen consumption [lo71 or by 
inhibition of the aerobic pathway with sodium azide [ 1061, and inhibition of the 
anaerobic pathway with sodium fluoride [ 1061. Oxygen consumption was found 
to be constant in experimental conditions that enhanced substrate cycling [ 1071: 
different dietary regimen, age and genetic profile. 

A method has been developed for measureinent of heat product.ion rate on 
picccs of livcr tissuc with the aim to avoid cvcntual allerations of cellular 
metabolic proccsscs during thc cell prcparation prnccdurc 1 1081. Samples, 5-8 
mg, were taken from rats by aspiration needle biopsy. Oxygcn consumption 
was nieasured at the same time. Sodium fluoride was used for inhibition of the 
anaerobic pathway. The metabolic aerobic/anaerobic profile showed a good 
qualitative agreement with the earlier studies on isolated hepatocytes. The 
results indicated that the technique used, with small liver samples, was suitable 
for studying overall metabolism of human hepatic tissue in different liver 
diseases. 

The developed calorimetric technique was applied to the study of liver tissue 
injury caused by ischcmia [109]. Organs can bc damaged by decreased blood 
flow during surgical procedures. The liver is exposed to this danger in 
connection with organ transplantation, and also when ischemia is ciluscd with 
rhe purpose of obtaining tumor regrcssion. I t  is therefore important to know 
what is the time-limit of tolerability of the organ to ischemia, in order to avoid 
serious irreversible changes of liver function. 

Liver biopsies were taken from rats after variable periods of ischemia by 
occlusion of the blood vessels, between 30 and 300 min. Heat production rate 
was measured applying the technique previously described [ 1081. A gradual 
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decrease was observed reaching a maximum of 25% of the initial value after 1 
h, thereafter heat production level remained constant for several hours. When 
reperfusion of the liver was carried out, there was complete reversibility of 
the metabolic change when ischemia had lasted no longer than 90 min. Longer 
periods than 90 min caused irreversible damage. 

The present study shows that microcalorimetry offers a suitable methodology 
for evaluation of liver metabolism during ischemia, that can be applied to 
different clinical studies when surgical procedures are expected to cause a 
decrease of blood flow in the hepatic tissue. 

7. KIDNEY 

7.1 Renal insufficiency 
Patients with renal insufficiency are often found to be affected by multiple 

metabolic problems. Anaemia is often present and some of its causes are well 
identified, but can only partly explain the anaemia of such a severe degree as 
found in uremia. It is known that a certain degree of decreased erythropoiesis 
is present. Often occurs blood loss due to bleeding tendency. A third 
mechanism by which anaemia might develop is hemolysis, in fact the life-span 
of erythrocytes from uremic patients is shortened, but normal survival is noted 
when erythrocytes are injected into healthy persons. Erythrocytes from healthy 
subjects have a shortened survival time when injected into uremic patients. 
Thus, it seems that extracorpuscular factors account for the development of 
hemolysis. 

According to some investigators, uremic toxins affect erythrocytes [110]; 
several groups of investigators have described abnormalities of cell metabolism 
in uremic erythrocytes. However, the results are very controversial. Both 
increased and decreased erythrocyte glycolysis have been found and an 
increase of reduced-glutathione concentration and G-6-PD activity have been 
noted in erythrocytes from uremic subjects. 

In a group of uremic patients with anaemia, erythrocyte total heat production 
(see Table 3) and glucose consumption rates were found to be increased when 
compared to a group of healthy subjects [l 1]. When the pentose phosphate 
pathway activity of erythrocytes was stimulated with methylene blue, 
significantly higher levels of heat production rate were found in the group of 
uremic patients than in a group of healthy subjects (see Table 3) [11]. These 
results do not give support to the hypothesis previously advanced that 
anaemia among uremic patients is due to decreased erythrocyte aerobic 
metabolism. 

Patients on regular haemodialysis treatment lose considerable quantities of 
carnitine in the dialysate. Depletion of carnitine during haemodialysis has 
therefore been implicated as a possible cause of disturbances of metabolism and 
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function in cardiac and skeletal muscle, frequently occurring in these patients. 
However, the issue is controversial since pre-dialysis plasma carnitine levels 
are re-established between treatments. Conflicting results have been presented 
concerning muscle carnitine concentration, showing decreased levels and 
reduced fat utilization in some studies. The hypothesis has been presented that 
acute removal of carnitine during dialysis might cause metabolic disturbances, 
that could be prevented by carnitine administration. Improvement of muscular 
strength after carnitine treatment has been noted. 

A microcalorimetric study [111] was carried out with the purpose of 
collecting more information about muscle metabolism and function, that might 
help to clarify the controversy about possible beneficial effects of carnitine 
administration during regular haemodialysis. Total metabolism in resting 
muscle was monitored in vitro by measurement of heat production in a 
perfusion calorimeter of the thermopile heat conduction type, using the 
technique previously described [75]. Muscle biopsies were taken from the 
vastus lateralis. For each patient, the same amount of muscle was introduced 
into the calorimetric vessel, about 40 mg. Muscle strength, as maximum 
dynamic strength, was measured in the knee extensor using an isokinetic 
dynamometer. 

Twenty-eight haemodialysis patients were randomized to L-carnitine, 2 g i.v. 
three times a week, and saline over a 6-week period. After carnitine 
administration the muscle carnitine level increased about 60% (see Table 23). 

Table 23 
Concentration of total carnitine in muscle of haemodialysis patients, before and 
after administration of carnitine. Control subjects received placebo. Median 
values. Source: reference 111. 

Groups 
mmol kg-I tissue 

Carnitine 14.6 
Placebo l l.6 
After 6 weeks 
Carnitine 23.7 
Placebo 11.9 

Maximum dynamic muscular strength was reduced in the patient group with 
a mean value of 44% compared with healthy controls. Total metabolic activity 
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of isolated skeletal muscle fibres, measured as heat production, showed a value 
that was 25% lower than normal. Carnitine administration had no effect on 
muscular metabolism and function. Thus, the present data do not support the 
hypothesis that carnitine deficiency contributes to muscle dysfunction in 
patients on chronic haemodialysis. 

Total plasma carnitine increased level more than tenfold (see Table 24). No 
relationship was found between muscle and plasma carnitine level. 

Table 24 
Concentration of total carnitine in plasma from haemodialysis patients before 
and after administration of carnitine or placebo. Median values and total range 
(within parentheses). Source: reference 111. 

Groups gmol dm 3 

Carnitine 
Placebo 
Controls 
After 3 weeks 
Carnitine 
Placebo 
Alter 6 weeks 
Carnitine 
Placebo 

39.2 (18.6-156) 
42.9 (28.3-80.4) 
49.9 (34.0-82.0) 

496 (75 - 1359) 
47.7 (17.1 - 89.8) 

639 (320 - 1000) 
47.1 (29.5 - 98.7) 

It has been previously discussed whether muscular dysfunction in uremia 
might be related to decreased thyroid hormone production. Earlier studies 
have often shown decreased thyroid hormone concentration in uremic 
patients. However, the clinical feature of these patients was euthyroid and no 
adequate studies have been carried out to establish whether tissue 
hypometabolism was present. 

In a group of haemodialysis patients, muscle thermogenesis was evaluated by 
measurement of heat production in skeletal muscle samples [112]. Biopsies 
were taken from the vastus lateralis muscle by needle technique, using the same 
amount of muscle for each patient, about 45 mg. Microcalorimetric 
measurements were made in a perfusion calorimeter of the thermopile heat 
conduction type, as previously described. Blood samples for measurement of 
thyroid hormone concentration were collected the morning before dialysis 
after the patients had been fasting for 12 h. About 40% of the group of 
haemodialysis patient were found to have decreased muscle heat production 
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rate, and this was associated with decreased thyroid hormone concentration 
(see Table 25). 

In conclusion, the present results indicate that decreased thyroid function 
plays a role in the dcvelopment of tnuscle dysfunction in patients with renal 
insufficiency. 

Table 25 
Muscle heat production rate (P) and thyroid hormones concentrations in 
haemodialysis patients. TT4 = total thyroxine, TT3 = total triiodothyronine. 
Source: reference 112. 

Patients Controls 
Mean SD Mean SD 

TT4 (nmol dm3) 65 21 91 15 
TT3 (nmol dm3) I .3 0.4 1.9 0.4 

P, mW 6-1 0.42 0.18 0.58 0.13 

[n skeletal muscle, as in other tissues, aerobic metabolism is dependent of 
oxygen supply. Due to anaemia there is a clear risk for insufficient 
oxygenation which might contribute to cause skeletal muscle dysfunction. In 
earlier calorimetric studies [ I 131 of muscle melaholism a positive correlation 
was found betwecn resting muscle metabolism and hneinoglobin concentration. 
I t  is therefore possible that treatment with erythropoietin could influence 
positively muscle metabolism and function, by-causing a rise of haemoglohin 
concentration; several studies have in fact shown improved ergometric exercise 
capacity and also improved isokinetic strength of quadriceps muscle. 

A calorimetric study was carried out to evaluate whether treatment of 
anaemia with erythropoietin would increase the overall metabolism of skeletal 
muscle in  haemodialysis patients [ 1 141. Ten patients on dialysis treatment for a 
long time were selected; all of them had severe anaemia since at least 3 months. 
Muscle samples, about 35 rng, were taken from vastus lateralis with ij needle 
biopsy in the morning just before dialysis was started. The perfusion 
microcalorimeter used was of the thermopile heat conduction type. 
Measuremcnts were performed again after erythropoietin treatment for a 
period of 6- 14 months. 

The effect of therapy was a significant increase in haemoglobin level of 42% 
(mean), rising from the very low value of 76 to 102 g dm7. Pre-treatment 
skeletal muscle heat production rate was lower than normal, 0.36 mW g-I 
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muscle, rising after treatment to 0.47 mW g-1.42% (median) (see Table 26). 
The value after treatment was not significantly different from that of normal 
controls. 

Table 26 
Muscle heat production rate (P) and haenioglobin level (Hb) in haemodialysis 
patients before and after treatment with erythropoietin. Source: reference 1 14. 

Hb g dm3 
Mean Interquartile range Mean SD 

P, mW g-I 

Before treatment 0.36 0.29 - 0.52 76 13 
After treatment 0.47 0.41 - 0.88 102 16 

The conclusion of this study is that erythropoietin administration leads to 
increased skeletal muscle metabolism, and that the anaemia per se accounts 
partly for the deranged muscle dysfunction, which seems to have a 
multifactorial background. 

7.2 Biocompatibility 
I t  is known that the introduction of foreign substanccs into thc body results i n  

an intlammatory process with mobilization of granulocytes to the site of 
inflammation. In the last decades, several medical devises have been developed 
f o r  introduction into the body, with the purpose of  suhstiruting organs or parts 
of organs (e.g. heart valves) damagcd by diseases, or as complemcnt because of' 
decreased function of some organ (e.g.. artificial kidney). These foreign 
materials can induce adverse reactions of various degrees depending on their 
body compatibility. 

Membranes used i n  artificial kidneys are of particular interest for studying 
such reactions, owing to the relatively large surface area exposed to the blood 
in combination with [.he regularity and duration of exposition. It. has been 
found that when blood is exposed to foreign substances, adsorption of plasma 
components occurs, mainly proteins. TIE adsorbed protein layer on the foreign 
surface can then interact with other plasma proteins and activate the 
c o m p I e in e n t , c oag u 1 at io n , fib r i n o  1 y t ic and k i n i n s y s t c ni . Le u k oc y t c s and 
platelets also can participate in (he interaction between blood and foreign 
substanccs, lcading eventually to blood coagulation on the foreign surfaces.By 
using microcalorimetry, the interaction between granulocytes and bio- 
materials was studied [ 1 151. Three polymers commonly used as membranes in 
artificial kidneys were tested. One of them, cuprophan (Cu), is a natural 
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polymer originating from cotton. Two others were membranes manufactured 
from synthetic polymers: polyetherpolycarbonate (PC) and polyacrylnitrile 
(AN). 

Stainless steel (SS) has generally been accepted as a suitable material for 
calorimetric vessels when performing studies on biological samples. The 
choice of SS was justified by qualities like high heat conductivity, tensile 
strength and apparent biocompatibility. Using SS vessels and standardized 
procedures, the metabolism of erythrocytes, platelets and lymphocytes has 
earlier been evaluated with good precision and reproducibility. However, a 
similar application has been unsuccessful with respect to granulocytes, due to 
unreproducibility of heat production values, apparently due to reactions 
between granulocytes and steel surface of the vessels. In fact, internal surface 
imperfections have been shown to be present in SS material [116]. By lining 
the SS vessels with fluorinated ethylene-propylene polymer (FEP), the 
interaction between granulocytes and SS vessels can be avoided [117]. 

Venous blood was collected from each of ten healthy donors. Granulocytes 
were resuspended in autologous plasma. The inside of each vessel was lined 
with one of three different polymers to be tested: Cu, PC and AN. FEP lined 
vessels were used as controls. The basal rate of heat production was recorded, 
and the values obtained were used to characterize the metabolic state of the 
granulocytes in contact with the artificial surfaces. Thereafter, the residual 
activity of the granulocytes was evaluated by calorimetric measurement after 
stimulation of granulocytes with zymosan, a substance capable of stimulating 
phagocytosis. The results show an initial activation of granulocyte basal 
metabolism due to the interaction with each of the three polymers lining the 
calorimetric vessels. The phagocytic response was quantified according to the 
increase of heat production after addition of zymosan. 

Granulocyte degree of activation was found to be inversely correlated to the 
degree of previous stimulation in the resting state (see Table 27). 

Table 27 
Granulocyte heat production rate in the presence of different polymers. Values 
are expressed as pW/cell, mean + SD. The percentage increase after zymosan 
stimulation is given in parentheses. Source: reference 115. 

FEP AN PC Cu 

1.47 • 0.31 3.15 • 0.63 5.48 • 2.05 8.87 • 6.09 
(1237 • 471) (586_ 155) (304_ 82) (130- 188) 
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The polymers with the lowest degree of blood compatibility caused the 
highest stimulation of granulocyte basal metabolism thus achieving the highest 
degree of energy depletion in the cells. Taking into account that granulocyte 
phagocytosis plays an important role in the defense mechanism against 
infections, it is obvious that reduced phagocytic capability has practical 
implications, and therefore it is of clinical importance to have available a 
calorimetric method that can quantify phagocytosis. 

The calorimetric results, obtained in experiments in vitro with activation of 
granulocytes, do not take into account eventual interactions between blood cells 
when the same process occurs in vivo. Therefore, a calorimetric study [53] was 
carried out in order to clarify the physiology of granulocyte activation in their 
normal environment. Heat production was measured in granulocytes activated 
with phorbol-12-myristate-13-acetate, in the absence and presence of 
erythrocytes. Following granulocyte activation, methaemoglobin formation 
occurs as a result of the oxidative influence of granulocytes on erythrocytes. In 
the presence of CO, methaemoglobin formation is prevented. 

Thus, it appears that the interaction between granulocytes and erythrocytes 
during granulocyte activation occurs at haeme group of the erythrocytes, 
leading to metabolic stimulation of the erythrocytes with heat production. 

7.3 Uremic plasma 
Plasma is the physiological milieu for blood cells. It is therefore to be 

expected that changes of plasma composition might affect the metabolism and 
function of circulating cells. Previously it has been found that several 
substances are present in uremic plasma, which have not been found in plasma 
from healthy subjects. It has also been shown that some of these substances 
disturb the functions of phagocytic cells. 

In a group of uremic patients, plasma heat production (see Table 28) and 
oxygen consumption rates were found to be significantly increased compared 
to controls [ 118]. 

Table 28 
Heat production rate (P) of uremic plasma, compared to plasma from healthy 
subjects. Source: reference 118. 

P, laW cm 3 
Mean SD 

Uremic 2.31 0.92 
Controls 1.31 0.31 
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A significant correlation was found between rates of heat production and rates 
of oxygen consumption. In uremia there is apparently an activation of 
oxidative heat-producing processes, which nature is unknown. Heat production 
was significantly correlated to the plasma concentration of creatinine, whereas 
no such correlation was found with urea. 

In further metabolic studies [119], heat production and oxygen consumption 
rates were measured in plasma from uremic patients on chronic haemodialysis 
treatment. Both were found to be significantly increased compared to healthy 
subjects, and also when compared to patients on continuous ambulatory 
peritoneal dialysis (see Table 29). 

Table 29 
Heat production rate (P) of uremic plasma from patients before (Pre-HD) and 
after haemodialysis (Post-HD), and from patients on continuous peritoneal 
dialysis (CAPD) treatment. Source: reference 119. 

P, laW cm 3 
Mean SD 

Pre-HD 5.7 2.7 
Post-HD 9.0 3.7 
CAPD 2.8 1.5 

After haemodialysis, heat production showed a further increase (Table 29), 
presumably due to heparinization. Heparin is used as an anticoagulant to inhibit 
blood clotting during extracorporeal circulation of blood in the artificial 
kidney. Heparin is known to release enzymes, such as lipases and diamino 
oxidases, into the circulation. Thereby exothermic chemical reactions are 
expected to be induced in the plasma. On the other hand, oxygen consumption 
decreased significantly after haemodialysis, probably due to removal of 
oxygen-consuming substances. 

REFERENCES 

[1] M. Nakao, T. Nakayama and T. Kankura, Nature New Biology, 264 
(1973) 94. 

[2] M. Monti and I. Wads6, Scand. J. Clin. Lab. Invest., 36 (1976) 573. 
[3] M. Monti and I. Wads6, Scand. J. Clin. Lab. Invest., 36 (1976) 565. 
[4] M. Monti and I. Wads6, Scand. J. Haematol., 19 (1977) 111. 



706 

[ 5 ]  J. Ikomi-Kumm, M. Monti and I. Wadso, Scand. J. Clin. Lab. Invest., 
44 (1984) 745. 

[6] U. Bandmann, M. Monti and I. Wadso, Scand. J. Clin. Lab. Invest., 35 
(1975) 121. 

[7] A. E. Boy0 and J. Ikomi-Kumm, Lancet, 1 ( 1  972) 12 15. 
[S] M. Monti and I. Wadso, Scand. J. Clin. Lab. Invest., 32 (1973) 47. 
[9] K. Levin, Scand. J. Clin. Lab. Invcst., 32 (1973) 55. 

[ lo] L. C. Cerny, F. B. Cook and D. M. Stasiw, Biorheology, 2 (1974) 235. 
[ 111 M. Monti, Scand. J. Haematol., 18 (1977)154. 
(121 M. Monti, Scand. J. Haematol., 19 (1977) 313. 
(131 M. Monti and I. Wadso, Scand. J. Clin. Lab. Invest., 36 (1976) 431. 
[14] A. Chinet, T. Clausen and T. Girardier, J. Physiol., 265 (1977) 43. 
[ 151 M. Monti and J. Ikorni-Kumm, Metabolism, 34 ( I  985) 183. 
[ 161 M. Monti and L. Nassberger, Inrcrnational Symposium on Mctabolisrn of 

Minerals and Trace Elements in Human Discases. New Dclhi, Sept. 
1987, 

[ 171 L. Nassberger and M. Monti, Human Toxicol., 6 (1987) 223. 
[ 181 B. Fagher, H. Liedholm and M. Monti, Eur. J.  Pharmacol., 45 (1993) 

1191 L. Edvinsson, J. Ikomi-Kumm and M.  Monti, Human Toxicol., 8 (1989) 

(201 V.  Ammaturo and M. Monti, Acta Med. Scand., 220 (1986) 181. 
[21] M. Monti, L. Edvinsson, E. Ranklev and R. Fletcher, Acta Med. Scnnd., 

[22] L. Edvinsson, J.  Ikomi-Kumm and M .  Monti, Br. J .  Clin. Pharmacol., 

1231 P. D. Ross, A. P. Fletcher and G .  A. Jamieson, Biochim. Biophys. Acta, 

(241 P. Backman and I. WadsQ, J. Biochern. Biophys. Methods, 23 (1991) 

[25 J P. Backman, Heat production in cellular systems. A thermochemical and 

[26]  P. Backman, Thermochim. Acta, 172 (1990) 123. 
[27] M. Monti, L. Brandt, J. Ikomi-Kumm, H .  Olsson and I. Wadso, Scand. J .  

{ZS] M. Monti, L, Brandt, J ,  Ikorni-Kumm and H. Olsson, Eur. J .  Haemutol., 

[2Y] M. Monti, L. Brandt, J .  Ikomi-Kurnm, and H. Olsson, Scand. J .  

[30] P. Lonnbro and I. Wadso, J .  Biochem. Biophys. Methods, 22 (1991) 

[31] P. Lonnbro and A. Schon, Thermochim. Acta, 172 (1990) 75. 
[32] A. Schon, Microcalorimetric studies of the energetics of mammalian 

571. 

131. 

220 (1986) 185. 

22 (1986) 685. 

313 (1973) 106. 

283. 

methodological study. Thesis, Lund, Sweden, 199 1. 

Haematol., 27 (198 1) 305. 

45 ( 1  990) 250. 

Haematol., 36 (1986) 353. 

33 1. 



707 

cells. Thesis, Lund, Sweden, 1987. 

Haematol., 22 (1979) 141, 

196 I .  

[33] L. Brandt, J. Ikomi-Kumm, M. Monti and I. Wadso, Scand. J .  

[34] M. Klcibcr, The Fire of Life, John Wiley & Sons, Inc., Ncw York, 

[3S]  R. Faldt, J .  Ankersl and M. Monti, Br. J.  Haematal., 58 (1984) 67 1.  
[36] J. Ankerst, R. Faldt and M. Monti, Leukemia Res., 8 (1984) 997. 
[37] R. Faldt and J. Ankerst, Leukemia Res., 10 (1986) 1147. 
[38] P. Lonnbro, Some applications in biocalorimetry. Thesis, Lund, Sweden, 

1987. 
[39] T. Krakauer and H. Krakauer, Cell. Immunol., 26 (1976) 242. 
[40] A. Gorski and K. Levin, Science Tools, 24 (1977) 27. 
[41] D. Ross and J. A. Loos, Exp. Cell Res., 77 (1973) 127. 
[42] D. Gebrelassie, L. Ljunggren and M. Monti, Thermochim. Acta, 251 

[43] S. A. Thorin, Microcalorimetry and imagc analysing developed for 
(1994) 177. 

short-tcrm tests in toxicology using alveolar macrophages as target cells. 
Thesis, Lund, Sweden, 199 I .  

cellular systems. Thesis, Lund. Sweden, 1996. 
[44] D. Gebrelassie, A microcalorimetric study of resting and activated 

[45] B. S. Trauss and C. A.  Stetson, J. Exp. Med., 1 I2  ( I  960) 653. 
[46] K. Levin, Scand. J .  Clin. Lab. Invest., 36 (1976) 431. 
[47) K. Levin, Scand. J.  Clin. Lab. Invest., 32 (1973) 67. 
[48] M. Monti, R. Fildt. J .  Ankerst and I .  Wadsii, J .  Immunol. Mclhuds, 

[49] R.  Fiildt, J .  Ankerst, M. Monti and 1. Wadsij, Immunology, 46 (19x2) 

[SO] H. Hayatsu, T. Miyamae and M. Yaimimiira, J .  lmmunol. Methods. 

[5 1 1  C. Eftimiadi and G. Rialdi, Cell. Biophys., 4 ( 1  982) 23 I .  
[52]  L. Ljunggren, M. Monti and G.  Rialdi, Therinachim. Acla, 207 (1982) 

[ 5 3 ]  L. Ljunggren, M. M o d ,  C .  Eftimiadi and G. Rialdi, Therniochim. Acta, 

[S4] K. Levin and B. Thomasson, Acta Med.Scand., 195 (1974) 191. 
[ S S ]  D.R. Stanworth, P. Johns and B. Jnsani, Science Touls, 19 (1972) 6. 
[56j G. Rialdi and S .  Ratfanti, Imtiiunol. L c k r s ,  7 { 1984) 335. 
[57] J .  Ankerst, K. Fiildt and H. D. Sjcigren, J .  lmmunol. Methods, 77 (1985) 

[ 5 8 ]  K. Levin, Clin. Chim. Acta, 32 (1971) 87. 
[59] S. Valdemarsson, J. Ikomi-Kumm and M. Monti, Acta Endocrinol.. 

[60] M. Monti and I. Wadso, Acta Med. Scand., 200 (1976) 301. 

37 ( 1980) 29. 

189. 

109 (1988) 157. 

23, 

217 (1993) 49. 

267. 

123 (1990) 155. 



708 

[61] M. Monti, P. Hedner, J. Ikomi-Kumm and S. Valdemarsson, Acta 

[62] S. Valdetnarsson, J. Ikomi-Kumm and M. Monti, Acta Endocrinol., 

[63] S.  Valdemarsson and M. Monti, Eur. J .  Endocrinol., 130 (1994) 276. 
[64] M. Monti, P. Hedner, J. Ikomi-Kumm and S. Vnldemarcson, 

[65] R. Biron, A. Burger, A. Chinet, T. Clausen and R. Dubois-Ferrier, J .  

[66] K .  Bachmann, A. Arieli, A. G. Burger and A. E. Chinet, Endocrinol., 

[67] D. G .  Clark, M. Brinkman, 0. H. Filsell, S. J. Lewis and M. N.  Berry, 

[68] S .  Valdetnarsson and M. Monti, Thermochim. Acta, 25 1 (1995) 19 1 .  
1691 S. Valdemarsson and M. Monti, Therrnochim. Acta, 279 (1996) 83. 
[70] S. Valdernarsson, B. Fagher, P. Hedner, M. Monti and P. Nilsson-EhIe, 

[71] B. Fagher, M. Monti, P. Nilscon-Ehle and H. Thysell, Scand. J .  Clin. 

[72] S. Valdemarsson, J .  Ikomi-Kuinm and M. Monti, Acta Endocrinol., 122 

[73] J.  Bergstrijm, J. Clin. Lab. Invest., 35 (1975) 609. 
1741 A-C. Bylund, J .  Holm, K .  Lundholm and T. Schersten, EnLymc, 21 

[75] 6. baghcr. M. Monti and 1. Wacls,d, Clin. Sci., 70 (1986) 63. 
[76] €3. Fagher, A. Sjiigren and M. Monti, Acta Physiol. Scand., 131 (1987) 

1771 6. Fagher, H. Liedholni and M .  Monti, Clin. Sci., 70 (1986) 435. 
1781 B. Fagher, M. Monti and T. Thulin, Acta Med. Scand., 223 (1988) 139. 
1791 B. Fagher, J.  Magnusson, M .  Monti and 0. Werner, Acta Anesthesiol., 

[SO] B. Fagher, H. Liedholm, A. Sjogren and M. Monti, Br. J .  Clin. 

[8 I] B. Fagher, H. Liedholm and M. Monti, Eur. J.  Clin. Pharmacol., 45 

[82] R. Fagher and M. Monti, Thcrmochiin. Acta, 251 (19%) 183. 
[83] B. Fagher and M. Monti in I .  Okyayuz-Baklouti and 0. Hudlicka (Eds.), 

Muscle Ischemia and Functional and Metabolic Aspects, Wolf und 
Sohn, Munchcn, 1987, p. 145. 

Endocrinol., 115 (1987) 37. 

126 (1992) 291. 

Metabolism, 36 ( I  987) 155. 

Physiol., (London) 297 (1979) 47. 

117 (1985) 1084. 

Biochem. J., 202 (1982) 661. 

Acta Endocrinol., 108 (1985) 361. 

Lab. Invest., 47 (1987) 9 1 .  

(1990) 422. 

(1976) 39. 

355. 

Scand., 32 (1988) 117. 

Pharrnacol., 35 (1993) 629. 

(1993) 571. 

[84] M. Monti and B. Fagher, Clin. Chim. Acta, 102 (1980) 83. 
[ 8 5 ]  B. Fagher and M. Monti, Eur. Heart J . ,  5 (1984) 55. 
[86] C. L. Gibbs, Physiol. Rev,, 58 (1978) 174. 
[87J D. S. Loiselle, Ptlugers Arch., 405 (1985) 155. 



709 

[88] M. Monti and J. Ikomi-Kurnm, Eur. Heart J., 10 (Suppl.) (1989) 326. 
[89] S. Valdemarsson, A. Bergdahl, X. Y. Sun, T. Hedner. M. Monti and L. 

[90] J. Ikomi-Kumm, M. Monti, A. Hanson and B. W. Johansson, 

[91] M. Monti, P. Nilsson-Ehle, R. Sorbris and I. Wadso, Scand. J .  Clin. 

[92] H. Bottcher, J. Nittinycr, S. Engel and P. Furst, J. Biochem. Biophys. 

[93] H. Bottcher, S .  Engel and P. Furst, Thermochim. Acta, 187 (1991) 27. 
[94] H. Bottcher, S. Engel and P. Furst, Clin. Nutr., 11 (1992) 53. 
[95] A. Chinet, T. Clausen and L. Girardier, J. Physiol., 265 (1977) 43. 
1961 G. Clark, M. Brinkman and S.  N. Neville, Biochem. J., 81 (1991) 793. 
[97] R. Sorbris, P. Nilsson-Ehle, M. Monti and I. Wadso, FEBS Lett., 101 

1981 R. Sorbris, M. Monti, P. NiIsson-Ehle and I. Wadso, Metabolism, 31 

[99] S-A. Olsson, M .  Monti, R. Siirbris and P. Nilsson-Ehle, Inr. J .  Obesity, 

Edvinsson, Thermochirn. Acta, 286 (1 996) 13 1. 

Cryobiology, 3 1 ( 1994) 133. 

Lab. Invest., 40 (1980) 58 I .  

Methods, 23 (1991) 181. 

(1979) 41 I .  

(1982) 973. 

10 (1986) 99. 
[ 100 
[I01 

[ 102 

[ 103 

M. Monti and J. Ikomi-Kurnrn, Metabolism, 34 (1985) 183. 
B. Fagher, M. Monti, P. Nilsson-Ehlc and B. Akcsson, Clin. Sci., 1 
(1991) 793. 
B. Fagher, M. Monti  and S. Theander, Am. J .  Clin. Nutr., 49 (1989) 
476. 
C. C. Salomons, S. Tan and J. A. Aldrete, in J .  A. Aldrete and B. A. 
Britt (eds.), Second Intcrnational Symposium in Malignant 
Hyperthermia, Grune and Stratton, New York, 1978, p. 22 1 .  

1041 E. K.  Zsimond, J .  Penner and S.  P. Kothary in J.  A. Aldrctc and B. A. 
Britt (eds.), Second International Symposium i n  Malignunt 
Hyperthermia, Grune and Stratton, New York, 1978, p. 213. 

[ lOS1 E. Ranklev, M. Monti and R. Fletcher, Br. J. Anaesrh., 57 (1985) 991. 
[ 1061 L. Nassberger, E. Jensen. M. Monti and C-H. Floren, Biochim. Biophys. 

[I071 I. G. Garrett, D. G. Clark, 0. H. Filsell, J .  W. Harvey and M. G. Clark, 

[ 1081 H. Asakawa, L. Nhssberger and M. Monti, Res. Exp. Med., I90 (1990) 

[ 1091 H. Asukawa and L. Nassberger, Res. Exp. Med., 190 ( 1 9 O O ) n .  
[ 1101 S.  Giovannetti, L. Cioni, P. L. Balestri and M. Biagini, Clin. Sci., 34 

11 1 I] B .  Fagher, G. Cederblad, M .  Eriksson, M. Munli, U. Moritz, P. 

Acta, 882 (1986) 353. 

Biochem. J., 180 (1979) 63 I .  

25, 

(1968) 141. 

Nilsson- Ehle and H. Thysell, Scand. J.  Clin. Lab. Invest., 45 (1985) 
169. 



710 

[112] B. Fagher, M. Monti, P. Nilsson-Ehle and H. Thysell, Scand. J. 
Clin. Lab. Invest., 47 (1987) 9 I .  

[ 1 131 B. Fagher, Thesis, Lund, Sweden,1988. 
[ 1141 B. Fagher, H. Thysell and M. Monti, Nephron, 67 (1994) 167. 
[ 1151 J. Ikorni-Kumm, L. Ljunggren, U. Lund, M. Monti and H .  Thysell, 

[ 1 161 L. Carlsson, Kemisk Tidskrift, 4 ( 1990) 26. 
[ 1171 J. Ikomi-Kumm, L. Ljunggren and M. Monti, J .  Material Science: 

[ I  181 L. Ljunggren, M. Monti, H. Thysell and A. Grubb, Scand. J. Clin. Lab. 

[ l  191 L. Ljunggren, M. Monti, H .  Thysell and A. Grubh, Thermochim. Acta, 

Blood Purif., 9 (1991) 177. 

Materials in Medicine, 3 (1992) 15 1. 

Invest., 52 (1992) 813. 

251 (1995) 173. 



Handhook of Thermal Analysis and Calorinierry. Vol. 4: From Macromolecules to Man. 
R.B. Kemp. editor. 
8 1999 Elsevier Science B.V. All rights reserved. 71 1 

CALORIMETRIC METHODS FOR ANALYSIS OF PLANT 
METABOLISM 

R. S. Criddle" and L. D. Hansenh 

'Section of Molecular and Cellular Biology, University of California, Davis, CA 
956 16, IJSA. hDcpartinetit of Chemistry and Biochemistry, Brighain Young 
University, Prow, 1JT 84602, USA 

I ,  BACKGROUND AND GENERAL METIIODS 

1.1. Introduction. 
Calorimetry plays a unique role in measurement of plant metabolic properties. 

Calorimetry provides more tliaii just another means for measuring metabolic rate 
because i t  measures a fiindamentally different property (energy) while other 
methods measure inass. Combination of calorimetry with mass-based methods 
of  ineasuring metabolic rate allows detci-mination of the rate and efficiency of 
energy storagc within thc plant, growth rate propcrtics, and the effkcts of 
cnvironinental conditions on growth. 

Most calorimetric studies o f  plant tissues, iintil recently, have been either 
combustion analyses ineasuriiig tissue energy contents, differential thermal 
analysis, or temperature scanning analyses of lignin and cellulose 11-51, of phase 
transitions i n  plant lipids [6, 71, or of the freezing of water in plant tissiies [S]. 
Methods employed i n  combustion analyses [9] and studies of plant products [ 101 
have been reviewed elsewhere. This discussion focuses on methods fur 
tneasiireiiient and interpretation of rates of heat production from plant metabolil; 
pi-ocesses. while it has long been recognized that plants produce heat during 
inetabolism and that ineaswcitients of metabolic heat of plants coitld guide 
iinderstatiding of plant physiology, oidy recently has rnetnbolic heat i n  plants 
become a rapidly expanding area of study. 

As early as 1908 Pierce used differential calorimetry of plants to establish that 
energy was released by plants during respiration [ 1 I]. Recognizing that "heat is 
liberated in great quantity wheiiever germination or fermentation takes place 
under such conditions that oiily a small portion of the heat liberated is lost by 
radiation", he used two silvered Dewar flasks to follow temperature increase 
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during germination. One Dewar was filled with live, and the other with dead, pea 
seeds. Cotton plugs in the tops of the Dewars allowed diffusion of respiration 
gases. Mercury thermometers were used to monitor the difference in temperature 
rise between the two flasks as a function of time. A time dependent temperature 
rise of about 20 ~ was observed for the live seed sample, maximizing at 9 days. 

Prior to Pierce's studies, measurements of temperature increase during 
germination were marginal, "for example, one obtains, with good luck, a 
difference of 0.5 ~ between live and dead peas in the course of twenty-four 
hours, or perhaps a whole degree, or, best of all, 1.5 "C!" Pierce concluded that 
the small temperature increases reported previously resulted from "trouble with 
insulation of the vessels in which the respiring and dead plants or parts are 
contained; for if radiation and absorption were reduced to a minimum, the live 
and respiring peas would certainly grow warmer." These experiments allowed 
Pierce to conclude that the increases in "temperatures are given as the evidence 
that energy (heat) is liberated in respiration." 

A new aspect of plant calorimetry was developed in 1939 when a 
photocalorimeter was used to measure the quantum efficiency of photosynthesis 
in algae [12]. Further improvements in photocalorimetry have occurred only 
recently and application to plants has been limited [13, 14]. 

Plant metabolic calorimetry received its next major boost from the work of 
Henri Prat in the 1940s [15, 16]. Prat defined many characteristics of plant 
metabolism that could be studied by calorimetric techniques. Specifically, he 
pointed out that "in plants as in microorganisms, the thermic flux is mostly a 
function of cell multiplication." This was a key consideration suggesting use of 
calorimetric measurements to monitor growth-related processes. "Specific 
features of thermograms can be used to help define stress responses and, under 
appropriate conditions, calorimetry can be used to monitor plant growth rates and 
thus rapidly examine the effects of factors that modify growth rate." Prat's early 
experiments demonstrated the feasibility of plant calorimetry in answering many 
questions in plant physiology. His successes prompted him to write in 1969 that 
"we have been able to give only a short account of the innumerable applications 
of microcalorimetry in the physiological study of higher organisms" [16]. 

In spite of this early promise, calorimetry was largely ignored as a tool for 
studying plant physiology. Achieving the potential outlined so long ago by Pierce 
and Prat was delayed until improved instrumentation and development of 
paradigms relating measured heat rate to plant properties became available. Use 
of plant calorimetry to measure physiological properties was reborn in 1988 [17] 
in a series of studies directed primarily by Hansen and Criddle [18], and finally 



713 

begins to realize its potential to guide thinking and studies on the energetics of 
plant growth. 

1.2. Quantities measured during plant calorimetry 
The major challenge in plant calorimetry is to use the heat production rate to 

infer meaningful conclusions about plant growth and biochemical responses to 
changes in the environment. Metabolic heat rate in the dark, i.e. respiration, is the 
usual quantity measured during plant calorimetry. Heat rates, as opposed to 
integrated total heat, are proportional to reaction rates, which in turn are related to 
growth rates and rates of biochemical reactions in the tissues. These heat rate- 
metabolic rate-growth rate relations allow calorimetric measurements to aid in 
defining energetic and physiological processes that limit growth rate. 
Understanding growth and stress responses of plants further requires the ability to 
measure heat rates by a series of isothermal measurements [17] or by temperature 
scanning calorimetry [19] over the range of temperatures encountered by plants 
during growth. Measurements of heat rates over a range of temperatures on 
tissues exposed to a variety of environmental conditions can be used to monitor 
plant responses to multivariate changes in temperature and such factors as water 
supply or availability of nutrients. 

To obtain sufficient information to estimate energy use efficiency for calculation 
of plant growth properties, it is necessary to combine heat rate (@) measurements 
with additional measures of respiration rate, commonly the rate of CO2 
production (Re02) or 02 consumption (Ro2) [20]. Measurement of both Rco2 and 
Ro2 would be better. Combination of calorimetry with measurement of CO2 
and/or 02 flux is commonly referred to as calorespirometry. CO2 production rates 
of plant tissues can be measured in parallel with heat rates using matched plant 
samples and standard CO2 analyzers or manometric techniques, but it is better to 
measure Rco2 directly in the calorimeter ampule on the same tissue sample used 
for heat rate determination. Existing methods employ a CO2 trapping process 
[21]. Similarly, 02 determinations can be made in parallel on separate tissue 
aliquots or simultaneously on a single sample. 02 fluxes have been determined in 
solution by oxygen electrode measurements or in the gas phase by gas 
chromatography and by pressure changes in the presence of a CO2 trap [22]. 

Calorespirometry measurements of animal tissues, cell cultures, and microbial 
populations have typically been made in perfusion calorimeters or flow 
calorimeters [23-25]. Flow methods allow continuous monitoring of input and 
output materials as well as heat and gas fluxes. However, flow systems often do 
not work well with most plant samples. Plant cell cultures commonly clump 
badly, interfering with the mechanics of the perfusion process. Marine plants, 
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such as algae, are well suited to study using liquid flow calorimeters, but plant 
tissues in general do not respond well to being immersed in liquids. A further 
major disadvantage of flow calorimeters for many applications is limited 
throughput (possibly one sample per day), restricting the number of variables and 
reaction conditions that can be studied. Consequently, short-term batch studies 
are more commonly employed with plant tissues enclosed in a calorimeter 
ampule with adequate nutrient and 02 supply. Monitoring 02 and CO2 in the 
gaseous head space of a sealed calorimeter ampule may be accomplished by 
chromatographic, mass spectrometric, thermal, or pressure analysis. To date, 
electrochemical and spectral methods for gas phase analysis in calorimeter 
ampules have not proven effective but may in the future. 

The final required measurement for most plant calorimetry is tissue mass. 
Commonly both sample fresh weight (g FW) and dry weight (g DW) are 
determined. Dry weights are obtained after drying in a vacuum or convection 
oven at 75 to 85 "C for at least 24 hr. 
Rco2, Ro2, ~, and tissue mass measurements are the readily obtained data. 

Producing meaningful conclusions regarding plant growth rates and physiology 
from the limited and nonspecific data requires well designed experiments, 
carefully designed controls, and an appropriate paradigm for relating the 
measures of mass and energy fluxes to plant properties. 

1.3. Tissues used for calorimetry studies 
Many types of tissues and plant species have been studied by calorimetry. Some 

will be described later as specific examples of calorimetric studies. Selection of 
tissue for study depends on the questions being asked. For example, meristematic 
tissue or rapidly expanding, whole young shoots are often used to study growth 
rates. Studies of the effects of salinity on plant growth may employ root tips to 
examine effects on the cells interacting directly with the salt, or meristematic 
tissue to determine metabolic and growth rate consequences of salt in the root 
zone. Cold tolerance may be studied on germinating seeds to investigate 
emergence during cold spring weather, or on growing branch tips to examine 
freeze tolerance. Other tissues that have been successfully studied by 
calorespirometry include expanding leaves, cotyledons, buds, stem tissue, flowers 
and cultured cells [18, 20, 26]. 

1.4. Amounts of tissue required 
Tissue sample size for calorimetric or calorespirometric measurements is set by 

the interdependent variables: calorimeter detection limit, specific heat rate, 
ampule volume, temperature, and time required for measurement. Assuming a 
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required experimental accuracy of 2% and the use of a calorimeter with baseline 
stability and reproducibility of + 2 ~tW, then it is necessary to have sufficient 

sample to produce at least 100 laW. Plant tissue activities vary widely, but rapidly 

expanding tissues commonly produce 5 to 15 laW mg -~ dry weight at 20 ~ With 
such tissues, 10 to 50 mg dry weight (or 100 to 500 mg fresh weight) are 
required. 

As one method of obtaining Rco2 data, measurement of heat rates from trapping 
CO2 in NaOH solutions is employed. Sorption heat rates measured for CO2 are 
typically about 20% of the metabolic heat rate. Thus, tissue samples producing 
metabolic heat rates of 100 laW will produce only 20 laW from reaction of CO2 to 

form carbonate. Thus the + 2 ~tW baseline error becomes a +10% error in CO2 
rate measurements. To maintain a 2% maximum error in Rco2, sufficient plant 
tissue must be used to produce 45 values above 500 laW. 

There is an upper limit on heat rates, however, because plants require an 
adequate supply of oxygen to maintain aerobic metabolism. The minimum time 
required for calorimeter equilibration before heat rate measurements are made in 
isothermal studies is typically 0.5 h and commonly a measurement takes close to 
one hour to allow observation of the stability of isothermal heat rates over time. 
Maintaining a heat rate of 500 laW (~tJ sec -~) for 3600 s requires nearly 4 lumol of 
02. This follows from Thornton's rule that combustion of carbon compounds 
produces (455 + 15) x 1() 3 ~J per ~tmol 02 [27]. The sample head space in the 

calorimeter ampule theretk)re must contain at least 4 ~tmol 02 (a volume of air of 
approximately 0.5 cm ~) to support respiration. If experiments must run longer, 
less tissue or larger head space volume is required. Alternatively, tissue samples 
may in some cases be flushed with 02 instead of air to extend measurement times. 

Because many plant calorimetry experiments run for several hours and/or at 
temperatures higher than 20 ~ where metabolic rates are higher, larger ampules, 
providing larger head space volume, are desirable. However, a large volume 
calorimeter has a longer equilibration time, resulting in decreased sample 
throughput, and greater 02 requirement. 

Tissue sample size requirements are thus defined by the balance between 
increased sample size for greater accuracy of measurements and minimized 
sample size so that sufficient 02 is present for aerobic metabolism. This balance 
must be considered for each calorimeter and tissue used. Plant tissue producing 

100 to 400 laW in an ampule volume of 1 cm 3 and with a 0.5 h thermal 
equilibration time yields acceptable results for many experiments. This 
commonly requires 10 to 50 mg dry weight, but there are many exceptions to this 
generalization. One mg fresh weight voodoo lily appendix tissue at anthesis in an 
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enriched 0 2 atmosphere produces heat rates approaching one mW [28], while a 
gram of dry seeds may only produce one ~tW. 

1.5. Tissue preparation 
Plant tissue preparation procedures for calorimetric analyses are often very 

simple: excise a section of plant tissue and place it in the calorimeter ampule. 
However, some standard precautions must be observed and some tissues require 
special handling or treatment to ensure meaningful measurements. 

Microbial contamination is a universal concern. In most studies, microbial 
metabolic activity on plant tissue surfaces contributes negligibly to overall 
metabolic activity and can be ignored. Contamination in plant cell cultures and 
plant tissues that have been severely damaged may be significant, however, and 
should be carefully considered. Microbial infection within tissue sections may 
have a significant effect on measured heat rate, but this has only been studied in a 
few tissues [29, 30]. Usually, the presence of microbial contamination can be 
detected by the characteristic exponential increase in heat rates with time 
characteristic of microbial growth. 

Plant tissue wound responses must also be considered. When injured by 
excision, a tissue section may show a wound healing response, i.e. increased 
metabolic rates and altered metabolic pathways. The wound response may also 
affect sections cut sequentially from the same plant because the entire plant may 
respond to the injury. Minimizing the area of cut surfaces and cutting with a sharp 
tool to avoid tearing offer the best means for minimizing wound responses. Care 
must be taken to evaluate wound responses and enhanced microbial activity 
associated with damaged tissue in each test. Fortunately, in most cases the size of 
the thermal signal due to wound responses is negligible. Notable exceptions are 
the metabolic wound responses in potato tuber slices [31 ] and rapid oxidation of 
phenolic compounds in sections from banana stem tissues [32]. A rapid assay of 
wound healing contributions to metabolic heat rates can be obtained by 
sectioning the tissue into multiple smaller pieces and determining if the heat rate 
changes [33]. 

Addition of buffer or nutrient solution to plant tissue samples in the calorimeter 
ampule are generally not needed. In closed ampules, the vapor phase is rapidly 
saturated with water in the presence or absence of added buffers. Water loss from 
the tissues to the head space is small and insignificant with larger tissue samples. 
With very small samples compared to ampule volume, the water loss from the 
tissue to achieve saturation may cause significant tissue dehydration so water 
should be added to the ampule, but preferably not in contact with the sample. 
Dipping leaf or meristem tissue in water just prior to calorimetric measurement or 
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leaving tissue samples in contact with water generally causes decreased heat 
rates. Oxygen diffusion through aqueous solutions is slow and may be rate 
determining, making meaningful measurements of plant properties impossible. 
Obviously, addition of alkaline buffer to counteract water loss must be avoided 
when CO2 determinations are desired. 

Exceptions to the practice of not adding buffer to plant tissue samples are 
numerous. Root tissues must be maintained moist and consequently are examined 
while in close contact with buffer-saturated filter paper disks [34, 35]. Immersing 
root tissue in water does not yield satisfactory data. Callus tissue cells and cell 
cultures are commonly measured while being maintained on agar or in liquid 
media. Marine tissues may be examined in water suspension by flow calorimetry, 
but unstirred samples rapidly settle to the bottom of the ampule and become O2 
limited during batch calorimetry. 

Pretreatment of plant tissue samples is sometimes necessary to achieve stable, 
reproducible signals. An obvious example is the calorimetric study of seed 
germination. Seeds are commonly soaked in water until the initial hydration steps 
are complete, then transferred to calorimeter ampules. Thermal signals related to 
the germination process can then be followed for several hours by isothermal 
calorimetry. Anekonda et al. [36] tbund that coast redwood samples are stabilized 
by exposure of the tissue to 5 "C for at least 30 rain prior to measurement. 
Following this pretreatment, subsequent storage of detached tissue for up to three 
days at 5 "C had no apparent further effects on measured heat rates. Detached 
tissues of many other plant species do not require cold treatment for stabilizing 
the heat rate signal, but can be transported and stored at 5 "C for several days 
without degradation of the thermal signal. 

1.6. P lant  s o u r c e s  
Calorespirometric methods for predictions of plant growth rate characteristics or 

sensitivities of plants to environmental conditions are currently reliable only in 
relative terms. Interspecies comparisons of growth properties based on respiratory 
measurements are difficult. While it is often possible to use calorespirometric 
methods to rapidly identity which genotype of a particular species may grow best 
or which may be most cold tolerant, it is not yet possible to predict absolute 
growth rate or temperature tolerance. Even relative measurements have major 
limitations if the plants to be compared are grown in greatly different 
environments. Best results are obtained when all plants are grown in identical 
conditions such as controlled environment chambers with identical light, 
nutrients, etc. Increasing uncertainty enters in attempts to rank performance of 
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plants grown outdoors i n  comnion garden plots, in broad regions across climate 
zones, or in randomly selected sites across a species growth range. 

Prediction from calorespirometry studies of the plant growth properties of 
progeny is tnost successful for those derived by clonal propagation. Predictions 
for growth properties of full-sib based on parental charactcristics are good: half- 
sib pertonnance is less predictable. The parameters measured by 
calorespirometry arc heritable, but complex, so that much more information than 
currently available will be required to precisely predict the distribution of growth 
rate performances of progeny from any specific cross. 

Because plant calorespirometry measurements reflect the rate of energy 
conservation into structural biomass of plants, i t  is expected that this value will 
change with factors such ;is season, plant age and stress. Acclimation causes 
chanees i n  metabolic heat rates and substrate carbon conversion efficiency. Both 
rate and el'liciency of accutiiutiition of cat-bon into biomass follow ;I continuousIy 
changing but definable pattern through the growth season. Thus, comparisons 
among plants should be made o n  plants at similar growth stages. 

1.7. Calorimeter requirements 
Plant calorimetric studies do not. in  general, require a very low detection limit 

for heat rates. Baseline detection limits of 2-3 pW are adequate for nearly any 
study since single. small seedlinp generally weigh tens of n i p  and generate 
> 100 pW. Lower clctection limits are not  generiilly useful bcuuusc o l  the long 
equilibration time. The limiting factors for calorimeter design for plant studies we 
the heat IXC, tieacl spncc gas availability, and the mensuremcnt~tiine relations 
described above in section 1.4. Sample size is usually not limiting. s o  increased 
signal to noise can be obtained by larger sample sizes. Larger samples are often 
preferable so that tissue integrity ;ind measured activity approximate activities in 
intact plants. 

1. Multiple sample capabilities. Plant studies routinely require examination of 
many samples, particularly when the objectives of the study incl tide identification 
of phenotypes with desired growh, stability, or yield characteristics. Screening 
I arge po pi1 1 ;it i o n s for i ncl i v id i i  al s MT i t h cle s i red met abol i c c h ;mic t el- i st i c s i s 
impossible i n  single-sarnple calutiineters. Current commerciul multiwell 
calorimeters :illow u p  to thtee samples to be run simultanetmsly. A colorimeter 
with as many as 100 sample wells could be effectively employed For plant 
studies. 
2. Ampules that allow ready, repeated access to samples. During the course of 
plant measurements, the calorimerer must be opened and ainpules must be 

Among the most important features of a calorimeter for plant studies are: 
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accessed to allow insertion or removal of aqueous and gas phase reagents. 
Removable ampules are preferred so they can be sterilized when necessary. 
Readily resealable ampules are required. Ampules do not have to be made of 
expensive alloys or be gold plated to render them resistant to corrosion at extreme 
conditions. Plant tissues themselves are not resistant to harsh conditions. 
Hastelloy works well, but stainless steel is corroded by halides and is not useable. 
Glass is useable, but gives slow responses due to poor thermal conductivity. 
3. Ampules sufficiently large to contain adequate tissue and headspace gases for 
supporting respiration throughout the time required for measurements. 
4. Ampules must be readily accessible and such that tubes exiting the calorimeter 
can be attached. In many experiments it is advantageous to sample headspace gas. 
The ability to withdraw samples for chromatography or mass spectrometry is a 
major advantage for plant calorimetry studies. In addition, gas flux deter- 
minations by pressure change during calorimetry measurements is important. 
Again this requires penetration of the ampules with a tube connected to a pressure 
sensor. New methods are needed for determination of changes in O2 and CO, in 
headspace gases. Current methods have limited sensitivities, are slow, are not 
compatible with scanning studies, and often require precise determination of 
sample volume. Incorporation of new methods for gas analysis again requires 
ready accessibility of ampules within the calorimeter. 
5. Rapid equilibration time. Minimizing sample equilibration time is important to 
obtaining the high throughput required for most plant calorimetry studies. 
6. Rapid adjustment of temperature fl)r isothermal studies. Stepwise adjustment 
of temperature during isothermal determination of plant metabolic heat rates on 
the same tissue sample is essential fl)r interpretation of metabolic properties. This 
generally requires a calorimeter with both rapid scanning and isothermal 
capabilities. 
7. Temperature scanning capabilities. While many of the measurements required 
for plant calorimetry studies are best done in an isothermal mode, measurements 
of metabolic heat rates while scanning over the viable range of plant growth adds 
an important dimension for interpretation of plant properties. Studies are 
facilitated by the ability to scan temperature both up and down. 
8. Photocalorimetric capabilities. An effective photocalorimeter may answer key 
questions regarding energetics of photosynthesis and rates of respiration in the 
light [26]. Initial work on construction of photocalorimeters has been reported 
[ 13, 14] but requires further refinement. 

No existing calorimeter has all of the above desirable features for plant 
calorimetry. Most of the commercial calorimeters suitable for plant studies and 
some characteristics related to their function in plant calorimetry studies are listed 
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in Table I. The choice of which calorimeter is best is answerable only in terms of 
specific experiments. Calorimeters number 1 through number 3 have scanning 
capabilities. Of these only number 2 has multiple sample wells. This makes the 
CSC 4100 the best choice for practical applications that require a large sample 
throughput. Calorimeter number 1, with 10 times the potential sample size of 
number 2 while differing by only a factor of 5 in minimum long-term detectable 
heat rate, offers a better signal to noise ratio than number 2. If this Setaram 
calorimeter was constructed using the detector present in the MS80, greatly 
enhanced accuracy of heat rates would be obtained and it would be a superior 
instrument for some plant calorimetry applications. The Thermometric TAM 
2277 (number 5) has a superior detection limit and adequate ampule volume, but 
is not designed with scanning capabilities and is slow to shift temperature for 
successive isothermal studies. Likewise, number 4, number 6 and number 7 may 
each be useful for a limited number of specialized applications in plant 
calorimetry, but thermal equilibration is very slow during sample measurement 
and following adjustment to new temperatures. This makes them unsatisfactory 
for most studies. Calorimeter number 2 has multiple samples, easy ampule 
accessibility, scan-up and down capability, removable ampules and adequate (but 
not the best) detection limit and sample volume. This makes it the best choice 
among currently available calorimeters for many plant calorimetry studies. Other 
instruments excel in specific applications. 

Table 1 
Characteristics of calorimeters suitable for plant calorimetry studies, from [37 ]. 

Calorimeter minimum number scanning volume 
Model detectable samples capability /cm 3 

heat rate/~tW 

1. Setaram C80 20 1 yes 10 
2. CSC 4100 4 3 yes 1 
3. Setaram Micro-DSC 0.4 1 yes 1 
4. Setaram MS80 0.4 3 no 100 
5. Thermometric AB TAM2277 0.2 3 no 5 
6. CSC 4400 0.2 3 no 100 
7. CSC 4200 & 4500 0.006 1 no 1 
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1.8. Isothermal calorimetry methods 
Experimental methods for measuring plant respiratory heat rates, gas exchange 

rates, and relating these to growth rates and stress responses have been much 
refined over the past decade. Examples of experimental methods currently in use 
for specific applications are outlined here. 

1.8.1. Z~othermal heat rate measurements 
The studies of Criddle et al. [17] on carrot and tomato cell cultures outlined 

basic procedures for isothermal heat rate measurements of plant tissues. Samples 
are placed in an ampule, sealed to prevent any water vapor loss, placed in the 
calorimeter at the desired temperature and the heat rates recorded directly. Figure 
l a shows the type of thermogram obtained. There is an initial rapid change in 
recorded heat rate while sample and ampules are thermally equilibrated. 
Following equilibration, (about 45 min in this example) the amplitude of the 
thermal signal is corrected for baseline values obtained with empty ampules to 
yield the sample metabolic heat rate. Temperature may then be adjusted to new 
values to establish temperature coefficients of heat rate or the ampules may be 
opened and the sample environment modified before the ampule is resealed and 
re-equilibrated tk)r evaluation of effects of the modification on plant activities. 
Because plants are ectotherms that live in a variable temperature environment, 
temperature dependence studies using sequential isothermal measurements are 
essential for characterization of plant physiological properties. 

1.8.2. Isothermal measurements of  time dependent activity loss 
When the metabolic heat rate is not constant, curves similar to that in Figure l b 

are obtained. The initial thermal equilibration is followed by a decreasing 
metabolic heat rate. The rate of decrease (slope of the curve) measures the rate of 
activity loss by the sample. For many plant tissues in favorable environmental 
and temperature conditions, heat rates remain nearly constant until ampule 
oxygen is depleted. However, high and sometimes low temperatures (or other 
conditions that cause activity loss) give rise to curves of the type shown in Figure 
lb. Comparison of the thermogram of treated samples with untreated control 
samples allows definition of the time course of treatment effects on plant 
metabolic activity. For example, it is often possible to examine the rate of 
inactivation of tissue by high temperature or by exposure to inhibitors. 
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Figure I. Isothermal measurement of plant metabolic heat rates. Plant tissue 
samples are placed in the calorimeter ampules, sealed, and heat rates are followed 
over time. The initial rapid changes in heat rates observed in this figure illustrate 
thermal equilibration of ampules and samples. This is followed by heat rate 
values that, when adjusted tk)r any baseline corrections, represent the metabolic 
heat rate of the tissue preparation. When tissue metabolic rates are stable over the 
time course of the experiment, constant heat rates are obtained (a). When tissues 
are unstable or are stressed so that metabolic activity decreases during the 
calorimetric measurement, a decreasing heat rate is observed (b). 

1.8.3. Temperature cycling 
The capability of calorimeters to cycle between temperatures for isothermal 

measurements can be used to examine the time course of plant metabolic 
responses to high and low temperatures. Studies by Rank et al. [38] illustrated the 
usefulness of this method. They showed that there is no critical temperature for 
either high or low temperature inactivation of tomato cells grown in culture. 
Rather, a time-temperature function is required to describe rates of inactivation. 

Cycling experiments are performed by first measuring the heat rates at some 
reference temperature at which the tissue is stable, then exposing the sample to a 
temperature near the high or low limit tk)r viability for various time intervals. The 
samples are returned to the reference temperature to compare initial heat rate 
values with values after exposure to the temperature extreme. When inactivation 
occurs at the temperature extreme, heat rate values measured at the reference 
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temperature are reduced. This cycle is repeated until much of the metabolic 
activity is lost. Then the stress temperature is altered and the cycling repeated 
with a new tissue sample. A series of measurements generated using a range of 
extreme temperatures produces data for a three dimensional surface response plot 
(Figure 2) and development of equations relating time of exposure, exposure 
temperature, and activity loss. Any other selected stress condition could be 
substituted for temperature in this type of experiment. Thus, cycling methods 
offer general procedures to monitor time and magnitude of stress effects on 
metabolic activity. 

1.8.4. Calorespirometry 
Batch studies. Methods and equipment have been described for isothermal 
measurement of metabolic heat rates and determination of the flux rates of both 
02 and CO2 [21, 22, 39]. Isothermal heat rates are determined as in section 1.8.1. 
02 rates are determined by pressure change. CO2 rates are determined by two 
methods, one measuring heat rate increases in the presence of a CO2 trap and the 
other by measuring pressure change. 

Ro2 determinations are made using modified calorimeter ampules connected via 
capillaries to pressure sensors. During respiration, 02 is consumed by the tissue 
and CO2 is produced. In the presence of 0.4 M NaOH, the CO2 is trapped and 
changes in pressure within the ampule reflect 02 uptake. Pressure changes (AP) 
are related to mol 02 (n) uptake by careful measurement of headspace volume 
(V), temperature (T), and the relation n -  AP (V/T). 02 depletion rates ranging 
from several hundred to as low as 0.5 nmol sec -~ can be measured with an 

accuracy of about _+ 0.9% in 1 cm ampules [23 ]. 
One method of CO~ determination measures isothermal heat rate of a tissue 

sample first in the presence of a small container of water, then in the presence of 
the container with 0.4 M NaOH. With NaOH present, CO2 is trapped as carbonate 
with concomitant production of heat. The increased heat rate in the presence of 
base can be related to Rco2 through the known enthalpy change for carbonate 
formation,-108.5 kJ mol -~ CO2 [40] Thus, the difference in heat rates measured 
tot tissue in the presence and absence of NaOH divided by 108.5 yields Rco2123 ]. 

The second method of Rco2 determination is based on pressure measurements. 
With no NaOH present in the calorimeter ampule, the pressure change during 
metabolism depends on Rco2 minus Ro2. With NaOH present, pressure change 
depends only on Ro2 and gas volume. The combination of pressure changes in the 
presence and absence of NaOH thus yields values for Ro2. 
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Figure 2. isothermal measurement of tomato cell metabolic heat rates over n 
range of temperatures near the high temperature tolerance limits. Data were 
obtained by cycling isothermal measurements of a single tissue sample between a 
reference temperature in the mid range for norrnal plant growth and a high 
temperature that causes inactivation. The data are plotted as metabolic heat rate 
remaining at the reference temperature vs. cumulative time of exposure of the 
plant tissue at the high temperaturc. The experiment is then repeated with 
additionul tissue samples and cycling to successively higher temperatures. The 
family of activity vs. time at high temperature curves thereby generated are then 
combined to yield a response surface indicating activity loss following exposure 
to combinations of time and temperature. 
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Flow and perfusion studies. Flow of liquid media through calorimeter sample 
vessels to ensure nutrient and oxygen supply is a standard practice in animal and 
microbial calorimetry [41-43]. These methods are less extensively employed for 
plant studies but have been used for addition of plant growth effectors to monitor 
tissue response. Studies of plant cells using flow calorimetry are hampered by the 
tendency for plant cells to clump, become inhomogeneous in the cultures, and to 
clog flow lines. However, Anderson and Lovrien [44] and Anderson et al. [45] 
successfully examined the effects of indole-3-acetic acid on metabolism of corn 
with flow apparatus. Flow calorimeters offer distinct advantages for long term 
studies requiring constant addition of test substances to the plant materials. 

Backman et al. [46] developed a gas perfusion microcalorimeter for studies of 
metabolic rates of plant tissue. Two, twin-heat conduction calorimeters were 
connected by gas-tight tubing. During measurement, a flow of humidified air 
scrubbed of CO2 enters the main calorimeter containing the plant tissue for 
metabolic heat rate measurement. The outgoing gas is passed through a second 
calorimeter where CO2 is trapped in alkaline solution and the resulting heat of 
carbonate formation serves as an online CO, analyzer. A constant input of gas 
guarantees constant headspace gas composition, an improvement over the batch 
calorimetry methods. Also, the input gas composition and humidity can be varied, 
allowing this calorimeter to be used in examination of effects of 02, NO~, or gas 
phase effectors on activity. 

1.8.5. Batch studies o.f samples requiring contact with liquid media 
Ensuring that tissues have adequate access to the oxygen that is available is 

sometimes a problem in batch calorimetry. Diffusion of oxygen to the plant 
materials can become limiting with tightly packed tissues, or tissues such as roots 
or cell cultures that may be submerged in unstirred liquids,. This is sometimes 
avoidable by using less tissue, and providing soluble nutrients to tissue sections 
via wetted fiber filters upon which the samples rest so that samples are not 
submerged. 

A means of measuring plant cell culture activities in liquid media by unstirred 
batch calorimetry was demonstrated by Fontana et al. [47]. Cells were floated on 
liquid media supplemented with an inert, high density preparation of Percoll ..... 
Other additives could also be used to increase media density. Cells at the air- 
media interface were able to obtain adequate supplies of both O2 and nutrients for 
rapid metabolism without diffusion rate limitations. 
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1.8.6. Studies above ambient pressure 
Pressurization of specially constructed calorimetry ampules using common 

bottled gases is relatively simple [39]. Pressurizable ampules can be constructed 
that are suitable for both scanning and isothermal determinations with selected 
gases or gas mixtures. This allows direct determination of pressure effects on 
metabolic rates as a function of temperature. However, few high pressure 
calorimetry studies have been done on plants. 

Non-calorimetric studies of effects of hydrostatic high pressure on plant sources 
are more common. In general, pressure effects on plant metabolic rates are small, 
but some distinct changes have been noted in growth, photosynthesis, 
temperature responses, and plant structure [48]. Interpretation of the role of 
pressure on plant metabolism remains uncertain. Hypotheses that have been 
framed to explain pressure effects are generally written in terms of volume 
changes and structural transitions in chloroplasts and in lipid membranes, but 
there are equally tenable alternative explanations such as pressure effects on 
equilibria. 

A scanning calorimetry study of tomato cells at elevated pressures by Criddle et 
al. [39] was able to identify important elements related to high temperature 
inactivation. Metabolic heat rate measurements were conducted at temperatures 
from 25 to 60 "C and at pressures from ambient to 12 MPa. Elevated pressure 
increased the inactivation temperature Ik)r the tomato cells. The combined 
calorimetry and pressure results thus show that a reaction with a positive volume 
change is associated with high-temperature inactivation of tomato cells. 

1.9. Temperature scans of plant metabolic rates 
1.9. l. Heat rate measurements by temperature scanning calorimetry 

Heat conduction differential scanning calorimetry methods for the measurement 
of metabolic heat rates of plant tissues as a continuous t~nction of temperature 
were developed by Hansen and Criddle [19]. Thermally induced transitions and 
heat rates can be determined simultaneously. 

Loike et al. [49] showed previously that temperature scanning calorimetry could 
be used to rapidly obtain data on the metabolic rate of mammalian cell cultures as 
a function of temperature. These workers identified an ambiguity present in their 
studies, i.e. the data provided no general basis for deciding whether a change in 
the calorimeter output was due to variation in the metabolic heat rate or to the 
apparent specific heat of the sample. This calorimeter had a limited range of scan 
rates only available in an upward direction, so, it was not possible to overcome 
the ambiguity. However, temperature scanning calorimeters with a wider range 
of scan rates and the ability to scan down as well as up have been used to 
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eliminate this ambiguity. Hansen and Criddle [19] described a method for 
measuring metabolic heat as a continuous function of temperature and developed 
this for estimation of the errors involved in, and thus the optimization of, the 
application of scanning calorimetry to measurement of metabolic rates in plants. 
They also established conditions under which the thermal effects of physical 
changes can be distinguished from metabolic effects. Starting with the 
recognition that overall metabolic heat is always exothermic irrespective of scan 
direction, while phase changes must be endothermic on upward scans and, if 
reversible, exothermic on downward scans, methods and rationale were 
developed for examining both metabolic heat and phase changes. 

One important finding from the initial scanning calorimetry studies on plants 
was that high temperature inactivation as a direct consequence of lipid phase 
transitions in plant tissues is unlikely. Such transitions, if they exist, can not 
involve more than 6% of the total lipids. These findings support the conclusions 
of Rank et a1.[38] obtained by temperature cycling methods that inactivation is a 
function of time and temperature, but it is unknown what physical event or 
events, or even if there is such an event, that initiates plant stress at temperatures 
causing chilling or heat shock. 

1.9.2. Temperature scanning methods 
A typical experimental protocol fl)r a temperature scanning experiment with 

chilling tolerant tissues might inw)lve isothermal determination of metabolic 
heat rate at 20 "C and at 5 "C, followed by an up-scan from 5 to about 65 "C at a 
rate of 10 "C h -~ followed by another isothermal measurement at 65 "C. At the 
end of each experiment, samples are dried and weighed. A temperature scan on 
a tropical plant that would suffer chilling injury would start at a higher 
temperature. The high temperature may be selected to be sufficiently high to 
inactivate normal metabolic activity of the tissue, as in the example, or may be 
below temperatures that cause heat shock. Or, an experiment might be started at 
a temperature near room temperature and the temperature scanned down to 
determine the response of the tissue to chilling or freezing temperatures. 
Quantitative interpretation of the scanning results requires isothermal 
measurements as part of the protocol [l 9]. 

A determination of sample heat rate requires a minimum of two sets of 
temperature scans: a baseline scan with both ampules empty and a scan with 
sample present in one ampule. Because reference ampules and contents cannot 
be exactly matched to the mass and heat capacity of the sample, baseline 
corrections for precise determination of sample metabolic heat rates are 
complex. The absolute determination by DSC of both the metabolic heat rate 



728 

and heat capacity of the sample is inaccurate. Curves of apparent sample heat 
capacity vs. temperature have the correct shape, but the absolute positions of the 
curves can be in error by large factors. However, if the endpoints of the curves 
are accurately established by an independent method, the entire curve is 
accurately established. Measurement of isothermal heat rates of the sample at 
both ends of a thermogram proved to be the most practical method for 
establishing values for the ends of the curve. With these points established, the 
curve can be mathematically adjusted with a linear correction to link the initial 
and final isothermal values and give an accurate description of heat rate vs. 
temperature values [19]. 

Sample selection and preparation for scanning studies are similar to those for 
isothermal measurements, but ensuring an adequate supply of O2 during scanning 
runs is more difficult because sufficient 02 is required for several hours of 
measurement. The oxygen requirement may be met in some cases by increasing 
the partial pressure of O2 above the normal 20% or by reducing the sample size. 
The total amount of Oz required for an experiment may be estimated from the 
total heat production, approximated as the summation of the heat rate during 
each data interval multiplied by the time interval. Heat rate may be assumed to 
double every ten degrees for this purpose. Division of the estimated total heat 
by 455 _+ 15 kJ mol -~ then gives an estimate of the required moles of 02 [27]. 
The number of moles of O2 available at the start of the assay may be estimated 
from the volume of the calorimeter ampule headspace, the temperature at which 
the ampule is sealed and the partial pressure of O2 by use of the ideal gas law n 
= PV/RT. The amount of 02 in a 1 cm 3 ampule filled with air at 1 atm and 25 "C 

is 8.2 lamoles. If 02 consumed during an experiment exceeds 90% of the 02 
available, the data should be discarded. As a simple first approximation of 
sample size for upward scans, samples in a 1 cm 3 ampule filled with air should 
have a heat rate less than 100 laW at 20 "C. 

1.9.3. Interpretation qf scanning thermograms 
Scanning calorimetry allows rapid assessment of metabolic heat rates as a 

continuous function of temperature. This is a significant improvement over 
traditional methods of determining metabolic and growth rate responses to 
temperature that are often slow, allow measurements at only a few temperatures, 
and require interpolation to predict rates at other temperatures. The 
thermograms often show fine structure that would not be identified by the 
traditional methods. 
Figure 3 illustrates the major features of typical metabolic heat rate vs. 
temperature curves from a scanning analysis [50]. The shapes of the 
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thermograms and key temperatures are species dependent, allowing 
comparisons among species and defining the response of plant tissue to 
temperature increase. The dashed curve in Figure 3 was obtained from data 
collected on the smallest bracts on the "brush" branch of Callistemon during 
mid May and is an example of metabolic thermograms obtained on plant 
tissues. The segment of the curve from approximately 15 to 30 ~ (A-B) shows 
an approximately exponential increase in metabolic rate as temperature is 
increased, in accordance with predictions from the Arrhenius relation. 
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Figure 3. Metabolic heat rate vs. temperature curves and features that may be 
used for species comparisons. The dashed curve in Figure 1 was obtained from 
data collected on Callistemon during mid May. The segment of the curve from 
15 to 30 '>C (A-B) shows an approximately exponential increase in metabolic 
rate as temperature is increased. B is an inflection point termed the low shoulder 
temperature (T~.~) above which metabolic rates no longer increase exponentially 
and the slope decreases with temperature increase. C indicates T,,,~,~ , the 
temperature at which maximum rate is achieved. The exothermic peak at D 
depends on the amount of 02 remaining in the calorimeter ampule when this 
temperature is reached. A second scan of Callistemon tissue examining a tissue 
sample collected from the same plant two months later in the season is also 
shown (solid line). 
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At temperatures abovc B, metabolic rates no longcr increase exponentially, 
instead the slope decreases with temperature. Thus, B is an inflection point we 
have named the low shoulder temperature (TI,). 

A second point of significance is T,,,,,, the temperature at which maximum rate 
is achieved (indicated by C in Figure 3). The decrease in metabolic activity with 
increasing temperature above T,,, is largely irreversible on the time scale of 
these studies. Most plant tissues cxhibit an exothermic reaction (probably 
oxidation of polyunsaturated lipids) at a higher tempcraturc (D). The size of the 
peak at D depends on the amount of 0 2  remaining in the celI when this 
temperature is reached. When all the O2 in the ampule is consumed pi-ior to 
reaching the temperature at point D, no exothermic peak is observed. While not 
an important event in relating the thermogram profile to physiologically 
important activities, the exothermic peak at D provides a useful indicator of the 
quality of scanning measurements. Good measurements require that oxygen be 
present in  adequate supply throughout the study. Appearance of an exothermic 
peak at the high temperature end of the scan confirms that this condition is met. 

A second scan of Cullistcwon tissue examining a sample collected from the 
same plant two months later in the season is shown in Figurc 3 (solid linc). This 
curvc has thc s;irnc ovcrall shape a s  the earlier scan, hut metnbolic rates are 
somewhat lower and T,,,;,, is shifted to n higher temperature. Similar shifts in  
properties with plant age, nutrient stress, or other environmental factors 
affecting plant yields can equally well be studied with these methods. 

I .  9.4. Results ohttrinec1,from sciinnirrg .studies 
The results of scanning studies clearly show that no “typical” curve describes 

the effects of temperature on pIant metabolism and growth rates. Plant 
metabolic rates are not simple, smooth functions of temperature and rates show 
n wide range of species and cultivar specific. season specific and development 
stage specific responses to changes i n  temperature. Thermograms are highly 
reproducible for repeat measurements 011 individual plants when ample O2 is 
present and the scanning conditions, the tissue sampled. and the tissue age are 
carefully controlled. Differences between curves for different plants are related 
to plant thermal stability differences. which in turn may be related to different 
rationales for growth, survival, and reproduction among the species [ 5  11.  

For example, thermograms of soybean cultivars show that plants from the 
northern end of the growth range in southern Canada and northern USA differ 
from chose from the southern end of the range 13.11. Northern cultivars have TI,  
near 25 “C, i.e. these plants do riot continue to increase metabolic rates rijpidly 
when temperature exceeds 25 T. Plants adapted to more southern climates do 
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not exhibit this shoulder in the thermograms. Cultivars commonly grown at the 
southern end of the commercial range maintain a near exponential increase in 
metabolic rates to near 35 ~ 

Also, Anekonda et al. [51] showed that redwood (Sequoia sempervirens) 
ecotypes originating from sites across the entire range of native redwood 
growth, but grown at a single location, had metabolic temperature responses 
that varied systematically with climate of origin. The latitudes of origin of each 
ecotype (as a surrogate for climate) were matched to patterns of the metabolic 
heat rate as a function of temperature. Similar studies on species as varied as 
bitterbrush [52] and lettuce [53] also confirm that metabolic heat rate vs. 
temperature curves are significant indicators of plant growth as a function of 
temperature. Figure 4 illustrates this relation for bitterbrush plants originating 
from across the entire Great Basin region of the USA, but grown for four years 
in a common garden near Provo, Utah. The temperature coefficient of q~ ( / t ,  ) is 
plotted against a function of latitude and elevation of origin of these plants. 
Plants from high latitude and high elevation, at the right side of the figure, have 
low values of/1.  Plants from low latitude and elevations have high values of p, .  
A similar relation appears to hold for other plant species. Plants from tropical 
zones tend to have h igher / t ,  than plants from more temperate zones. Metabolic 
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Figure 4. Variation in ft,, with latitude and elevation of origin of bitterbrush 
(Chrysothamnus nauseosus) plants from the Great Basin region of the USA. The 
function of latitude and elevation obtained from this plot, i.e. f(latitude + 
elevation), is ( l .43kK km-~)(elevation kin) + (0.122kK deg-l .of  latitude) (deg. 
of latitude), where kK is kilokelvins. Low latitude and elevation plants are at the 
left side of the plot and high latitude, high elevation plants are at the right side of 
the plot. 
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rate responses, therefore, appear to be accurate indicators of plant growth 
response to temperature and can be used as a guide to optimal growth climates 
for species and ecotypes. 

Scanning calorimetry measurements yield strong indications of relative 
reaction rates or relative stabilities of plants, but do not give absolute 
measurement of key thermal temperatures. Both the peak temperatures observed 
in the thermograms and curve shapes vary with temperature scan rates. 
Inactivation of metabolism at high temperature is a function of both time and 
temperature [38] so that increasing scan rates result in higher values of Tm~x. 
Therefore, precise comparison of thermograms among plants requires that all 
experiments be done under identical conditions. 

1.10. Limitations in plant calorimetry measurements and interpretations. 
This discussion so far has discussed limitations to plant calorimetry based only 

on calorimeter sensitivity, sample size, and 02 depletion. Additional sample- 
specific problems are encountered, however, and incautious consideration of data 
can lead to errors in interpretation. 

In some cases, plant tissues are sensitive to gas phase inhibitors or activators. 
The most evident of these is CO2 produced via metabolism so that concentration 
is increased in the sample ampule. Respiration in some plants appears very 
sensitive to CO2. For example, isothermal values of soybean leaf tissue metabolic 
rates are not constant, but rapidly decrease with time [33]. Opening the ampule, 
flushing with air, and resealing restores the initial heat rate and initiates the 
process of decline once more. When a CO2 trap is included in the ampule to 
maintain CO2 at near zero pressure, stable heat rates are obtained. Thus, the 
buildup of CO2 appears to be responsible for the declining rate. Cauliflower tissue 
also shows decreased metabolic rate in sealed ampules [54], but for different 
reasons. Emission of a metabolic modifier from the cauliflower flowerets appears 
responsible for the decline in this case. 

Other tissues fail to give stable, reproducible heat rate values because of tissue 
sensitivity to handling and/or calorimeter conditions. It has not been possible to 
study leaf samples of water fern, Lemna minor, or of arabadopsis in spite of 
extensive efforts. Tree meristematic tissue measurements in early spring shortly 
after breaking dormancy are also highly variable. No evidence has been obtained 
to explain this behavior, but rapid changes in plant growth hormones in the tissue 
during this developmental stage may be responsible. 

Problems have also occurred from over-interpretation of the consequences of 
metabolic heat production in plants. In a series of papers, Raskin and coworkers 
[55-57] postulated that a temperature increase from metabolic heating protects 
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certain plants from chilling injury. The alternative respiratory pathway was 
proposed to have an important role in the heat production providing this 
protection. However, calculation of the potential temperature increase due to 
metabolic heating shows at most an increase of 0.05 ~ hardly enough to offer 
significant protection to the plant tissues [58]. Raskin and coworkers failed to 
account tor the rapid dissemination of heat in uninsulated conditions, a problem 
thoroughly discussed by Pierce in 1908 [11]. 

Many workers over the years have implied that switching from the normal 
cytochrome mediated pathway to the alternative pathway causes large increases 
in metabolic heat rates. However, the change to alternative pathway has only a 
small effect (about 10%) on the enthalpy change. A heat rate increase is indeed 
observed, but from an increase in reaction rate rather than the energetic 
differences between the pathways, ie. �9 = (dn/dt)AH and (dn/dt) changes greatly 
but AH is approximately constant. Uncoupling of oxidative phosphorylation leads 
to large increases in heat production rate, but again through increasing (dn/dt) and 
not through large changes in AH. 

Studies by Skubatz and Meeuse [59]and Skubatz et al. [60] illustrate another 
problem with interpretation of calorimeter data. These workers presented data 
that were interpreted to indicate temperature cycling in the reproductive tissues of 
cycads. They failed to balance masses in sample and reference ampules. This 
resulted in a cyclic overshoot during equilibration with a periodicity equal to the 
instrument time constant. Interpretation of the cycles in terms of a periodicity in 
tissue metabolism is obviously incorrect. Also, in some of their work, samples 
were not left in the ampules long enough to reach steady-states of heat evolution. 

These errors in interpretation illustrate a general concern with any calorimetry 
study. Heat production occurs from nearly all chemical and physical events. Thus, 
careful interpretation, proper controls, and theoretical evaluation of results is 
essential for all studies. 

2. PLANT GROWTH MODEL 

2.1. Introduction 
The potential contributions of plant calorimetry to understanding plant 

physiology that were postulated years ago by Pierce, Prat, and others were not 
realizable prior to development of an appropriate model relating plant 
metabolism, i.e. @, Rco2 and Ro2 values to growth and substrate carbon 
conversion efficiency [20]. 

Initial insight into necessary components of a growth model that includes both 
energy and mass, came from recognition that dark respiration rate has 
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frequently been found to correlate with plant growth rates [61, 621. Such 
correlations indicate that respiration rate is, or is covariant with, the rate 
limiting process controlling growth. However, simple, empirical correlations 
have not proven to be robust cnough for applications such as use of respiration 
meilsurenients for selection of individual genotypes within a s p e c k .  Scveral 
respiration-based growth models have been developed in attempts to describe 
the basis for this correlation, but they too lack selective capabilities [61]. 

The metabolic rate, substrate carbon conversion efficiency, and availability of 
inputs such as nutrients and light all play a role in determining growth rate 
(Figure 5 ) .  When all inputs are present in optimum concentrations, the rate and 
efficiency of respiratory and biosynthetic processing become the determinant of 
the maximum rate of production of structural biomass, RSG. However, because 
both thc rate and efficiency of respiration arc temperature dependent, growth 
rate i s  also determined by climatic temperature and genetically determined plant 
responses to temperature cven when all the inputs listed in Figure 5 are optirnal. 

INPUT PROCESSING =$ OUTPUT 

Photosynthate (COZ, hv) Respiration Structural 
N, P, K, H 2 0 ,  etc. and Biomass 
0 2  Biosyn thesis (RSd 

-1 L 
coz Heat 

Output Rate = COZ Rate x Efficiency RSG = Rcoz (dl-4 

Figure 5. Conceptual model for plant growth indicating inputs to plant growth, 
processing steps, and output biomass. C02  and heat are products of the 
processing reactions. Growth rate (output, Rsc; ) i s  given by the product of rate 
(Rro: ) and efficiency function ( F / ~ - E ) ,  whether limited by irvailability o f  an input 
or by the rate of respiration and/or biosynthesis. 

If one or more of  the inputs is present in less than optinium amount, then the  
respiratory rate and efficiency, and hence the formation of structural biomass 
(growth rate). will be reduced to the rate determined by the rate of acquisition of 
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the limiting resource. But, note that measurements of respiration rate and 
efficiency still accurately reflect growth rate under these stressed conditions 
[20, 26]. If inputs are present in greater than optimum amounts and reach toxic 
levels, or if other toxins such as aluminum or heavy metals are present, by 
definition the rate of growth is reduced. Again, growth reduction is reflected by 
a decrease in the product of respiration rate and efficiency. Thus, effects of 
toxins or stress can result in either a decrease or increase in respiration rate and 
efficiency, but the product of rate and efficiency must decrease with increasing 
stress and concentration of toxin. The responses of plants to nutrient deficiency 
and toxic conditions constitute further links between the environment and 
metabolism. 

2.2. Development of plant growth model 
Plant respiration rate has commonly been measured as Rco2 or Ro2, and less 

commonly as metabolic heat rate, q~. Combining Rc02 and R02 measurements 

with data on q)provides the ratios r and ~]Ro2 which are related to the 
substrate carbon conversion efficiency, i.e. the fraction of the photosynthate 
carbon that is conserved in the biomass produced by growth. The ratio ci9/Ro2 
has a value of-455_+15 kJ/mole 02 for direct combustion of nearly all organic 
compounds (Thornton's rule) [27], equal to the expected value of ~/Ro2 for 

fully aerobic respiration unaccompanied by growth. The ratio ~/Rco2 is 
proportional to Thornton's constant, with the proportionality dependent on the 
oxidation state of the substrate carbon, i.e. 7p- (Degree of reduction, 7p - 4, is 
used by some authors instead of oxidation number.) The third ratio of 
respiratory rates, i.e. Rco2/Ro2 depends on the oxidation states of the substrate 
consumed and the biomass produced. Thornton's rule makes energy use 
efficiency equivalent to substrate carbon conversion efficiency and makes it 
possible to relate energy use efficiency to growth rate. When a plant is more 
efficient in using energy, less photosynthate is required to provide the necessary 
energy to drive biosynthesis and more of the photosynthate can be used to 
produce biomass. 

The relations among q~, Rco2, and Ro2 have been derived by Hansen et al. [20]. 
The specific growth rate Rsc depends on the metabolic rate and efficiency of 
respiratory metabolism as shown by equations 1 and 2, 

RSG-- [  cb + Rco2(1-yp/4)AHo2]/AHB- Rco2(dl-s) (1) 

(d l -s )  -[-(1-yp/4)AHo2 - cb/Rco2]lAHB (2) 
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where e is the substrate (photosynthate) carbon conversion efficiency, ~ is the 

mean chemical oxidation state of substrate carbon, AHo2 is the constant from 

Thornton's rule, and AHB is the enthalpy change for conversion of one mole of 
substrate carbon into one mole of non-photosynthate biomass carbon. (Note, 
Rsc, specific growth rate in moles time -~ mass -~, is equivalent to RGR in plant 
physiology and/1 in microbiology.) These equations, with measurement of only 

q) and Rco2 and assumptions about 7P and AHB, allow determination of relative 
specific growth rates and substrate carbon conversion efficiencies of individual 

plants. The Rcoz(1-Tp/4)AHo2 term represents the total rate of energy made 

available to the tissue by respiration. The heat rate, q~, represents the rate of loss 
of respiratory energy to the surroundings. The difference is the rate of energy 
retained in the tissue in the form of new biomass, i.e. growth. Growth rate is 
thus proportional to the difference between two measures of respiratory rate. 
Only if e and AHB are relatively constant or covariant with Rsc across genotypes 

will Rsc be correlated with a single respiratory measure. Variability in e and 

AHB probably accounts for much of the scatter in published growth-respiration 
correlations. 

In addition to defining the relation between growth rate and respiration rate, 
Equations 1 and 2 also allow prediction of growth rate and substrate carbon 
conversion efficiency as functions of temperature from measurements of q)and 

Rco2 as functions of temperature. The temperature dependence of both q~ and 
Rco2 at "nonstressful" temperatures is closely approximated by the Arrhenius 
function. (Nonstressful in this context means the general range of temperature 
in which the plant grows well and tissues are not damaged by thermal effects. 
In reality the equations demonstrate continuous variation in efficiency with 
changing temperature except for unique values of the parameters. Thus, the 
term "nonstressful temperature" is misleading, although commonly used to 
mean the range between cold damage and heat damage.) Substitution of the 
Arrhenius functions into equation 1 gives equation 3, 

RSG -[A.e -'''IT- AHco2Aco2e-"c~ (3) 

where A. and Aco 2 are constants, /1. and Yco2 are the respective temperature 

coefficients for q)and Rco2, and T is the absolute temperature. AHco2 is the 
enthalpy change for one mole substrate carbon conversion to CO2. Equation 3 
assumes that neither yp nor AH~ are temperature dependent. Growth rate as a 
function of temperature is thus the difference between two Arrhenius functions, 
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and the shape of the curve depends on the relative values o f /% and ~co2. 

Equation 2 shows that the temperature dependence of e is related to the 

temperature dependence of the ratio @/Rco2. Approximating q~ and Rco2 with 
Arrhenius functions gives their ratio as 

~/Rc02- A~,e~'~/T/Aco2e-~'co2/T (4) 

If p ,  r the ratio 0~/Rco2 varies with temperature, and consequently so must 

e (Eq. 2). In general p ,  r The consequences of this lack of equality are 
highly important to plant growth in different and highly variable climates. The 
strong dependence of metabolic rate on temperature along with different 
temperature dependencies of q~ and Rco2 within a plant mandate continuously 
changing values of substrate carbon conversion efficiency and growth rates as 
temperature changes. Equations 1-4 show that growth rate responses to 
temperature can be predicted from simple physiological measurements, i.e. from 

q~ and Rco2. 

2.3. Test of temperature dependence predictions 
The accuracy of respiration-based predictions are confirmed by comparison of 

predicted growth rates with measured growth rate data on tomato and cabbage 
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Figure 6. Variation of qJ and 455 Rco2 with temperature for cultivars of (a) 
cabbage, a cool-climate plant, and (b) tomato, a warm-climate plant. Differences 
in the temperature dependences of the heat and CO2 rates lead to constantly 
changing substrate carbon conversion efficiencies of these plants as temperature 
changes. Specific growth rate is proportional to the difference between the curves 
for q)and 455 Rco2. At temperatures where q~ > 455 Rco2, growth stops. 
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(Figure 6) [63]. Tomato and cabbage were selected to illustrate broad differences 
in the growth and respiration responses that occur among warm and cool climate 
species respectively. Strong agreement was obtained between measured growth 
rate for these species at different temperatures and growth rate predictions as a 
function of temperature based on measurement of the respiration parameters. 

The ability to link measured physiological parameters and growth rate follows 
from a non-conventional, but precise definition of growth rate as the rate at which 
plants store chemical energy in structural biomass (i.e. RsoAHB), the information 
obtained from calorimetry studies of plant metabolism. Such a definition conveys 
no information about plant growth habit, partitioning, etc., but is the best 
indication of total energetic costs for biosynthesis. This definition incorporates 
both rate and efficiency data into the model for describing plant response to 
temperature change. 

A respiration-based description of temperature dependence demonstrates a novel 
rationale for the existence of a growth rate maximum in the mid-range of growth 
temperatures and growth rate changes observed at temperature extremes. Because 
the temperature responses of q )and  Rco2 are different, the substrate carbon 

conversion efficiency (e, see equations 2 and 4) must change continuously with 
temperature and can exhibit either an increase or decrease with increasing 
temperature. Growth rates increase with temperature only as long as the product 
Rco2(e/1-e) increases as temperature increases. Growth rate decreases with 
increasing temperature when the efficiency function decreases faster than R(,m 
increases. Thus, growth behavior can be explained without postulating reversible 
or irreversible inactivation of enzyme activities or membrane phase changes. 

The study of cabbage and tomato [63] shows that in the range of temperature 
where r <455Rco2, relative specific growth rates can be estimated from the 

difference between measured values of q)and Rco2. However, near both the lower 

and upper temperature limits for growth, curves of q~ vs. temperature and 

455Rco2 vs. temperature cross, q~ becomes >455Rcm, Rs6 becomes negative and 
the rate of heat loss is greater than the available rate of energy production 
calculated for respiration of photosynthate with yp = 0. Figures 6a and 6b and 
Equations 1 and 2 show that inability of respiration to supply needed energy can 
be the primary cause of cessation of growth beyond these limits. 

Unique conclusions arising from this study [63] include: (a) Respiration 
measurements, together with a physiological plant growth model, provide a non- 
empirical means for quantitative predictions of plant growth rate responses to 
temperature change; (b) demonstration that energy use efficiency changes 
continuously with temperature requires that growth rates depend not only on the 
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temperature dependence of metabolic rates but also of efficiencies, (c) variation 
of growth rates with temperature can be explained without invoking activation 
and inactivation of enzymes or changes in cellular structures, (d) the 
physiological basis for high- and low-temperature limits to plant growth is 
described, (e) physiological differences that define adaptability of plants to 
climatic temperature are described, (f) a re-evaluation of what can be implied by 
the term "plant temperature stress" is provided, and (g) respiration measurements 
can be used to identify plants suited to growth in selected environments. 

3. APPLICATIONS 

3.1. Introduction 
In a 1994 lecture at a symposium on thermal analysis and calorimetry, Wads6 

raised the question: "Microcalorimetric techniques for characterization of living 
cellular systems. Will there be any important practical applications'?" [64] He 
concluded that microcalorimetric work in cell systems has resulted in important 
fundamental knowledge, but that there had not yet been any significant 
breakthrough from a practical application point of view. It was noted that 
potential applications had been illustrated by a large number of model 
experiments and that instruments and working procedures have been much 
improved; but realization of the apparent potential remains unmet. Wads6 
suggested that multifunctional instruments combining calorimetry with specific 
sensors may provide the most probable route to specific practical applications. 

Since this conclusion by Wads6, developments of plant applications of 
calorimetry have moved forward significantly. Plant and agricultural sciences 
may be the first areas to fully implement important practical applications. 
However, as suggested by Wads6, these applications will in most cases require 
combination of calorimetric and respirometric sensors. Currently, calorimetry in 
plant science remains poised between model applications and full practical 
application. Consideration of the examples discussed below shows that plant 
applications are expanding rapidly and are moving from the research laboratory 
scale to larger field applications. The major barrier to immediate implementation 
of some practical applications in agriculture is the current lack of calorimeters 
with large numbers of ampules capable of high sample throughput. The following 
survey is not intended to be a complete review, but rather to illustrate the many 
potential applications of calorimetry to plant physiology, ecology, and 
agriculture. 
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3.2. Growth rates and production 
All agricultural crops have as an ultimate goal the harvest of biomass. In some 

cases, total plant biomass or total, above-ground biomass is desired, in others 
more specific fractions are harvested. Whether total plant or some partitioned 
fraction is the desired product, better growth rates generally correlate with better 
yield. For example, the measurable parameter best correlated with maize yields is 
the total growth of the plants [65, 66]. Partitioning of biomass is important to 
yield, but poor growing plants have little to partition. This observation 
encourages continued development of calorimetric measurements, as these 
specifically measure properties related to plant growth. There have been no 
reports, to date, of calorimetric measurements of metabolic parameters related 
specifically to partitioning of biomass or to developmental processes such as fruit 
formation. It should be possible, however, to identity and study tissues involved 
in such processes. For example the metabolic properties of oil forming tissue 
must reflect the rate and chemical characteristics of the oil products. Plants that 
differ in oil production capabilities should be discernible by comparative 
calorimetric analysis of the tissues, offering an opportunity to use metabolic 
analysis to quantify production potential. 

Results of calorimetric analyses of plant growth have emphasized the important 
roles of temperature on metabolic rates and efficiencies of plants. Selection of 
the correct match between plant and growth climate appears as important as all 
other physiological factors in determining plant growth properties. Identification 
of a plant with superior growth characteristics must always be framed in terms of 
growth climate. Anekonda et al. [67] showed that the fastest growing family of 
Eucalyptus camadulensis in plantings at Anderson CA is the slowest growing 
family in the plantings at Concord CA only 250 km away and with nearly 
identical average, but not the same fluctuations in, temperature. Normally, such 
conclusions can only be reached by long-term growth studies done at every 
planting location. Calorespirometry studies can be completed within a season on 
plants grown at a single location to allow identification and selection of plants 
matched to climate. 

3.3. Taxonomy 
Plant respiratory properties are stable genetic traits that differ among species and 

to a lesser extent within species. Measurements of properties such as metabolic 
heat rates, CO2 rates, and energy efficiencies produce particular combinations of 
respiratory properties sufficiently unique to separate Eucalyptus species by 
canonical analysis of the respiratory variables [68-70]. Canonical discriminant 
analysis using the measured respiratory properties 4,, Rco2 , ~ ] R c o 2  , and ~t. and 
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the calculated properties Rsc (specific growth rate) and e (carbon use efficiency) 
for 17 Eucalyptus species, shows distinct separation of species. Each of the 
species has a characteristic distribution of growth rates and range of temperatures 
in which it can grow. These are successfully predicted by the respiratory 
parameters. 

The two largest subgenera of Eucalyptus, Symphyomyrtus and Monocalyptus are 
also well separated by canonical analysis of respiration properties (Figure 7) [70]. 
Species within the two subgenera differ significantly in their specific patterns of 
metabolic parameters and also differ in their responses to growth in exotic 
climates. This led Anekonda et al. [70] to speculate that the major differences in 
survival of the two subgenera are determined by the differences to metabolic rate 
responses to climate. Thus, metabolic properties may not only assist in taxonomic 
separation of the subgenera, but also help to account for differences in growth 
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Figure 7. First and second canonical variables, CAN I and CAN2, for 
respiration traits from 15 Eucalyptus species examined by canonical 
discriminant analysis. CAN I is dominated by q~ and /1. while CAN2 is 

influenced more by Rco2 and q~/Rco2. Each species has a distinct combination of 
respiratory parameters that gives rise to the separations shown. The dashed 
vertical line emphasizes the general separation of species in the two major 
Eucalyptus subgenera on the basis of the respiratory traits. Capital letters in this 
plot refer to Symphomyrtus species; small letters refer to Monocalyptus species. 
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properties. Further identification of Eucalyptus species by morphological 
differences is difficult in many instances and could be aided by calorespirometry. 

3.4. Dormant or near dormant tissues, germination, and vernalization. 
Studies of seed germination were the earliest focus of plant calorimctry. I t  is 

particularly simple to add water to seeds in  a calorimeter ampule and measure the 
rate of heat production as a function of time to reflect germination and early 
growth processes. As noted earlier, Pierce [ I  11 used pea seeds to demonstrate 
heat production during germination. Prat then demonstrated distinct patterns of 
thermogenesis in germinating seeds and examined the influence of physical, 
chemical, and biotic factors on the germination process [ 15, 16, 711. He was the 
first to show that the measured heat rates could he correlated with rates of 
gemmination arid vigor and, thus, clefined plant properties of' physiological 
sign i ficancc . 

With the increased sensitivity of calorimeters since Prat's early studies i t  has 
bccomc possiblc to exaniinc metabolic ratcs of "dry" (not hydrated) seeds. 
Though heat rates are low (a few pW per g),  they are significant. Heat rates of 
non-hydrated seeds may be used as ;I measure of metabolic rates under storage 
conditions and has been used as an index of storage life of  impatiens seeds and 
predictor of seedling vigor 1721. Isothermal studies on dry seeds may bccome ;I 
useful tool for nionitoring seed storage. 

The temperature dependence of germination lix been used t o  study germinating 
soybean xeecis [ 73 I and to identify seeds fro111 toiii;ito plants that are capablc o f  
curly spi-ing geI-miriiition 1741. Toilltito cultiviirs that U i l n  be directly seecled into 
thc field to initiate growth during cool spring tenipei-u~u~-es il1-c dcsii-ed t o  cxtend 
the harvest and processing seasons for t ~ ~ ~ i i ~ t o e s .  Comp:irisons of cold 
temperature germination 0 1  cultivars can be done by siiiiply inihihirig the seeds 
with water at a selected temperature ( 5  to 10 "C for toinato) and following the 
time course of heat rate increase thereafter. The correlation of heat production and 
germination allows putative identification of cultivars for early sowing. 
Combining seed studies with srudies of the tomato seedlings a l l ows  further 
identificution ot cultivnrs that ;ire early gerniin;iting and hiivt: good growl11 rates 
at the low temperatures of  early spring. 

Water plnys ;i f'und;tiii~~itaI role in thc storagc Iongcvity o f  seeds. Vertircci and 
coworkers [X .  75 I used differential scanning calorimetry to examine the st3t.e of 
water i n  seeds and then to investigate glass transition behavior i n  bean seeds. 
Bean axes glass transition temperatures were dependent on water content. 
Correspondence of data from bean to models suggested that the intracellular 
glasses are composed of a complex sugar and water matrix. The data obtained so 
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far are not able to relate the implications of a glassy state to storage stability of 
seeds. 

Many temperate zone plants require winter chilling for sufficient time and at low 
enough temperatures to fulfil the chilling requirements to break dormancy 
(vernalization) and achieve good production. For example, grape vines generally 
must be exposed to a period of winter chilling below about 7 ~ to produce good 
yields the following season [76]. Lack of chilling results in low percent budbreak, 
lack of uniform shoot growth, and few clusters. Quantification of dormancy has 
been difficult. Isothermal calorimetric measurement of respiration appears to 
offer one means of monitoring the dormancy state of tissues and predicting when 
bud break and growth will occur. The methods allow direct measurements on the 
tissues to be used in judging dormancy states rather than relying on calculated 
models of time-temperature relations. This has several commercial applications in 
guiding addition of effectors such as hormones to prevent early budbreak or 
prepare growers to force dormancy breaking when necessary. 

Gardea and coworkers [77] have shown that the pattern of respiratory changes 
during dormancy and development of Pinot Noir primary grape buds could be 
followed by calorimetry. Respiration decreased during endodormancy and 
increased during ecodormancy and as bud development progressed. Definition of 
the pattern of metabolic change was used to identify stages of budbreak and the 
progress of this process. Clark et al. [78] approached examination of dormant 
grape buds by thermal analysis to examine supercooling and seasonal cold 
hardiness. The results were suggestive of a relation between thermal analysis 
predicted hardiness and actual field hardiness, but more careful studies are 
needed to establish such a relation. 

Both scanning and isothermal calorimetry have been used to examine 
vernalization of peach seeds [79]. A quantitative relation was established between 
vernalization time and seedling vigor measured as metabolic heat rates by 
isothermal calorimetry. In addition, scanning calorimetry showed a relation 
between vernalization time and high temperature sensitivity. Longer vernalization 
treatments gave greatly enhanced seedling vigor and lowered the maximum tot 
high temperature stability. 

3.5. Temperature dependence of plant growth 
The spatial distribution of a plant species is limited by the adaptive range of 

climatic conditions of the species. Temperature is one of the most significant 
determinants of plant distribution, but except lot lethal limits, little is known 
about physiological changes in response to differences in environmental 
temperature. Microcalorimetry has been used to examine temperature dependence 
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of plant metabolic rates over the normal environmental temperature range for 
selected annual and perennial plants [52]. Distinct differences were found in the 
metabolism of woody perennial plants from high latitudes and high elevations 
and closely related low-latitude and low-elevation plants [52]. Low-latitude and 
low-elevation woody perennials have Arrhenius temperature coefficients for 
metabolism that are larger than those for congeneric high-latitude and high- 
elevation plants. A simple function was developed relating Arrhenius temperature 
coefficients to latitude and elevation for accessions of three, woody perennial 
species complexes of plants collected from a wide geographic range. The 
difference in Arrhenius coefficients is maintained when plants are grown for 
years in a common garden, indicating that this is a genetically defined trait, rather 
than a difference due to acclimation to different climates. In general, plants that 
are adapted to growth in climates with large diurnal and seasonal temperature 
variation have temperature coefficients of metabolism that are smaller than those 
of plants native to climates with small temperature fluctuations. The temperature 
dependence of metabolism can thus serve as an indication of the range of climatic 
temperatures suitable for growth of a given plant. 

A second important finding from these studies [52] was that Arrhenius plots of 
log metabolic heat rate vs. reciprocal absolute temperature for many plants within 
a species produces a family of lines with different slopes, but a common 
intersection temperature, i.e. all the genotypes measured have the same metabolic 
rate at a temperature (or narrow range of temperatures) referred to as the 
isokinetic temperature. The isokinetic temperatures measured so far all fall within 
the normal range of growth temperatures. The ranking of metabolic rates for the 
genotypes is reversed in going from one side to the other of the isokinetic 
temperature. To the extent that growth rate is proportional to metabolic rate, this 
also indicates a change in ranking of growth rates for plants grown at 
temperatures on either side of the isokinetic temperature. These findings offered 
the first insight into physiological properties measurable by calorimetry that 
could be used to provide information on optimum temperatures tbr growth of 
individual plants. 

The relation between climate and temperature coefficients has been used as one 
criterion to guide planting of crops or selection of plants suitable tbr growth at 
select locations [52]. For example, studies of western yarrow have been carried 
out to help in range management [80]. western yarrow (Achillea millefolium) is 
widely distributed throughout many semiarid communities in the Intermountain 
Region of the USA and is currently used to restore disturbed sites, replace annual 
weeds, and reduce site degradation. Individual populations differ in adaptability, 
persistence and establishment. Studies were conducted to determine if respiratory 
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metabolism could be used to predict growth and survival among populations 
grown within a common garden. Growth performance and respiratory metabolism 
of eight populations were measured through two growing seasons. Relative 
specific growth rates and substrate carbon conversion efficiencies as functions of 
temperature were calculated from calorimetric measurement of heat rates and 
respiration rates. These calculations allow identification of optimal temperature 
conditions for growth of each of the western yarrow populations. This 
information is of potential value for selecting among western yarrow populations 
for revegetation projects. 

3.6. Low and high temperature hardiness 
The ability to rapidly measure high and low temperature tolerance limits for 

survival of plants has been a major objective for range extension of crop and 
ornamental plants. Non-calorimetric methods, mostly based on analysis of cell 
damage after a temperature stress event, are currently used for most estimates of 
small differences in survival at temperature extremes [81]. Among the early 
applications of calorimetry in examining plant temperature hardiness were DSC 
analyses of phase transitions. Chang et al. [82] studied thermotrophic properties 
of thermophilic, mesophilic and psychrophilic blue-green algae grown at high, 
room and low temperatures. Stability of these algae correlated with temperature 
of the endothermic denaturation peak related to biliprotein denaturation. Intact 
tissues of most plants do not show phase transitions in scanning calorimetry [83], 
but phase transitions in lipid preparations from plants are readily observed [84]. 
Lipids from cool climate crops are generally less saturated than those from warm 
climate crops and have correspondingly higher "melting temperatures". While 
this correlation holds well, differences among melting temperatures do not allow 
sufficiently fine discrimination among plants for selection of cold tolerant 
genotypes. 

The procedures of Rank et al. [38] using a temperature cycling method based on 
isothermal measurements (outlined in 1.8.3 above) describes the time and 
temperature dependence of damage to the plant tissues at both high and low 
temperatures. The procedures, while producing a thorough description of plant 
inactivation and insight into inactivation processes, are slow and not suited to 
comparative analysis of large numbers of plants. Another calorimetric-based 
rationale has been developed for selection of low temperature tolerance. For 
many plants, stability at low temperature can be related to the ability to maintain a 
sufficient level of respiration at low temperature to overcome effects of 
degradative reactions such as photooxidation that damage plants at low 
temperatures. Plants that can maintain respiration at a low temperature are able to 
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repair such damage. With this rationale, metabolic heat rates at 3 to 5 ~ have 
been used to rank cold tolerance of 16 species of Eucalyptus. The ranking 
obtained correlates well with the accepted cold stability rankings based on years 
of studies on these species. The calorimetic studies are relatively rapid, allowing 
calorimetry to be used to examine intra-species cold tolerance [85]. 

3.7. Stresses other than temperature 
3.7.1. Salt 

The effect of salinity stress on metabolic heat output of barley (Hordeum 
vulgare) root tip was measured by isothermal calorimetry [34]. Root tips were 
placed on moistened filter paper in a calorimeter ampule and isothermal heat rates 
measured. The roots were then flushed with salt solution in increasing increments 
and metabolic heat rates remeasured at each concentration. Barley root 
metabolism remained relatively constant as salt concentration was increased to a 
critical level at which heat rates dropped precipitously. Three barley varieties 
differing in tolerance to salinity were compared and differences quantified. Two 
levels of inhibition by increasing salt were found. Following the transition from 
the initial rate to the first level, inhibition remained at about 50% with further 
increases in salt concentration up to 150 mM. The concentration of salt required 
to inhibit to this level was cultivar dependent. At higher concentrations 
(>150mM) of salt, metabolism was further decreased. This decrease was not 
cultivar dependent. The decreased rate of metabolic heat output at the first 
transition could be correlated with decreases in uptake of NO3-, NH4 + and 
inorganic phosphate that occurred as the salt concentration was increased. The 
high degree of dependence of the inhibition of metabolic heat output on NaC1 
concentration points to a highly cooperative reaction responsible for the general 
inhibition of metabolism and nutrient uptake. Inhibition of root tip metabolism 
was not reversed by washing with salt free solutions. 

Studies of salt inhibition of the halophilic shrub Kochia gave a different pattern 
of salt inhibition of metabolic rates [86]. Metabolic rates decreased nearly linearly 
with increased salt concentration. Possibly this response by the halophile reflects 
a continuous use of metabolic energy to pump out salt, as opposed to barley 
which may exclude salt until it is no longer successful and is injured. 

Salt inhibition of Chlorella has also been studied by calorimetric methods by 
Loseva et al. [87]. Addition of low salt concentrations causes an increase in 
metabolic rate. The increased metabolic rate is not sufficient to offset energetic 
losses and growth rate of the Chlorella is reduced. 
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3.7.2. Methanol 
Methanol at high application rates severely stresses plants and results in 

decreased growth rates or mortality. However, some reports suggest that at low 
concentrations, methanol may stimulate growth and enhance yields of many 
commercial crops by as much as 50 to 100% [88]. The initial reports of 
stimulation of yield by methanol have been difficult to duplicate. Many authors 
have discounted the initial results. Others have achieved small increases in yields 
under field conditions. No one has been able to repeat the initially reported large 
yield increases, identify why the results are not reproducible, or satisfactorily 
explain how methanol could act to cause increases. One problem with most 
studies to date is an inability to address the multiple variables that can influence 
response to methanol. It is virtually impossible to control and alter sufficient 
numbers of variables in field studies. Evaluation of the effects of changing 
variables in long term growth studies in controlled environments is possible, but 
analysis requires growth seasons to complete so that the large number of possible 
variables makes analysis difficult by growth yield procedures. Hemming et al. 
[89] developed calorimetric methods to examine short-term effects of methanol 
on metabolic heat rates and efficiencies. Metabolic rate measurements were used 
to calculate growth rates lk)llowing exposure of plants to methanol under an array 
of conditions. Because these experiments required only a few hours rather than 
growth seasons to complete, a wide range of treatment and plant growth variables 
could be examined to determine whether appropriate conditions for methanol 
stimulation could be developed. This study showed that methanol at low 
concentration generally increases metabolic rate but decreases substrate carbon 
conversion of bell pepper. Only under very limited conditions was an increase in 
both metabolic rate and efficiency of methanol treated tissues noted. 

3.8. Nutrient limitations 
Nutrient limitations or imbalances stressing plant growth are reflected in 

metabolic rates and efficiencies. A multifactorial study by Hilt et al. [901 
showed that radish seedling growth and respiration are extremely sensitive to 
both the absolute and relative concentrations of N, P, and K in environments 
with multiple nutrient limitations. Resource limitations on growth were 
reflected as changes in respiration measured as both metabolic heat rate and 
CO2 rate. Limiting concentrations of the macronutrients N, P, and K cause 
increased CO2 and metabolic heat rates, decreased efficiency, and a 
corresponding decrease in growth rates of the radish seedlings. The model of 
Hansen et al. [201 relating plant growth rates to respiration parameters was used 
to describe resource-limited growth rate. 
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3.9. Herbicide effects on plant metabolic properties 
Suwanagul [91] developed microcalorimetric methods for early detection of 

weed resistance to herbicides by measurement of differences in metabolic 
responses between herbicide resistant and susceptible biotopes. Herbicides were 
applied to young weeds and, after appropriate times, metabolic heat rates of 
meristematic tissue was measured. Three weed species and three herbicides with 
different modes of action were examined: atrazine, metsulfuron-methyl and 
diclofop-methyl. Susceptible weed metabolic rates were inhibited at lower 
concentration of herbicides than the resistant biotopes. Calorimetry offered a 
rapid way to screen for resistant weed populations. Suwanagul concluded that 
early detection of weed resistance via calorimetry is an important tool for 
assisting farmers in dynamic managing of weed resistance. 

3.10. Pathogens on plants 
Lawrence and Yuen [92] developed isothermal microcalorimetric techniques to 

rapidly assess fungicide activity with a goal of screening for the presence of 
antifungal metabolites in plant extracts and microbial fermentation broths. 
Although not strictly plant calorimetric measurements, since the heat measured is 
generated by the fungi, this study is cited here to illustrate a promising method for 
examining properties of plant products by their effects on the metabolic heat rates 
of other organisms. Lawrence and Yuen used decreased metabolic heat rates in 
the presence of plant extracts and other substances as a measure of antifungal 
activity. The were able to measure fungicidal activities against the filamentous 
fungi Pvthium aphanidermatum and Pvricularia oryz.ae in as little as 4 to 8 h with 
only nanogram quantities of inhibitors. These studies are analogous to the many 
studies published investigating antibiotic activities on microbial cultures [93, 94]. 

Cofie-Agblor et al. [29] have recently examined insect activity in stored wheat 
by isothermal calorimetry. They measured isothermal heat of respiration of 
Cryptolestes ferrungineus (Stephens) adults and larvae and interpreted the 
enhanced heat rates in insect contaminated wheat as an indication of insect levels. 
It appears that calorimetric assay of insects during feeding on plant materials may 
become a convenient means for identifying levels of activity and for studying 
effects of insecticide treatments on viability. Once again the major barrier to 
practical application of these methods appears to be the limited sample 
throughput with current calorimeters. 

3.11. Forestry Applications 
Forest products are important economic commodities. Demand for these 

products is increasing while availability is decreasing. Calorimetric methods have 
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the potential to identify trees capable of rapid biomass formation and therefore 
appear to be of use in restoring availability of wood and wood products. The 
studies reviewed here are aimed at this goal. 

3.11.1. Larch 
The first calorimetric studies of tree metabolic heat rates simply examined 

possible correlations between metabolic heat rate and growth rate of Larch (Larix 
larcina, Koch) [95]. Using small meristematic tissue sections from the growing 
branch tips, the results showed that (a) there is a wide variation of metabolic heat 
rates among larch clones, even among populations that have been selected for 
growth rate by traditional methods, (b) for some of the populations a correlation 
exists between measured metabolic rates and growth rate of trees in field test 
plots, and (c) in these populations, the metabolic rates could probably be used to 
select trees with potentially fast growth rates. 

3.11.2. Redwood 
The next calorimetric study of trees also searched for correlations between 

growth rate and metabolic heat rates, but began to address additional questions of 
tree age effects on measured metabolic rates [96]. Coast redwood (Sequoia 
sempervirens) was examined both as 60-day-old unrooted clones and as 25-year- 
old trees. Metabolic heat rates were linearly related to integrated growth rates of 
both the unrooted clones and the 25-year-old trees, though the proportionality 
coefficient differed tk)r the different age classes of trees. It was proposed that dark 
metabolic heat rate is directly proportional to growth rate of redwoods under 
optimum conditions if the efficiency with which the photosynthate is converted 
into biomass is constant. If the efficiency is not constant, heat rate measurements 
are not a sufficient measure of growth rates, and measurements of both efficiency 
and metabolic rate are required to predict plant growth rate [96]. 

Redwood studies were extended to examine growth of trees collected from 
across the entire natural range for coast redwoods and growth in a single 
plantation [97]. This study initiated analysis of both heat rates and Rco2 as a first 
attempt to include efficiency determinations in the growth-metabolic rate 
relations. The relation between growth rate traits (height, basal diameter, stem 

volume, and branch diameter) and respiratory traits (q~, Rco2 and q)/Rco2 ) was 
examined on a collection of 192 genotypes of coast redwoods. Height, basal 
diameter, and stem volume gave highly significant (p< 0.001) positive 
correlations with calorespirometrically measured metabolic traits. Combining the 
four growth traits and the three respiratory variables to give two canonical 
variates, one representing growth and one representing respiration, gives a strong 
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linear correlation (r = 0.85). These data suggest that simultaneous assay of 
multiple respiratory measures on juvenile trees can be used to predict their 
longer-term growth rates. 

Respiratory rate properties of coast redwood were shown to differ systematically 
with the native growth site of individual clones. Redwoods collected from 
different parts of the native range and grown in a common garden-plantation 
differed in their responses to temperature. Scanning calorimetric analysis of 
metabolic activity from 10 to 55 ~ showed the overall patterns of changing 
metabolism with temperature of 16 representative clones were generally similar 
for all the coast redwood tested. However, high temperature stability, as measured 
by the temperature of peak activity and the peak metabolic heat rate, differed 
substantially for samples from the five regions. This is shown in Figure 8 with the 
high temperature regions of Arrhenius plots of representative clones from each 
region. Plants from the warmer southern and inland portions of the range had 
higher temperatures for peak activity. Those from the northern portion of the 
range were more sensitive to the high temperatures. The high temperature at 
which activity began to decline was directly related to the native extreme high 
temperature. The practical value of these results is demonstration of the 
possibilities of scanning calorimetry for selection of clones likely to adapt to 
particular sites or defined ranges of sites. In a broader sense these results show 
the match between respiration properties and native growth climate and support a 
conclusion that this match is critical in determining growth range and survival. 

Further analysis of adaptability of redwood to the range of natural habitat was 
performed by comparing heat rate and efficiency changes of coast redwood and 
giant sequoia (Sequoiadendron giganteum) as temperature is changed [98]. Coast 
redwood and giant sequoia currently have separate, relatively narrow native 
geographic distributions. Distinct differences exist in the climates to which 
these two species are adapted, i.e. coast redwood is native to a narrow range of 
coastal or near coastal locations with near uniform, moderate temperatures in 
northern California while giant sequoia survive in a similarly narrow range of 
Sierra mountain sites but with wide temperature variations. Measurement of the 
temperature dependencies of respiratory properties of plants from the two 
species allows description of the differences in temperature dependence of 
growth and thereby an insight into physiological features governing their 
differences in climatic adaptation. Simultaneous respiration rate measurements 

of q~ and Rco2 followed by calculation of efficiency and specific growth rates 
indicated that coast redwood do not grow at temperatures below about 10 "C. 
Both metabolic rate and efficiencies increase with increasing temperature above 
10 "C and growth rate reaches a maximum near 25 "C. Near 35 "C, efficiency 
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Figure 8. Scanning calorimetric analysis of tissue from coast redwood clones 
native to different regions of the redwood growth range, but grown in a 
common garden. An Arrhenius plot of metabolic heat rate vs. reciprocal 
temperature shows differences in sensitivity to high temperature parallel high 
temperatures in the native growth sites. South indicates plants from the southern 
end of the native growth range. Extreme high temperatures of native locations 
decrease systematically in the order south, interior, middle, north, and coast. 

becomes zero and growth stops. Thus, respiration measurements and growth rate 
calculations indicate a range of growth between 10 and 35 "C for coast redwood. 

In contrast, based on respiration measurements, giant sequoia is predicted to 
grow efficiently, albeit slowly, near 0 "C, increase rate and efficiency up to about 
15 "C, decline in growth rate with higher temperatures, and stop growth above 21 
~ The growth rate vs. temperature patterns predicted from calorespirometry 
measurements indicate the distinct temperature responses of the two redwoods 
that are evident in their native growth environments. 

Because the responses of metabolic properties to changing temperature reflect 
the differences in native growth climates of the coast and giant redwood, it is 
possible to measure metabolic properties of additional coast redwood and giant 
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sequoia ecotypes, identify intra-species variation in response to temperature, 
and infer climatic conditions most favorable for growth of each ecotype. 

3.11.3. Eucalyptus 
Many of the experiments on redwood have been repeated and extended in 

studies of Eucalyptus. The relation between respiratory physiology and growth 
rate of Eucalyptus and the effects of environment on this relation were studied 
by Criddle et al. [99, 100] for the purpose of developing means for accelerating 
and improving selection of trees for biomass production. The relations among 
biomass production, respiratory metabolism and growth temperature were 
determined in controlled environments. Three Eucalyptus clones were selected 
for this study because of known qualitative differences in their growth 
responses to temperature. These genotypes (clones) were grown in controlled 
environments at three temperatures. Measurements were made of growth rate, 
metabolic heat rate, and dark CO2 production rate for plants grown at each of 
the three temperatures. This allowed determination of respiration rates of plants 
adapted during growth at three different temperatures and also determination of 
respiration changes resulting from rapid changes in temperature during short- 
term measurements of respiration rates. Metabolic heat rates and the 
temperature dependence of metabolic rate differed for plants adapted to growth 
at different temperatures, but relative order of clones remained the same. The 
metabolic rates measured for all three genotypes at three growth temperatures 
are linearly and positively correlated with measured biomass growth rates. 
Thus, relative growth rate performance in any environment can be predicted 
from a knowledge of respiratory parameters measured as a function of 
temperature for plants grown in a common environment. 

Calorespirometry has also been used to examine relationships among 
measured plant growth and respiratory parameters, geographical origins, and 
growth climate [101, 102]. Twenty Eucalyptus species and 33 rapid-growing E. 
camaldulensis trees growing in common gardens were examined. Metabolic 
heat rate measurements were made at different temperatures by isothermal 
calorimetry and as a continuous function of temperature by differential scanning 
calorimetry in the range from 10 to 40 "C. The values of respiratory and growth 
variables of Eucalyptus species are significantly correlated with latitude and 
altitude of origin of their seed sources. The results show the maximum 
metabolic heat rate, the temperature of the maximum heat rate, the temperature 
coefficients of metabolic rate, and the temperatures at which the slopes of 
Arrhenius plots change are all genetically determined parameters that vary both 
within and among species. Since the mechanistic relation between respiration 
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and growth rates is known, determination of the growth rate - respiration rate - 
temperature relations guide understanding of differences in relative growth rates 
of Eucalyptus species and individual genotypes in different climates. The 
temperature dependence of respiration rates is a dominant factor determining 
relative growth rates of eucalypts in different climates. To achieve optimum 
biomass production, the values of temperature dependence of individual plants 
must be matched to growth climate. 

Calorespirometry studies have also examined the use of respiration parameters 
in selection strategies for obtaining superior trees for breeding programs [102]. 
Respiratory and specific growth rate parameters of Eucalyptus were measured 
on poor and superior trees from 17 Eucalyptus species, all growing in a 
common garden. The results show the respiratory traits predict the known 
growth rates with a high degree of reliability. High heritability of the respiratory 
traits makes it possible to use these traits to select superior trees for breeding 
programs. Respiratory properties are useful for selection of superior taxonomic 
groups such as superior subgenera or superior species within subgenera or 
superior provenances within a species, or superior individuals within open- 
pollinated half-sib progenies to use in genetic improvement programs. 

Respiratory parameters in species of eucalypts change with maturation state of 
the trees. Metabolic heat rates, CO2 production rates, and temperature 

coefficient of heat rate all showed systematic changes with tree age. Therelore, 
maximizing economic returns also depends on understanding and quantifying 
the growth rate as a function of tree age. 

3.11.4 Other trees 
Poplars. Hybrid poplar clone growth rates have been correlated with tissue 
metabolic heat rates and CO2 rates measured through an entire growing season. 
A general correlation was shown between increased r and Rcm and increased 

growth rates of the clones. Also, plants with high ~/Rco2 generally were poorer 

growers than those with low ~/Rco2. In spite of these general correlations, the 
data scatter was large and respiratory values were not highly useful for 
identifying clones with superior growth capabilities [103]. A major problem 
appears to be the marked differences in temperature responses among the 
clones. Calculated Rsc values for some clones indicated greatly enhanced 
growth rates at high temperatures while others became inefficient and slowed 
growth as temperature increased above about 20 "C. Since growth temperature 
fluctuated both diurnally and with season, there was a change in the relative 
growth rates of the clones. Identification of the best clones for growth will 
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require accurate analysis of metabolic properties 
temperatures for growth at each planting location. 

and average kinetic 

Pines. Calorimetric studies of growth rates and temperature responses have not 
been employed to examine pine trees. Two studies were conducted to analyze 
effects of air pollutants on the respiration properties of Ponderosa and Jeffrey 
pine needles. Bower [104] used one-cm needle segments and demonstrated a 
correlation between the extent of ozone damage, measured as the number of 
lesions on the needles, and isothermal metabolic heat rates. He also measured 
increases in metabolic heat rates resulting from acid and nitrate deposition on the 
needles. Momen et al. [105] conducted a more controlled study of acid rain and 
ozone effects on Ponderosa pine with defined applications to plantation grown 
plants. In seedlings, metabolic heat rates increased in response to ozone and 
combinations of ozone and acid rain. Mature tree metabolic activities showed no 
response to ozone, acid, or combinations of the two. No studies were made to 
determine whether metabolic efficiencies were altered by these treatments. Thus 
the results show that calorimetry can be used to monitor pollutant effects on trees, 
but more definitive experiments must be done to identify how the observed 
responses relate to growth and survival of the trees. 

3.12. Annual crops 
Calorimetric studies are beginning to be used to evaluate growth properties of 

annual crop plants. Celery metabolic rates tk)llowing cold treatment can be used 
as an index for bolting. Tomato metabolic rates at high temperature may be used 
as an indication of fruit production as high values of Rsc, at elevated 
temperatures, determined from calorespirometric measurements, are commonly 
associated with poor fruit production. Tomato plants that are stressed and have 
poorer RSG at high temperature shut down vine growth and have larger fruit 
yield [74]. This inverse relation between fruit production and vigorous vine 
growth at high temperature is well known from other observations. The 
advantage of calorimetry is in using young plants to rapidly identify the growth- 
temperature characteristics. 

Lettuce has been studied in detail and will be used here to demonstrate the 
capabilities of calorimetry in helping to guide production of annual crops. To 
maintain a steady supply of commercial lettuce, plants are grown throughout the 
year at locations with different climates. For maximum yield, it is important to 
plant varieties with growth properties matched to the climates. This has been 
largely an empirical procedure. Fontana et al. [106] describe rapid metabolic 
rate measurements to identify suitable growth climates. Commercial lettuce 
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varieties were raised under common conditions in a greenhouse to allow 
comparison of their metabolic properties. Metabolic heat rates were examined 
over a wide range of temperatures. Each variety, although grown under 
common conditions, has distinct values of metabolic heat rate per mg tissue, 
distinct temperature dependence of metabolism, and cultivar specific maximum 
activity temperatures. Values of the metabolic parameters readily separate 
coastal from desert, winter from summer, and Romaine from iceberg varieties. 
Growth rate predictions based on metabolic parameters for individual varieties 
agree with available intbrmation on commercial yields and growth 
temperatures. A combination of metabolic rate measurements that define growth 
rate differences, and differences in the effects of temperature on growth rate can 
be used to rapidly identify and select lettuce varieties most suited to growth 
within a given climate. These methods provide opportunities for enhancing 
breeding programs for development of additional varieties for increased 
production. 

3.13. Ecology and climate change 
Widdows [107] and Reh [21 have reviewed plant calorimetry applications 

related to ecology. Most thermal studies related to ecology have measured heats 
of combustion of trees, pollen, stem, bark, etc., or have employed TGA to 
examine characteristics of plant constituents or isolated products [108]. DSC 
studies of plant properties have focused largely on physical properties of plant 
products, such as studies of lipid transitions [6] or of wood properties betbre and 
after fungal degradation [3-5]. Isothermal calorimetry studies in plant ecology 
have been largely directed at determination of microbial activities using various 
plant tissue sources as substrates. 

Measurement of plant metabolic properties has the potential to contribute 
strongly to ecological studies in the future. It is hypothesized that inferences 
about species distributions and changes in species distributions can be drawn 
from knowledge of the effects of temperature on respiratory parameters. The 
hypothesis suggests calorespirometry can be used to study plant distribution and 
temperature linked responses of plants in the wild. 

Little information is currently available on the physiological parameters that 
control plant distribution changes in response to temperature changes. Most 
studies of the effects of temperature on species distribution have focused on 
plant survival and reproductive ability when confronted with climatic 
temperature extremes and on the biochemistry of responses to extreme 
temperature events [109]. However, temperature affects plants in two ways. 
Extremes of temperature, either high or low, can kill or prevent reproduction. 
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This is well known and the process is well characterized, i.e. the effects of an 
extreme temperature event are reasonably predictable. What is much less 
appreciated and poorly charactcrized in cuology is the effect of small changes in 
temperature regimen on growth (competitive success) and reproduction 
(reproductive success) of plants even when extreme limits arc not exceeded 
[ I I O ,  1 1 1 1 .  

Some studies [ 5  1-53, 1021 strongly suggest that respiratory metabolism and 
climatic temperature regimen must be closely matched if a plant is to thrive. 
Other recent work leads to the postdate that there are “respiration ecotypes” 
with respiratory metabolism related to certain environmental variables just as 
thcrc arc often morphological ecotypes of a species in different environments. 
The observation that respiration rates of different ecotypes of a species arc all 
approximately equal when measured at the mean growth temperature in the 
ulimatc o f  origin [ 112) is cvidence in  support of this hypothesis. The 
correlations found between extreme temperatures and indications of changes in 
respiratory metabolism [47] are further support for this hypothesis. Also, the 
temperature dependence of metabolic heat rates measured in the dark is a 
physiological characteristic correlated with climatic temperature[ SO]. Fitness for 
growth in nn environment requires an appropriate p,,, and pcOz for metabolism. 
Inappropriate temperature dependence is ;I major reason why plants adapted to 
Swyriiphic regions with n;irrow rmges of temperature fluctuation do not grow 
well i n  regions where larger fluct~~i~tions ;ire experienced. even when 
temperiiture stability limits are not exceeded and avcriige tcmperutures are the 
swnc [ S  1 I .  
pa, and pc-or values for different ecotypes :ice often not the same nor are they 

irily equnl to the nominal value o f  about S kK.  Values differ widely 
within and ainong species. Some plants   no re than double their metabolic and 
growth rates with a ten degree change i n  temperature while others of the same 
species do not closely approach a doubling of rate. Thus, increasing ili’erage 
temperatures will have greater effects on some species and some ecotypes of 
each species than on others. Also? plants growing in most temperate climates 
are repeatedly exposed to high temperatures h a t  stress growth, even when other 
envirrmriiental factors are. near optimum 1261. Plant growth rates within and 
among species differ markedly in  tolernnce to high temperatures, and further 
differ in s i i  r v i v ab i I i t  y fo I lowing high t e mpe rat 11 re s t re s se s . Th i s agn i n 
emphasizes that high temperatures and increasing average temperatures will 
affect ecotypes within a species differently. Metabolic ecotypes optimize 
growth within different temperature ranges within the species range of 
adapt at io n. 
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3.15. Molecular Biology 
Seven calorespirometrically measurable respiratory traits and three 

calculated traits that define plant growth rates and adaptation to a given 
environment have been defined, q~, Rcoz,  q~/Rcoz , Ro2 , ~t~, Ftcoz, the 
temperature of maximum metabolic rate, the temperature at which activity 
increase with temperature deviates from Arrhenius behavior and ~ and Rsc. 
These are genetically controlled, heritable traits that can be selected in 
genetic crosses for growth improvement. The ten respiratory characteristics 
occur in specific, distinct combinations among different species and among 
different genotypes within a species. Since each respiratory parameter 
contributes uniquely to growth rate and temperature adaptation, a rationale 
for breeding programs to develop rapidly growing genotypes can be based 
on combination of appropriate respiratory characters. This provides a new 
rationale for rapid improvement of biomass production. 

Much discussion has occurred regarding genetic engineering of plants for 
more rapid biomass production. However, there have been few candidate 
genes (quite possibly no viable proposals) suggested as targets for increased 
growth rates. The recent calorespirometric studies have made a start in 
narrowing the field in a search for possible gene sites that may be altered to 
increase rates by identification of distinct metabolic processes defining 
growth rate. Much remains to be done to further define reactions that are 
rate or energy use efficiency limiting within the ten identified metabolic 
processes defining growth rates before rational attempts at genetic 
engineering are possible. However with distinct, readily measurable, 
quantifiable traits related to growth rate in a given environment, it is now 
possible to initiate genetic analyses by RAPDS or similar techniques to 
begin molecular investigation of means for preparing truly superior plants. 
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1. INTRODUCTION 

Since the awakening of inatikitid wood has played a n  ever increasing rolc in  
daily life. With the "taniing a i d  doiiies~ication" of fire at the very begitming oi' 
the energetic evolution and civilization of inan tlie first direct lieat soiirce 
besides the siin was adapted f'ur human life giving chance lo conquer otherwise 
not habitable regions of tlie Earth. Wood to construct shelters for tlie night and 
fences against wild animals supported this development. Wooden tools and 
weapons facilitated Iiunting and harvesting, simple fiirnitiire made life easier. 
Drugs froin plants, slirubs and trees cured diseases or transposed into magic 
states during shamanic activities and tied connections to demons or gods. Trees 
became animate beings atid liomcs of divinc creatures as shown in many of thc 
botanical names. Bark, bast and other parts of the tree served as mitrces of early 
paper production enabling the written tradition of' history or conIiection between 
different people. Well sounding pieces of beaten wood 01- flutes tnsde fiom 
wliole braticlies were the first music instruments used by our aiicestors long ago. 
in tlie romantic periods of previous centuries deep sentiments towards trees and 
forests developed, froin anxiety i n  the gloomy pine and spruce preserves to 
religioiis admiration i n  the light-flooded assembles of beeches arid oaks. I n  
rnoderti times of increasing ir1fluenc.e of plastic inaterial wood experiences a 
special esteem i n  house construction, inside decoration and fiirnittire 01- 

accessories. The present chaptcr deals with s a n e  of' the tIicrrnuanalytIca1 aspects 
of wood application in  our daily life. 
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2. CHARACTERISTICS OF WOOD 

Wood is a strongly anisotropic, multicomponent, molecularly non-homogene- 
ous material whose components exist in continuous separate intermingling 
structures [1 ]. Its main entities are three polymers: (i) 40 to 50 % cellulose exclu- 
sively constructed of glucose units; (ii) 20 to 30 % hemicellulose with xylose, 
mannose, glucose, galactose and arabinose as sugar subunits; and (iii) 20 to 30 % 
resin like lignin. To present one example more precisely, the data for the balsam 
fir (Abies balsamea) are the following: 49.4 % alpha-cellulose, 15.4 % hemicellu- 
lose, 27.7 % lignin, 1.5 % acetyl, 0.5 % ash and 4.6 % extractives [1]. Moreover, 
wood contains an extraordinary diversity of substances such as fats, fatty acids, 
resin acids, waxes, tannins, phlobaphenes, colouring matters, gums and others in 
changing quantities. The general elementary composition is: 52 % carbon, 4 1 %  
oxygen, 6 % hydrogen and 1% ashes [2]. 

Wood has a triple function in the life of a tree. It serves (i) as a structural ele- 
ment to guarantee stability and rigidity; (ii) as a hydrosystem to transport water 
and essential elements from roots to branches and leaves; and (iii) as a storage 
tissue for reserve substances, surplus elements like calcium and silicon, or for 
special heartwood compounds such as colour molecules, resins or tannins with 
pest control abilities. The heartwood centre of a tree is characterized by dead 
cells, while the sapwood of the outer parts of a trunk contains the "living" paren- 
chymal wood of the tree. This is the region of the secondary growth in thickness 
with its typical seasonal fluctuations leading to the well-known annual rings of 
early and late wood. The transition from the inner, dead heartwood to the outer, 
living sapwood is not a process of slow dying, but an active process with mobi- 
lization of reserve substances in the heartwood and deposition of tannins and the 
mentioned surplus elements instead of them. 

The dead tertiary outward tissue of the tree is formed by the bark. Its thickness 
together with incorporated tannins and phlobaphenes - responsible for the darker 
colour of this p a r t -  offer an effective protection against fungi and parasitic 
insects. Moreover, bark increases the survival chances of trees in wildland fires 
since it is hardly flammable and almost not combustible. 

The interest in wood as fuel is small in industrial communities, while in poor or 
developing countries no real alternatives for wood exist [3]. A first worldwide 
investigation of energy consumption led to the great surprise that families relying 
exclusively on wood for all needs of daily life use as much as 3 to 4 t annually. In 
their global statistics about woodfuel consumption, the Food and Agricultural Or- 
ganization (FAO) determined that the demand for wood as an energ~s source is at 
least as high as that for all other purposes together: about l09 t per year [4]. Thus, 
wood is a very important source of energ3~ exceeding that of nuclear and hydro 
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plants [3]. Although wood contributes only 1 %  to the fuel consumption of indu- 
strial countries, there it plays an important role as the source for the production of 
paper, furniture, cellulose and other products. About one ton of dry wood is used 
per capita and year. 

More detailed information about wood may be found in specialised mono- 
graphs [5-8] or textbooks of plant biology [9,10]. 

3. INVESTIGATIONS ON WOOD 

Due to its importance in many fields of engineering and industry, wood is in- 
vestigated by a broad spectrum of different methods, including all kinds of che- 
mical analysis and chemical decomposition into its main components hemicellu- 
lose, cellulose and lignin, many physical procedures and some microbiological 
tests. They will be cited - if necessary - in connection with the presentation of 
thermoanalytical results. 

Although wood in general is a dead and living tissue at the same time with 
active metabolism in the parenchymal region of bast between sapwood and bark 
and although isothermal microcalorimetric experiments are possible on such spe- 
cimens (see below), we will concentrate on thermoanalytical investigations under 
a pro~ammed temperature control in this chapter. Experiments to "quantitatively 
compare apples and oranges" [11] or to determine the growth abilities of clones 
of larch [12] or coast redwood [13,14] are left for Chapter 10 "Calorimetric Me- 
thods for Studies of Plant Energetics" in this Handbook. 

Differential Thermal Analysis (DTA), Differential Scanning Calorimetry 
(DSC), Thermomechanical Analysis (TMA) and Thermogravimetry (TG inclu- 
ding Derivative Thermogravimetry DTG) - sometimes coupled with Mass 
Spectrometry (MS) or Fourier Transform Infrared Spectrometry (FTIR) - were 
introduced into this field of research mainly after the Second World War (see 
Volume I for technical details). The literature from these early days was compiled 
in some reviews [15-17]. In the well-known monographs "Differential Thermal 
Analysis" of Mackenzie [18,19], two chapters are connected with wood: That of 
Mitchell's and Birnie's [20] broad survey of "Biological Materials" with investi- 
gations on roots and leaves and thermal analyses of pine needles (Pinus con- 
torta), and Tang's [21] contribution to "Forest Products" with historical data and 
own experiments. He states that "...published work has not as yet fully explored 
the capability of thermoanalytical techniques in forest-product research". Al- 
though the number of papers dealing with all the different questions of wood 
properties and reactions has increased considerably we do believe that his state- 
ment is still correct, perhaps not as severe as twenty five years ago. Tang points 
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to the fact that thermoanalytical methods could be used to investigate processes in 
forestry connected with (i) formation and decomposition reactions; (ii) growth 
and decay of wood; (iii) gain or loss of moisture, gases or volatiles during pyro- 
lysis; and (iv) absorption or evolution of heat, all these processes as function of 
the experimental temperature (programme) [21]. 

4. PYROLYSIS OF WOOD 

Pyrolysis - the thermal decomposition of a chosen substance - is essential in 
most wood analyses. Combustion of wood and of its components, cellulose and 
lignin, begins with pyrolysis which creates gases and vapours (volatiles) and a 
solid residue called char, especially charcoal. These volatiles burn with a flame 
when oxygen is present, while char burns by glowing without a flame. Therefore, 
cellulose and hemicellulose stimulate a flaming combustion as they are mainly 
decomposed to volatiles, while char originates from lignin [2]. The volatile com- 
pounds in wood, often called extractives, are chemical substances formed during 
a tree's metabolism. They include sugars, fats, amino acids and a myriad of aro- 
matic compounds [22]. In an early paper DomanskSz and Rendos investigated the 
pyrolysis of different kinds of woods under nitrogen by means of DTA and com- 
pared the thermograms with those of the components cellulose, hemicellulose and 
lignin [23]. Wood exhibited a small endothermic effect between 100 and 170~ 
with a peak at 119~ and a more pronounced exothermic one above 215~ with a 
ma,,dmum around 270~ 

A combination of TG and FTIR was applied during oxidative pyrolysis with 
and without catalytic potassium to investigate the volatile products of cottonwood 
(Populus trichocarpa) heated up to around 480~ [24,25]. Main volatile products 
included water, formic and acetic acid and methanol. Further TG and TG/FTIR 
experiments of Richards and coworkers - mainly with cottonwood - concerned 
the influence of iron on the gasification of chars [26], of other metal ions on igni- 
tion and combustion of sapwood [27], on the pyrolysis of newsprint and biomass 
[28] and on gasification of cellulosic chars [29,30]. A similar technique was 
applied on aspen poplar wood (Populus tremuloides) to determine the dehydra- 
tion and condensation reactions under nitrogen during pyrolysis of hemicellulose 
(near 230~ and of cellulose and lignin (between 350 and 420~ [31]. The ob- 
tained recondensed material showed a polyaromatic nature and was not volatile 
below 420~ and only partly up to 700~ 

Arima [32-34] performed simultaneous TG and DSC investigations on the 
thermal decomposition of various tropical soft- and hardwoods in air and in nitro- 
gen. Under air, two main exothermic peaks and an exothermic shoulder were ob- 
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served while nitrogen exposure caused two endothermic peaks [32]. Holocellu- 
lose showed similar thermograms to those of wood while lintercellulose, some 
other types of cellulose, hemicellulose and lignin exhibited specific endothermic 
and exothermic peaks depending upon preparation and experimental conditions 
[33,34]. 

Decomposition of Western Larch (Larix occidentalis), Douglas-Fir 
(Pseudotsuga menziesii), Ponderosa Pine needles (Pinus ponderosa) and foliage 
from gallbery (Ilex glabra) was investigated by TG and DTG [35]. All four 
samples showed unusual, strong peaks from unknown combustible volatiles. In 
the first one arabinogalactan could be determined as the source of a peak between 
325 and 350~ while suberm became active in fir bark above 400~ and cutin in 
the same temperature range in pine and gallbery. The water-soluble hemicellulose 
arabinogalactan is associated with cell walls and forms an abundant component in 
larch. It totals up to 35 % in the heartwood of some species. Suberin is found in 
large quantities in the cork of Douglas-fir bark. It is a complex polymer of 
hydroxy fatty acids esterified to phenolic acids. Cutin - an almost exclusive poly- 
mer of hydroxy fatty acids - is the mare compound in cuticular membranes of pine 
and gallbery. As the authors point out, it is essential to have a sound knowledge 
about such compounds because they are important for the prediction and control 
of midland fires which are an integral part in the life of native ecosystems [35]. 

Stems and leaves of the Chilean Euphorbia copiapina were analyzed by means 
of TG, DSC and combustion calorimetry to evaluate their quality as a source of 
botanochemical compounds and fuels, using various zeolitic catalysts [36]. The 
applied catalysts shifted the pyrolysis to mixtures with interest as fuels and indu- 
strial chemicals. 

Cozzani and coworkers published a series of papers concerning the pyrolysis 
of refuse-derived fuel (RDF) by means of TG, DSC and a laboratory-scale fixed 
bed reactor [37-39]. The commercial pelletized RDF had a portion of 65 to 70 % 
paper and board, 14 to 16 % plastic film and 4 to 6 % wood, rubber and leather 
and could be characterized by the following primary reacting species cellulose 
(53%), lignin (14 %), hemicellulose (1%),  polyethylene (20 %) and inerts (20 
%). Thus, three "key components" had a crucial influence on pyrolysis behaviour: 
paper and cardboard, plastics and wood-like materials. The authors found that the 
interactions between the key components of RDF are negligible, results similar to 
those of Arseneau [1] published earlier. Some limitations to these ideas are given 
by Back and Johanson [40,41] who point out that interactions between the lignin 
and hemicellulose/cellulose components may be possible since at the same time 
radical initiated and inhibiting reactions take place upon heating. In this way 
lignin could act as a radical scavenger for cellulose and hemicellulose radicals. 
Nevertheless, in a first approximation the overall behaviour of pyrolysis can be 
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considered as the sum of the individual contributions and these may enter a kine- 
tic model of pyrolysis in a weighted portion [37]. In an additional paper a direct 
TG analysis was presented to determine the content of cellulose and lignin in 
biomass [42]. It could be shown that larger errors might be introduced into the 
results if xylans are used as substitute materials for hemicellulose in pyrolysis 
calculations. 

5. PYROLYSIS OF WOOD COMPONENTS 

As ligmn and especially cellulose are used in different industrial applications, 
many investigations on these wood components are performed by means of ther- 
mal analysis. Only a few examples can be cited here, some more are found in the 
following sections, mainly in connection with fire retardments. 

Lignins as byproducts in the paper industry are mainly used for heating due to 
their combustibility but there is intensive research for other, ecologically more 
sensible applications [43]. The molecular structure of lignins is very complex and 
until now not fully resolved. This lack originates from the effect that lignins can 
be neither isolated completely from the other components, nor the structure be 
reserved when it is split into the monomeric parts (for a review of literature see 
[431). 

DTA analyses proved that the size and the position of endo- and exothermic 
peaks in the thermogams of lignin depended on the way lignin was prepared 
[44]. Sulphuric acid derived lignin exhibited the highest stability. In addition, it 
was shown that lignin from coniferous wood (spruce) was more stable than that 
of deciduous one (aspen, birch, oak). The authors stated that larger differences in 
DTA thermograms are found between different preparations of the same wood 
than between similar preparations of different woods. 

Jakab and coworkers [45] found that a combination of TG and mass spectro- 
metry (MS) is a means suitable for the evaluation of the thermal behaviour of 
technical lignins. They investigated the thermal decomposition of Kraft lignin, 
acetosolv lignin and various lignosulfbnates, all prepared from coniferous wood, 
mainly spruce in an inert gas atmosphere between 30 and 950~ The results 
showed that lignin decomposition under the chosen conditions is a relatively slow 
charring process connected with the production of considerable amounts of 
volatiles. The organically bonded cations (mainly sodium) in lignosulfonates 
facilitated dehydration and decarboxylation and led to chars with high yields, 
while the ~brmation of organic gases with low molecular masses was suppressed 
[45]. TG/DTG together with IR analysis was applied for the isothermal pyrolysis 
of Klason lignins from some Argentinian hardwoods in the temperature region 
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from 226 to 435~ under nitrogen atmosphere [43]. The thermogravimetric re- 
sults were used for kinetics of decomposition reactions, the change of the IR 
spectra with temperature identifying modifications in the functional groups of the 
different lignins. 

Pyrolysis of cellulose proceeds in two competitive pathways, one leading to 
monomeric levoglucosan which might be further decomposed to volatiles like al- 
dehydes, ketones, furans, and pyrans [46], the other in an initial dehydration step 
to the formation of gases and char. TG/DTG analysis was applied to microcry- 
stalline cellulose known as Avicel cellulose in a temperature range up to 600~ 
[47]. The onset temperature of the characteristic weight loss was near 290~ and 
the process was complete at 400~ An activation energy of 188 kJ/mol was de- 
termined via Friedman signatures in good agreement with data from the literature. 

Pappa and coworkers [46] investigated commercial cellulose and Kraft lignin 
derived from needles of the Mediterranean pine Pinus halepensis with DSC and 
TG under inert conditions, partly in connection with fire retarding compounds 
(see below). Thermal degradation of lignin becomes visible as weight loss in TG 
at about 220~ The lignin DSC exotherm observed around 400~ is due to the 
recombination of degradation products like phenols and phenolic derivatives 
which leads to the Ibrmation of char. The registered DSC thermograms of intact 
pine needles are rather complex with endothermic peaks at 88, 171, 242 and 
302~ and one exothermic peak around 348~ connected with char formation 
from lignin. The endothermic peaks are explained by the authors as results of 
moisture, softening and melting of resinous acids, evaporation of volatiles and 
perhaps pyrolysis of cellulose at 302~ 

Wiedemann [48,49] looked for changes of cellulose and lignin concentrations 
with age in the wood of Big-tree (Sequoia giganteum) for a period of more than 
2000 years and found that the ratio of these two components shifted with time. 
Twenty one air dried, carbon-14 dated wood samples taken from different ~owth 
rings of the "General Sherman tree" from the Sierra Nevada, were analyzed with 
TG and DSC in air. They showed pyrolysis between 200 and 350~ for cellulose 
and between 350 and 450~ for lignin, rendering enthalpy changes of-4.81 and 
-4.91 MJ/kg, respectively. The DSC thermograms of sequoia wood altered over 
long periods from 700 B.C. to 1988 A.D. (Figure 1). For a shorter period of time 
changes were analyzed in a I00 years old branch of the same tree with samples 
taken from annual rings with 20 years distance. A shift to lower temperatures in 
the cellulose and lignin peaks were obvious. Further investigations on wood age 
and caloricity and/or annual rings for spruce (Picea abies) are given by Ivask [50] 
and Reh and Kraepelin [51]. 
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Figure 1. DSC thermograms of samples taken from growth tings of Sequoia gi- 
ganteum [48]. 

In TG, DTG and DSC measurements of plant material on its course "From 
Wood to Coal", air-dried samples of birch (Betula spec.), beech (Fa~ts spec.) 
and redwood (Sequoia sempervirens; of different age) were used in order to si- 
mulate charcoal-burning [49]. After 14 h lignin was completely changed to char- 
coal. Tempering decreased the amount of cellulose, producing more and more 
charcoal from lignin and underlining that the amount of fixed carbon depends 
only on the lignin content of the sample. The following conclusions can be cited 
from this paper: (i) Wood and plants undergo constitutional changes under am- 
bient conditions, leading to altered content and composition of lignin, while cellu- 
lose is not affected; (ii) cellulose is easily decomposed between 200 and 340~ in 
charring wood and some of its carbonous degradation products combine with 
lignin: (iii) the formation of coal is only dependent on lignin, with no contribution 
from cellulose as a non-aromatic carbohydrate. 

Thermal analytic questions connected with coal (see also below) are by far too 
numerous to be treated here. But as coal is intimately coupled to wood just one 
example of coal combustion shall be given in this chapter. TG proved to be a 
convenient and quick means for a proximate analysis of coal to determine the 
moisture content, the volatiles, fixed carbon and the amount of ash. Figure 2 
shows the burning profile of different coal samples heated slowly from 50 to 
800~ in an oxidative atmosphere. Steps in the TG curve are due to a small loss 
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of moisture, a weight increase due to oxidation processes without loss of gaseous 
products and the combustion of carbon at high temperatures [49]. 
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Figure 2. Burning profiles of different coal samples obtained by TG measure- 
ments in air Start of weight loss, temperature range and temperature of maximum 
decomposition rate characterize the coal qualities [49]. 

6. WOOD AND FIRE R E T A R D A N T S  

Every year large areas of natural forests are destroyed by wildland fires due to 
self-ignition or arson. One of the different techniques against such fires is the 
application of special chemicals in aqueous solutions which serve as fire retar- 
dam. Most common substances are ammonium phosphate or sulphate. On the 
other hand, woods used for construction purposes should be protected to some 
degree against fire, and modem building codes require wood to be treated with 
fire retardants for many applications [52,53]. Besides the mentioned ammonium 
compounds borax, boric acid, phosphoric acid and zinc chloride are applied in 
this field [52]. These retardants change the decomposition profile of wood, pro- 
mote the formation of char and reduce the evolution of combustible gases. 
Moreover, char itself is hard to burn and acts as a thermal insulation layer [52]. 

These great advantages of fire retarding agents are coupled to several 
drawbacks: due to the incorporation of hydrated salt molecules into the wood cell 
walls the treated wood looses mechanical strength and increases hygroscopicity, 
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acidity and corrosivity [52]. These effects may be due to a degeneration of cell 
wall structures, comparable with effects seen in wood at increased moisture con- 
tents [53]. Thus, it is desirable to develop quick and simple test methods to eva- 
luate the loss of stability in wood treated with fire-retarding agents. 

Several authors investigated the influence of such additives on wood and wood 
component pyrolysis by thermal analysis. TG was applied on birchwood and ma- 
rine plywood impregnated with phosphate. Its presence led to the primar forma- 
tion of phosphorous acid followed by a cycle of dehydration, esterification, ester 
cleavage and polymerisation and thus to a lowering of the decomposition tempe- 
rature of cellulose between 200 and 250~ and to a higher char yield [54]. 
Glucose, glucovanillin and phenylpropane monomers were used as model com- 
pounds for wood degradation in the presence of phosphoric acid [55]. TA and IR 
spectrometry indicated a lowered initial dehydration temperature at 15 % mercury 
phosphate and no formation of levoglucosan. Ammonium phosphate and sulfa- 
mate, sodium borate, boric acid and guanidine sulfamate were applied to cellulose 
and studied under nitrogen atmosphere by means of DSC, supplemented by some 
DTA and TG experiments under vacuum [56]. Two endotherms were found by 
DSC and DTA which changed their position and size by treatment. The results 
were correlated with pyrolysis mechanisms and Arrhenius parameters. 

Woo and Schniewind [52] used DSC to study the influence of moisture content 
and several fire retardants on specimens of sugar pine (Pinus lambertiana), 
Douglas-fir (Pseudotsuga menziesii) and Californian black oak (Quercus kel- 
loggii). They concentrated their work on the first of the three distinctive peaks 
usually seen in the thermal degradation of wood (see above), since the two later 
ones required higher temperatures or longer treatment periods to become signifi- 
cant in the present respect. They determined activation energies between 71 and 
151 ld/mol depending upon the moisture content and the chemical treatment. The 
tendency of decreasing activation energies with increasing moisture content indi- 
cated that water enhanced the thermal degradation of wood. In a second paper of 
the authors a strong correlation was found between the loss of mechanical 
strength and the size of the first peak of DSC [53]. This observation held good for 
untreated wood of sugar pine and such treated with boric acid or zinc chloride. 
Mechanical strength was characterized by the modulus of rupture (MOR, given 
as MPa of static bending of the specimens) and the toughness (given as work 
consumed per specimen) following the prescriptions of ASTM D143 (American 
Society for Testing and Materials 1979). The authors concluded from their results 
that "it is therefore possible to compare the potential detrimental effects of fire 
retardant chemicals on wood strength simply by conducting DSC experiments, 
rather than thermal exposure followed by mechanical tests... " [53]. 
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As shown above, flame retardants change the thermal decomposition of cellu- 
lose (fibres) to a more intensive char-formation which may be further increased 
by addition of mtumescents [57]. These substances not only lead to a thicker char 
barrier which is well-known as fire protection but also to "char-bonded" structu- 
res. They are resistant to air oxidation at elevated temperatures and thus form a 
second flame and heat barrier. As the thickness of the char layer has a strong in- 
fluence on the thermal gradient between the surface and the fibre it improves the 
thermal protection of the material. TG, TMA and DSC were applied to four 
samples of cotton fabrics treated with different commercial flame retardants and 
two commercially available intumescents. The results show the interaction be- 
tween flame-retardant cotton fibres and the intumescents, an enhanced char for- 
mation and the expected char-bonded structures [57]. 
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Figure 3. Rates of isothermal heat release as function of time and temperature for 
a hardboard made of groundwood [41 ] 

Back and Johanson [40,41] applied an isothermal labyrinth air flow calorimeter 
to investigate the heat dissipation occuring during tempering ("curing") wet pro- 
duced hardboards and semihardboards. Curing at temperatures around 165~ for 
several hours is necessary to increase water resistance, dimensional stability, 
strength and stiffness of the boards. Oxidative auto-crosslinking of wood poly- 
mers and de~adations take place leading to exothermic reactions of considerable 
heat release. There may be the danger of self-heating and auto-ignition. Speci- 
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mens made from Picea abies and Pinus silvestris were chosen, in some cases 
with and without fire retardants. Figure 3 shows the rate of isothermal heat re- 
lease as a ffmction of time for hardboard at different temperatures above that used 
for curing, with a dramatic short time increase at higher temperatures. The initial 
rate of heat dissipation at 200~ was significantly higher for lignocellulosic 
samples than for delignified ones. Application of fire retardants to pyrolysis of 
these lignocellulosic materials resulted in an relative increase in char yield and 
thus led to a reduction of heat dissipation [41]. 

Finally, the already mentioned investigations on the Mediterranean pine Pinus 
halepensis shall be cited again in which commercial cellulose as a model com- 
pound for studies of forest fuel pyrolysis, pine needles, pine needle lignin and ex- 
tractives were analyzed with and without two ammonium salts as fire retardants 
[46]. Both salts provoked a lowered pyrolysis temperature of cellulose and a si- 
gnificant increase in char formation for cellulose (up to 2.4 times) and intact 
needles (up to 1.7 times), but they had negligible effects on lignin and extractives. 

7. WOOD AND SYNTHETIC POLYMERS 

Wood fibres and wood flour are frequently used in combination with synthetic 
polymers, both as general fillers or together with adhesives. TG and DSC were 
applied to study the thermal behaviour and crystallinity of the new blends and 
various other physical methods for stiffness, brittleness, moisture content and 
further characteristics. 

The addition of boric acid to wood fibres in a polystyrene matrix led to an in- 
creased stiffness when blended at 350~ The boric acid had no influence on po- 
lystyrene but reacted with the wood fibres while the addition of plasticizer de- 
creased the glass transition temperature of the polystyrene [58]. Similar results 
were obtained by Simonsen and Rials [59] for wood flour and polyethy- 
lene/polystyrene polymers with improved stiffness but also increased brittleness. 
DSC showed no interaction between the polyethylene and the other phases in the 
composite, but between polystyrene and the wood filler. Wood fibre-reinforced 
composites made from thermomechanical pulp, Kraft lignin, and microcrystalline 
cellulose filler were investigated by means of modulated DSC [60] to determine 
the effects of fibres on polymer crystallization. Wood adhesives originating from 
softwood Kraft lignin exhibited three exothermic peaks between 79 and 145~ 
depending upon the way of preparation and providing high quality bonds [61]. 
Larch (Larix gmelini) derived tannins were mixed with phenol-formaldehyde ad- 
hesive and studied for their utilization as (TPF) adhesives in plywood and hard- 
board [62]. Tannins could replace phenol up to 60 % of weight in the mixture. 
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Under TG and DSC, TPF resin showed good thermal stability together with cu- 
ring characteristics similar to those of the original PF adhesive. Similar DSC ex- 
periments were performed on a commercial phenol-formaldehyde adhesive plus 
Southern pine (Pinus sp.) sapwood treated with a chromated copper arsenate 
(CCA) preservative [63]. The thermograms indicated that curing can be accelera- 
ted at lower temperatures than normal depending upon the state of CCA in the 
wood. 

Heat capacities of a new porous carbon material called "Woodceramics" were 
investigated by means of DSC. Fibreboards made from pine wood (Pinus ra- 
diata) were impregnated with phenol resin, dried, harden-treated at 135~ and 
then burnt at 800 or 2800~ These new ceramics exhibited special characteristics 
like high heat and corrosion resistance, heat and electrical conductivity, imper- 
meability to gas and hardness. The observed heat capacities between ambient and 
250~ with 0.5 to 0.94 J/(g K) for the 2800~ sample and even 1.0 to 5.5 J/(g K) 
for the 800~ sample are relatively large compared with those of metals and al- 
loys and rather close to those of rubber, porcelain or concrete [64]. 

8. WOOD AND W A T E R  

DSC is frequently applied to determine the different properties of water in cells 
and tissues. Simpson and Barton [65] used this technique to estimate for the first 
time the fibre saturation point (FSP) of wood which is defined as the maximum 
possible amount of water that the composite polymers of the cell wall can hold 
and that does not freeze in contrast to the "free water". FSP is important in wood 
technology since physical characteristics - especially shrinkage - change signifi- 
cantly at moisture contents above this point. Experiments were performed on 
heart- and sapwood of two West Australian eucalypt species, Eucalyptus mar~- 
nata and E. diversicolor, and a plantation softwood, Pinus radiata. The observed 
endothermic peak around 8~ is due to melting of frozen water in the larger voids 
of the cell lumen (Figure 4). From the obtained melting enthalpies and the total 
moisture content of the wood, FTP was calculated as 32.8 to 37.9 % in eucalypt 
samples and as 27.9 to 32.9 % for pine depending upon sap- and heartwood and 
experimental conditions. A second small additional peak below the main transi- 
tion is seen in Figure 4 which might be connected with a sandwiched layer of 
water between non-freezing and free water. 

Freezing of deeply undercooled water in cold-hardened stems of 16 woody 
taxa was determined in DTA experiments on nonthawed, thawed and freeze- 
killed specimens [66]. Freezing exotherms were observed down to onset tempera- 
tures of-53~ and appeared in size and position in dependence of the wood pre- 
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paration. The authors concluded that the effects are due to (i) the cell wall which 
does not allow external ice to propagate through to nucleate intracellular water 
and (ii) to the plasma membrane which protects the solute in the cell against 
being diluted to the extracellular water. Thus, cellular water migrates from the 
cell during periods of prolonged cold and freezes outside. At the same time the 
concentration of the cell solutes increases and lowers the nucleation temperature 
of the cell sap [66]. 
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Figure 4. Low-temperature DSC thermogram under nitrogen of Jarrah sapwood 
(Eucalyptus mar~nata) with a water content of 52.8 %. The main endothermic 
peak is due to melting of the frozen free water in the cell lumen, the small peak 
around 4 ~ to sandwiched water (see text) [65]. 

The connection of water and fire retardents was already mentioned above 
[52,53]. But as wood is used in many processes at varying moisture contents, it is 
necessary to know the influence of water on other parameters as well, e.g. its 
softening temperature. DSC was applied to birch (Betula verrucosa) and Nor- 
wegian spruce (Picea abies) samples and to spruce specimens treated in two 
ways to obtain different degrees of lignin crosslinking [67]. After conditioning to 
specified relative humidities, DSC runs were performed between -20 and +150~ 
leading to a small, but pronounced endothermic peak around 60~ with an 
enthalpy change comparable to that of synthetic polymers. It was not at all de- 
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tectable at low moisture contents. As water acts as a plasticizer in wood, the au- 
thors concluded that water and lignin form a relatively stable network breaking 
down at the softening of lignin and that the endothernic peak is only connected 
with the physical change of lignin. 

Moisture sorption of ligno-cellulosic material was investigated by DSC and TG 
since it has the mentioned effects on swelling and softening of wood and on some 
other physical characteristics. The experiments showed that the main contribu- 
tions to adsorption originate from hydroxyl groups of cellulose and lignin. Calcu- 
lations of bindings for model substances and experimental results are in a good 
agreement [68]. 

The surface energy of wood shows a transition around 60~ as determined by 
the dynamic contact angle (DCA) technique and confirmed by a glass transition 
of lignin observed by DSC [22]. The obtained values correspond to those for 
synthetic polymers so that - in spite of the complex composition and structure of 
wood - it can be investigated and understood like such polymers. The experi- 
ments were performed on the diffiJse-porous hardwood of the yellow poplar 
(Liriodendron tulipifera) and the ring-porous hardwood of the red oak (Ouercus 
,vtbra) at 12 and 3 1 %  moisture content. Clear glass transitions were observed in 
the poplar sample at 75~ (12 %) and 63~ (31%) and at 68~ (12 %) and 66~ 
(31%) for oak in significant dependence upon the moisture content. 

Cork is a special secondary plant tissue covering stems and roots, well-known 
for its low specific weight and bad thermal, electric and acoustic conductivity. 
DSC experiments were applied among others to determine the amount of absor- 
bed water in cork structures which modify the dielectric properties of this mate- 
rial [69]. Changes occurred after heating above 60~ or evacuation for several 
days and were reversible in room air after a few weeks. It was concluded that the 
observed modifications were due to a desorption and re-absorption of water mo- 
lecules in the cork structure. 

9. ENERGY C O N T E N T  OF WOOD 

Part of the chemical energy bound in wood (and other plant systems) can be li- 
berated by microbial degradation under the naturally occuring environmental 
conditions [70]. Piles of organic material may be used as a continuous source of 
low temperature energy for household heating or warm water supply. Composting 
of household litter rendered total heats o f - 3 4  t o - 4 2  MJ/kg carbon [71]. Larger 
heaps of brushwood prepared after the method of Jean Pain may produce about 
14 kW over periods of half a year, equal to a permanent flow of water of 4 L/min 
heated from 10 to 60~ [72]. This idea is not new at all but used since thousands 
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of years by the Australian brush-turkey Alectura lathami to bread its eggs just by 
metabolic heat in large piles of branches and undergrowth in local forests [73]. 
Although the various methods to gain energy from the microbial decomposition of 
wood and other organic substances may have some future in private or medium- 
scaled systems, they shall not be discussed here in detail. More information can 
be found in the review "Calorimetry in ecology" by U. Reh [74]. This paragraph 
concentrates only on determining the energy content of wood by means of TA 
and combustion calorimetry (see also Chapter 7 "Bomb Calorimetry in Biology" 
in this Handbook). 

Fig~tre 5. Berlin map of the energy fixation rate in different parts of the Earth de- 
rived from an earlier global vegetation map and energy fixation rates of various 
ecosystems [77]. 

In a series of papers, Lieth [75-77] used published data on growth productivity, 
evapotranspiration, temperature and precipitation to construct global maps of 
productivity zones and belts on the Earth. These local values were combined with 
combustion heats of typical plants to design the "Berlin" map of the global ener~ 
density in MJ/m 2 (Figure 5). Highest values above 30 MJ/m 2 are found around the 
equator and between the tropics in some parts of the Earth [77]. 
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As was pointed out in the Introduction there is no real alternative to wood as 
an energy source in poor and developing countries [3]. One and a half billion 
people in these countries are entirely depending on wood and charcoal for their 
energy requirements, and a further billion to at least 50 % [78]. Thus, well- 
handled fuelwood plantations are of increasing importance in such regions and 
supported by several international programmes [4,78] since they can increase the 
energy yield up to tenfold compared with the usual local results. The typical 1 to 
5 t/ha of a natural tropic forest may be amplified to 10 to 50 t/ha leading to much 
smaller amounts of ground used for the energy supply in rural areas [3]. 

Tuskan and De la Cruz [79] investigated the solar input and the energy storage 
in a five-year-old plantation of the American sycamore (Platanus occidentalis) by 
means of bomb calorimetry. The obtained caloric values ranged f r o m - 1 8 . 8  
MJ/kg for stem wood to -19.9 MJ/kg for stem bark. The mass yield amounted to 
-20.3 t/ha above-ground biomass or a total energy yield o f -38 .6  x 10 ~~ J, corre- 
sponding to a storage efficiency of 0.55 % [79]. 

A tree is mainly composed of wood (65 to 90 % dry weight) but contains about 
50 % water which must be evaporated when fresh samples are burnt. In general, 
the combustion heat of bone-d~ wood amounts to about -19 MJ/kg but may in- 
crease to -25 MJ/kg when resins or other high energy compounds are present in 
the specimen. The combustion heat decreases to only -10 to -12 MJ/kg for wet 
wood since a high portion of energ3/is consumed for evaporation. Air dried wood 
keeps approximately 20 % water so tha t -16  MJ/kg may be expected [3,80,81]. 

Pipp and Larcher [82,83] presented a truly comprehensive literature review 
about 7583 combustion heats and 2792 ash contents of more than 1500 plant 
species, among them around 200 trees and shrubs. Data were differentiated for 
various plant tissues. The authors came to the resum6 that (i) woody plants have 
higher energy contents than herbaceous ones; that (ii) the same is true for conife- 
res compared with dicotyledonous woody plants while (iii) dicotyledons show 
larger combustion heats than monocotyledons; and that (iv) generative tissues are 
above vegetative ones. The data material is by far too comprehensive and detailed 
to give mean values for trees or special tissues of them. 

Bomb calorimetry was applied to determine the energy contents of different 
species of undergrowth and their seasonal changes in Spain [84]. Forest residues 
from afforestation, forest clearing and firebreaks showed mean combustion heats 
near -19  MJ/kg similar to the value for solid municipal waste. The authors state 
that forest residues may be thus added to such wastes as further fuel in ener~-  
recovery plants and - if continuously harvested - decrease the risk of forest fires. 
In two further publications different woodland species from the humid Atlantic 
zone and the dry continental hillside, plateau and high mountain zones were in- 
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vestigated for their chemical composition, moisture content, flammability and 
calorific values as function of the season [85,86]. 

A further combustion calorimetric investigation was carried out on wood of the 
balsam fir (Abies balsamea) which was either healthy or killed by the spruce 
budworm (Choristoneura filmiferana). Four classes of samples were distin- 
guished: (i) living material as control; (ii) wood 6 months; (iii) 12 months; and 
(iv) 22 months dead. Oven-dried material of all four classes showed the same 
gross combustion heat o f - 2 0  MJ/kg without any significant differences. The 
moisture content dropped from 56.8 % for class 1 to 38.8 % for class 4. As the 
usuable heat in MJ/kg decreases with growing amounts of moisture, the energy 
value of dead wood is considerably higher than that of the living one [87]. 

Specimens of young sprouts of nine hardwood species were separated into 
wood, bark, twigs and leaves and investigated for dry matter, specific gravity, ash 
content and caloric values. They showed a mean combustion heat of-20.1 MJ/kg 
with intraspecies differences between tissues larger than the relatively small de- 
viations between species [88]. The highest caloric values were found in leaves 
(-21.1 MJ/kg), lowest in bark (-19.4 MJ/kg). To demonstrate these differences 
between tree tissues, caloric values for wood, bark and leaves of hornbeam, 
maple and oak are shown in Table 1 obtained by Phillipson bomb calorimetry 
[89]. In a further paper Oszlanyi [90] reported about the combustion heats of 
leaves (needles), wood, bark and roots of the Scotch pine (Pinus silvestris L.), 
the Norway spruce (Picea excelsea Link.) and the European beech (Fagus silva- 
tica L.) and found significant differences between these tree species as well as 
their tissues. Abe [91] studied forest biomass and determined a mean heat content 
of-19.7 MJ/kg for 40 fast-growing trees. Perennial plants from deserts and arid 
woodlands were investigated for their caloric content, among them several trees, 
differentiated into wood, bark, twigs and leaves [92]. Combustion heats varied 
from -13.4 to -22.5 MJ/kg oven-dry mass. Oxalate salts had a strong influence 
on these figures. When such data are used for ecological studies the author re- 
commends to look for (i) the significance of caloric values in plant energetics; (ii) 
the functions of compounds which are responsible for high or low values of the 
combustion heat: and (iii) for the relative rates of metabolism and dry matter pro- 
duction for those plants [92]. Siafaca and coworkers [93] determined the caloric 
and ash content of 15 ever~een sclerophyllous (ES) and 8 deciduous (D) plants 
which are important in the Greek maquis ecosytem. Ash content varied from 0.5 
to 18.9 % with a mean of 3.2 % for ES and 3.8 % for D plants. Caloric values 
were presented for leaves, bark and wood. With three exceptions leaves showed 
the highest combustion heats of the tissues. Because these tissues contributed to 
the above ground woody mass of the maquis with 20, 7 and 73 %, respectively, it 
was possible to calculate the mean ash-free figures o f -18 .7  (ES) and-18 .6  
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MJ/kg (D). The fraction of D plants in the maquis is seldom higher than 20 %, so 
that the caloric content of this ecosystem can be assumed as -18.7 MJ/kg ash- 
free d.w. 

Table 1 
Energy content (and 99 % reliability interval) for four tree species and three diffe- 
rent tissues [89]. 

Hornbeam Carpinus betulus 
Maple Acer campestre 
Oak Quercus cerris 
Oak Quercus petraea 

Wood Bark Leaves 
MJ/kg MJ/kg MJ/kg 

19.10 + 0.46 19.11 + 0.82 19.77 + 1.30 
18.19 + 0.46 18.70 + 0.81 19.64 + 1.50 
19.01 + 0.58 19.56 + 0.64 20.65 + 0.66 
18.12 + 0.37 18.25 + 0.85 19.09 + 1.26 

Tan and Stott performed a comparative study on rubberwood (Hevea brasi- 
liensis) and some Malaysian wood species by means of DTA and TG to evaluate 
the combustion characteristics rather than the energy content [2]. Although ener- 
getic values could have been given, the authors show thermograms of all the 
woods and determine DTA peak temperatures and heights, densities, extra bur- 
ning time or char yield but no combustion heats [2]. 

Table 2 
Heat of combustion of Sequoia samples of different ages [48]. 
No Year AH Peak AH Peak 

(cellulose) temperature (l i~in) temperature 
J/~ ~ J/g ~ 

1 AD 1988 -3834 305 -4294 400/440/46 
0 

2 AD 1750 -3756 320 -4563 460 
3 AD 500 -4406 320 -5127 455 
4 50 BC -5048 310 -4662 450 
5 400 BC -4320 325 -4636 440 
6 700 BC -4807 320 -4911 440 
Test conditions: 4~ aluminum crucible, still air. 

Reh and Kraepelin [51] investigated the wood of spruce (Picea abies) and 
birch (Betula sp.) by DSC and chemical analysis in connection with the influence 
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of rafting and water storing on the quality of wood for music instruments (see 
below). They found an increase in energy content (i) from -8.2 to -9.7 MJ/kg 
when the density of annual rings increased from 5.5 to 22 rings/cm; (ii) from -9.1 
to -9.3 MJ/kg when wood was soaked for one month; and (iii) to -10 .2  MJ/kg m 
artificially aged wood. This energy increase was accompanied by a corresponding 
rise in the energy of the lignin fraction [51 ]. 

Sample weight: 15 mg 
Rate: 1 ~ 
Aluminum crucible 
Air 

' ' i  . . . .  i . . . .  I . . . .  I . . . .  i ' ' '  

1 ~  2 ~  3 ~  4 ~  5 ~  

Temperature in ~ 

TEMPERATURE 
TO 105 ~ C 
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N TEMPERATURE TO 950 ~ C 
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D ~ ,  TEMPERATURE TO 700 ~ C 
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. . . . .  c , o . .  

G ASH ONLY REMAINS 

TIME 

Figure 6. DTG curves (in inverted direction) of annual growth rings of different 
age. A is nearest to the bark, B to F taken in twenty years intervals, F one hun- 
dred years old. Observe the nearly constant temperatures of the cellulose (left) 
and lignin (right) peaks [48]. 
Figure 7. Schematic thermogram with the different steps during the determination 
of the proximate analysis of coal or lignite [95]. 
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Wiedemann [48,49] determined the heat release from sequoia wood (Sequoia 
giganteum) of different age by integration of the cellulose and the lignin peak in 
DSC thermograms. Table 2 shows the peak temperatures and enthalpies of C-14- 
dated samples and Figure 6 the thermograms from different annual tings of a 100- 
year-old branch of a Big-tree (see above). Numerical integration rendered -4.81 
MJ/kg for cellulose and -4.91 MJ/kg for lignin. Highest values are always found 
in the oldest tings, in contrast to observations of Ivask who saw no differences 
between old and new tings but between those with low and high ring density 
[50]. The combustion heats found in these investigations of together about-10 
MJ/kg are rather small compared with the data given above. But one has to bear 
in mind that the additional energy release from char is missing in this balance. 

Back and Johanson studied the isothermal heat evolution of different kinds of 
lignocellulosic sheet material in a labyrinth air flow calorimeter between 150 and 
230~ [40,41 ]. Groundwood-based boards were impregnated with fire retardents 
(ammonium phosphate, borax/boric acid, see above), dried and press-dried before 
combustion. The energetic data were analyzed as function of weight loss due to 
vaporization of oxidised and unoxidised degradation products of hemicellulose, 
cellulose and lignin or due to loss of extractives. For commercial hardboards, 
-18.4 MJ/kg was found, a value similar to that for softwood, while groundwood 
showed a smaller heat release. 

A glimpse to studies of the combustion of coal reveals methods applied in that 
field that might easily be adapted to wood research. The industrial analysis of 
coal proceeds in three steps in accordance with the ASTM Standards [94]: (i) 
proximate analysis for moisture, volatile matter, fixed carbon and ash content; (ii) 
ultimate analysis for elemental content (carbon, hydrogen, sulfur, nitrogen, phos- 
phorous and oxygen) plus ash; (iii) calorific value by combustion. Proximate 
analysis may be carried out by TG with changing gas flows of at first nitrogen 
and then oxygen and with different temperature programmes as shown in Figure 7 
[95,96]. An indirect calculation of the energy content can be performed by the 
Goutal equation for coal from known amounts of volatiles and of fixed carbon 
[96,97]. Although this equation could be modified in its coefficients to fit to wood 
combustion, it has - to our knowledge - never been applied in this field. The 
Goutal equation reads 

P (cal/g)= 82 C + a V 

where P is the caloric value of the coal, C the percentage of fixed carbon on a 
moisture free basis and V the corresponding percentage of volatiles, a given in 
cal/(% volatiles) is a coefficient varying with V that has to be determined empiri- 
cally. It decreases from a = 145 cal/% at V = 5 % to a = 80 cal/% at V = 40 %. 
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Experiments on more than 100 bituminous coals revealed differences between 
calculations and bomb calorimetric determinations that were seldom larger than 2 
%. A modified Dulong equation with the elemental composition of wood was 
used by Abe in his investigations of 40 fast-growing tree species [91]. The Du- 
long equation together with some other models to calculate combustion heats 
from chemical compositions of wood is discussed in Chapter 7 "Bomb Calorime- 
try in Biology" in this Handbook. 

10. AGING AND FOSSILIZATION OF WOOD 

A~ng and fossilization of wood are the exceptions in nature since the bulk of 
the organic matter is destroyed by microbial decomposition in the course of time. 
The biochemical subunits of plants are "recycled" and incorporated into new life 
in an eternal succession. Sometimes wood contains some antimicrobial com- 
pounds which prevent the usual destruction. The oldest samples of air-kept wood 
are dated to 290000 years while water-logged specimens from ship wrecks, bul- 
warks and posts are supposed to be as old as 8500 years [98]. Different physical 
and chemical techniques were applied to the analysis of "archaeological" wood 
and to the estimation of appropriate conservation means for the future [99], but 
TA is rare. 

Tomassetti and colleagues performed thermogravimetric studies on archaeolo- 
gical waterlogged wood of a Roman vessel from the first century A.D. [100-102]. 
Earlier microscopic investigations on these samples had identified the coniferous 
and broadleaf origin of the wood. Therefore, the authors compared their results 
with fresh heartwood specimens of red fir, larch, elm and beech since they were 
the most probable trees to be used during construction. Both, old and fresh wood 
had water saturation contents above 50 %,  while the amount of ash varied consi- 
derably between archaeological coniferous and broadleaf samples and between 
them and fresh wood. All samples rendered nearly identical thermograms so that 
it was not possible to distinguish between the different origines in ancient wood. 
TG/DTG curves of fresh wood showed decomposition effects at 300 and 400~ 
the ancient specimens rendered a pronounced step between 350 and 450~ a se- 
ries of little steps between 200 and 350~ and a very small peak between 450 and 
650~ Thus, decomposition of cellulose (around 300~ is scarcely detected in 
archaeological wood while that of lignin is clearly evident in all thermograms - as 
to be expected in agreement with data from microbial degradation of wood (see 
below) [100]. 
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Figxlre 8. TG/DTG comparison of a wood sample (3.5615 mg) of a cedar coffin 
fragment from Luxor/Egypt (top) with a recent sample (3.3258 mg) from a living 
cedar growing in Switzerland. Scanning rate: 10 ~ air flow: 5 ml/mm [ 103]. 
Figxlre 9. TG/DTG comparison of three tamarisc samples from an ancient Egyp- 
tian coffin and a living tree. Top: sample from the coffin vat (3.4303 mg); center: 
sample from the coff'm cover (2.9957 mg); bottom: sample from a living tree 
(4.4435 mg; Tamarix afrzcana, growing in Elba/Italy) [103]. 

In two further publications [ 101,102] the authors e~ended their investigations 
to ancient wood samples (fir, larch, spruce) from portals of churches from the 
13th to the 18th century and to 2 million years old fossil wood. The latter showed 
a similar behaviour to that of waterlogged specimens. The ancient samples exhibi- 
ted the expected high content of carbon due to the relative decrease of cellulose 
as a consequence of microbial degadation and the corresponding relative 
increase of lignm. 

In a recent line of therrnoanalytical experiments Wiedemann [103] investigated 
wood samples taken from ancient Egyptian coff'ms and compared them with cor- 
responding samples of modem origin. Looking at these results one has to keep in 
mind that a severe scarceness of useful wood was typical for all periods of Egypt, 
that trees like sycamore, date and dum palm, tamarisc and acacia posses only 
poor quality for board production and that good material like cedars had to be 
imported. Only wealthy people could effort such coffins, the others had to be 
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contem with sycamore and tamarisc boards. Thus, it became habit that coffins 
were covered with a layer of Nile mud and recarbonated calcium oxide painted in 
a way to immitate wood of foreign origin. 

Figure 8 shows a comparison of TG/DTG curves of an ancient coffin fragment 
from Luxor/Egypt made from cedar with those of a living, seven year old cedar 
grown in Switzerland. The fragment was dated to a period between 606 and 406 
BC by means of the 14C radio carbon method. As was mentioned above wood 
changes its composition with age so that differences in the traces are easily ex- 
plainable. The DTG curves render the following composition for the samples 
from coffin/tree: water 8.1/8.4; hemicellulose 12.4/20.8; cellulose 38.6/38.8; 
lignin 37.5/31.0; ash 3.4/1.0 %. A similar comparison of an ancient sycamore 
coffin (Egypt) with a 20 years old tree from Elba/Italy brought the following re- 
sults: water 12.0/6.3; hemicellulose -/17.3; cellulose 68.1/38.3; lignin 13.7/31.0; 
ash 6.2/7.1. A final example for such TG/DTG investigations is shown in Figure 
9 for an at least 2700 years old coffin (Egypt) made from tamarisc with a tree 
growing in Elba. Again an astonishing congruence of the main peaks was obser- 
ved indicating that characterization and identification of wood may be performed 
by such an approach. 

Besides these papers and the investigations of Wiedemann on 2000 year old 
sequoia wood [48] or ancient paper and its plant origin [104] (see below) no 
further publications were found in the literature. The present authors are sure that 
an interesting and stimulating field of research is waiting here for DSC and 
TG/DTG. 

11. WOOD FOR MUSIC INSTRUMENTS 

Wood plays an important role in the construction of different body parts of 
musical instruments and several physical characteristics have to be met by wood 
to be chosen as high quality. These factors comprise Young's modulus, bulk 
density, damping factor, critical frequency, stiffness, hardness, flexural rigidity 
and movement (shrinkage) [ 105,106]. Transposed to the characteristics of wood, 
they translate to a not too high content of resin, the absence of branches, and a 
constant or steadily de- or increasing density of annual rings. However, the 
breadth of rings below 3 mm (4 mm) has no influence [107]. Nevertheless, nar- 
row rings are preferred for the resonant wood of violins [51]. 

Only very few investigations by means of thermal analysis are found in the lite- 
rature. Reh and Kraepelin [51] applied DSC and chemical analyses to spruce 
samples of two ring densities and observed thermograms with different peak 
heights for holocellulose (around 350~ and lignin (around 490~ respectively 
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(Figure 10). A sample with 5.5 tings per cm showed a total heat release of 8.22 
MJ/kg d.w., a holocellulose peak of 51.6 % and a lignin peak of 32.0 % of the 
total energy. In contrast, 22 rings per cm wood had the following values: 9.74 
MJ/kg, 53.7 % and 33.7 %, respectively A higher content of lignin is thus visible 
in the preferred type of wood. 
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Figure 10. DSC thermograms of untreated spruce wood with 5.5 (left) and 22 
rings per cm (right) [51]. 
Figure I I. DSC thermograms of artificially aged (left) and autoclaved and one 
month soaked spruce wood (right) [51]. 

Table 3 
Distribution of different kinds of wood in a classical violin [109] 

Spruce .... Maple Ebony 
top plate bottom plate peg 

rib neck fingerboard 
bassbar scroll tailpiece 

soundpost bridge endbuttom 
comer blocks 
upper blocks.. 

Because it is often assumed that rafting and storing of wood in water accom- 
panied by a microbial decay of hemicellulose has a positive influence on the 
sound of the later music instruments [108], Reh and Kraepelin [51] investigated 
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sound and water soaked wood of spruce (Picea abies) and birch (Betula sp.). The 
samples were stored in tap water for up to four months. In the corresponding 
thermograms the peak temperature of lignin shifted down to 475 and 445~ 
(Figure 11) in soaked and artificially aged wood with low content of hemicellu- 
lose. The energy content per g total mass increased from 46 to 54 % for lignin by 
rinsing, that of holocellulose decreased correspondingly. Microorganisms had 
some influences on the peaks, but they were negligible compared with the physi- 
cal effects of soaking or autoclaving [51]. 
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Figure 12. Design of a violine and indication of its different parts [109]. 
Figure 13. TG/DTG comparison of a sample taken from a Stradivari violin with 
one from the corresponding tree. Top: Specimen (3.7546 mg) from a Swiss 
spruce tree of 250 years cut in 1984 and still used for instrument construction; 
bottom: specimen (1.7551 mg) from the (spruce) top plate of the violin. Scanning 
rate: 10 ~ air flow: 5 ml/min [109]. 

In recent TGfDTG experiments combined with MS, Wiedemann [109] analy- 
sed wood specimens from violins and compared the results with those of samples 
from old trees cut a few years ago and used for modem music instruments. These 
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trees grown in Switzerland were hewn in 1984 and had an age of 250 years cor- 
responding to the golden age of violin production by Antonio Stradivari and 
Giuseppe Guaneri in Cremona/Italy. Seven violins were investigated when ope- 
ned for restoration and samples taken from inside for a general analysis and from 
outside to study the varnish/wood composition. For a better understanding Figure 
12 presents a sketch of a violin and Table 3 details the distribution of the different 
kinds of wood in the instrmnent. Clear differences, but also similarities are seen 
in the TG/DTG curves (with step analysis) of Swiss spruce (top) and the top plate 
of a Stradivari violin (bottom; Figure 13). The water content is approximately the 
same, the ash content of the violin sample nearly doubled with a high contribution 
of silicon, its cellulose peak reduced and its slightly higher lignin component split 
into two peaks. This double peak might be due to a waterglass treatment of the 
instrument for wood conservation, as it was detected earlier in papyrus prepared 
with CaCI2 [104]. A bar diagram comparison between a sample from the maple 
bottom plate of the same instrument and from the old Swiss maple tree is shown 
in Figure 14. Most striking is the large difference in the hemicellulose content 
between the maple sample and the violin, partly compensated by the cellulose. 
Again a doubling of the ash content becomes manifest and a split of the lignin 
component in two peaks as in Figure 13. 

12. W O O D  A N D  P A P E R  

Paper has played an important role in the development of social cultures all 
around the Earth. Depending upon the local vegetation, different raw materials 
were connected with the discovery and evolution of papermaking techniques. 
Plants and bark or bast of certain trees were taken as writing and painting sup- 
port, and they are still in use in some aboriginal tribes [110]. Papyrus sheets ser- 
ved for writing in the ancient Egypt, while the real paper was invented 2000 
years later in China around 105 A.D. Our modem words paper (papyrus) and 
library (the Latin "liber" means wood bast) signalize the plant origin of the mate- 
rial. 

In spite of the high importance of paper in daily life, only a few TA investiga- 
tions have been performed, mainly in connection with historical and archaeologi- 
cal interests. In an early contribution of Wiedemann and Bayer on papyrus paper 
from ancient Egypt, DTA, TG and DTG thermograms were shown for different 
parts of the papyrus plant and for old and modem papyri [111,112]. Again he- 
micellulose, cellulose and lignin were present and additionally starch as glue for 
multiple layers in historical papyri. Figure 15 exhibits TG/DTG curves of such a 
papyrus sheet with oxidative degradation of cellulose between 250 and 350~ 
and of lignin at 380 to 450~ [112]. Pyrolysis in nitrogen rendered a very uncha- 
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racteristic DTG graph. The investigation made clear that the height and position 
of the lignm peak was very sensitive to age, preservation and prepara- 
tion/processing of the material [48,112]. 

Figure 14. Results of a TG/DTG comparison of samples from the (maple) bottom 
plate of a Stradivari violin and a Swiss maple tree of the same age [109]. 

The composition of papyri of four millenia (I 900 B.C. to 1977 A.D.) showed 
some variations with no visible trend: water (4.93 to 7.47 %), cellulose (53.12 to 
68.96%), lignin (22.42 to 32.77 %) and ash (2.04 to 14.78 %). Recent papyri 
from Egypt and Sicily exhibited large differences with almost no lignin peak in 
the latter one. This peak decreased with age in the old papyri while the cellulose 
remained more stable during time [112]. 

To study the two ancient papyri producing techniques of (i) pressing and (ii) 
beating, the same authors prepared their own papyri in the two ways. Pressing 
intensified the physical contact between different layers of papyrus stripes and 
strengthened the chemical adhesions by gumlike substances from cell sap. The 
mechanical destruction of the material by beating lowered the heat of combustion 
and the height of the lignin peak significantly compared with those of pressed 
samples (Figure 16). The small endothermic peak at 140~ is due to a dehydra- 
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tion of calcium oxalate monohydrate, a typical component of fast growing plants 
like papyrus and additionally formed during beating. The exotherm effect be- 
tween 320 and 390~ reflects the decomposition of calcium oxalate [112]. It can 
be concluded from these early experiments that DTA like investigations are use- 
ful (i) for the determination of a rough age of papyri by their lignin content; (ii) to 
distinguish between unbeaten and beaten material; (iii) to estimate the treatment 
with different chemicals (e.g. calcium chloride); and (iv) to evaluate microbial 
destructions of papyri by fungi seen as additional peaks in the thermograms (e.g. 
of chitin) [113]. 
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Figure 15. TG (a) and DTG (b) curves of an ancient papyrus sheet (1900 B.C.) 
[1121. 
Figure 16. DTA thermograms of (a) pressed and (b) beaten papyrus sheets (see 
text) [ 112]. 

The technology of modem paper originated from China and spread to the West 
and to Japan. Ancient Japanese papers were prepared from bast of the mulberry 
tree "Kozo" (Morus alba), later ones up to now from bast of the trees 
"Mitsumata" (Edgeworthia papyrifera) and "Gampi" (Diplomorpha sikola'ana). 
DTA thermograms of these two papers and corresponding basts are presented in 
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Figure 17 [104]. The broad cellulose peaks in the basts point to hemicellulose 
which is absent after preparation to paper. In the Gampi sample the temperature 
stable parts diminished, while in Mitsumata the lignm part was altered. Three 
exothermic peaks are detectable which reflect the different degrees of polycon- 
densation of the substituted coniferyl alcohols [114]. The differences in DSC cur- 
ves of Mitsumata, Gampi and Kozo samples are so significant that it is possible 
to decide which fibres are present in the various papers [110]. 
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Figure 17. DTA thermograms of Mitsumata and Gampi bark and paper [104]. 

Quite another kind of "paper" was used in Middle America in the Maya and 
Aztec cultures. Barkcloth tunics evolved into a writing material named "hum", a 
paper far superior to the Egyptian papyrus both in texture and durability [104]. 
The Aztecs produced their paper from bast fibres of the amtal-tree (Ficus sp.). 
The authors had the chance to investigate samples from the Codex Huamantla by 
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means of DSC and TG-MS and to compare them with recent papers of the Mexi- 
can Otomi Indians. Figure 18 presents DSC curves of the ancient Codex and of 
new papers of different botanical origin. The white Otomi paper is most similar to 
the Codex specimen so that it might also be produced from wild fig trees (Ficus 
padafolia). The small endothermic peak around 150~ Was already discussed 
above as due to oxalic acid and to the technique of beating the wood during paper 
production [ 114]. 
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Figure 18. DSC thermograms of the Codex Huamantla and recently produced 
Mexican bast papers [114]. 
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Even more exotic are the "pseudo" papers of Polynesia known as Tapa which 
are not produced in the usual way [113]. They consist of a single layer of beaten 
bast of the paper mulberry tree (Broussonetia papyrifera), the bread-fruit tree 
(Artocarpus altilis) and fig trees (Ficus sp.). The paper has textile structure and 
characteristics. Again the small endothermic peak is observed around 150~ in 
DTA thermograms besides a dominant cellulose peak (180 to 350~ and a 
sometimes split lignin peak between 350 and 450~ (Figure 19). 

Since newsprint contributes about 30 % to the municipal waste of industrial 
countries and only parts of it can be recycled into paper, Richards and Zheng [28] 
studied the possibilities to increase the pyrolysis yields of this matter by addition 
of ferrous sulfate (see also the section 20.4 about Pyrolysis). The production of 
levoglucosan was stimulated fivefold and that of levoglucosenone also. The au- 
thors point to the fact that - instead of enlarging the waste mountains of modem 
society- pyrolysis of newsprint generates a chemical feedstock (of these two 
compounds) and forms char at the same time which already contains ferrous ions 
as an efficient catalyst [28]. 
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Figure 19. DTA thermograms of Tapa papers. Top: Fig-tree tapa from the Papua 
Delta (1900), bottom Mulberry tree tapa from Tonga (1974) [ 113]. 
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To finish this section, investigations with TG, DSC and thermal volatilization 
analysis shall be mentioned applied to the thermal decomposition of pure cellu- 
lose and pulp paper [115]. HigJa heating rates led to a depolymerisation of cellu- 
lose to levoglucosan, low rates to an autocatalytic dehydration and formation of 
char. Kraft paper was decomposed by both mechanisms simultaneously with a 
larger release of volatile carbonylic compounds. 

13. WOOD AND WASP NESTS 

Some insect species - among them mainly paper wasps (Polistinae) and other 
social wasps or hornets (Vespidae), some termites and ants - construct paper co- 
vers for their nests to improve the thermor%mAatory behaviour. They use slightly 
rotten, intensively chewed, wood as the basic material and the chitin-containing 
spittle secretion of their saliva glands as cement. This hardens within seconds 
[116] and produces a water repellent outer layer [117]. The multi-layered enve- 
lope contains the combs which are constructed from nearly the same material. 
Although such nests were investigated with different chemical and physical 
techniques [116,118,119], no TA measurements have been found in the literature. 

Recently experiments were pertbrmed on nests of the hornet Vespa crabro and 
of several wasps by means of combustion calorimetry and DSC, TG/DTG and 
MS. The ash content of most nests is small (about 3 %) comparable to that of 
wood (see above) with the exception of nests of the wasp Dolichovespula (7.4 
%). In contrast to wood with more than 50 % (fresh) and about 20 % (dry) the 
water content of wasp nests is extremely low with only 3.6 %. This is of special 
importance for the insulating properties of the envelope. The combustion ener=w 
with values between-16 and-18  MJ/kg corresponds to that of wood [120]. 

Figure 20 shows the thermogram of a nest envelope of the wasp l/espula vul- 
garis. An endothermic peak due to water loss is observed at about 75~ a transi- 
tion from endothermic to exothermic effects around 252~ and three exothermic 
peaks around 335~ (cellulose), 435~ (lignin) and 510~ (supposedly compo- 
nents ton'ned during pyrolysis) [120]. As the nests are constructed from several 
thousand small wood particles of a few milligrams and of different origins, wasp 
nests are not at all identical in their chemical composition between one another 
and in themselves. Thus, larger variations in the height, the shape and the tempe- 
rature of peaks may occur. Differences are also seen between the envelope, the 
combs and the pedicels of a single nest. 
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Figure 20. Thermogram of the nest envelope of the wasp Vespula vulgaris. All 
three exothermic peaks are typical for envelopes but vary in their relative height 
and temperature within a nest and between nests of different origins and years 
[1201. 

14. MICROBIAL DEGRADATION OF WOOD 

A manyfold of biological agents decompose wood, among them fungi and 
bacteria. They may attack different components, e.g. the brown-rot fungi mainly 
the polysaccharides, white-rot fungi all cell walls, and this at changing rates de- 
pending upon the active species [121]. Such decay by progressive fungal degra- 
dation is connected with a loss of strength. Even at slight weight losses of less 
than 10 % significant reductions of important wood characteristics can occur so 
that a rapid means to determine the "incipient decay" is of interest beside the 
usual weight loss evaluation [122]. TA could be such an approach but only few 
papers are published on microbial deterioration of wood. White- and brown-rot- 
ting of birchwood was followed over 12 weeks by means of TG but si~ificant 



799 

results could only be obtained after a weight loss of more than 50 % [123]. Ef- 
fects earlier than the readily-obtainable weight losses could be detected from 
DSC on white- and brown-rotten aspenwood during a seven-week period by 
evaluating the endothermic peak areas [124]. Both papers assumed that there is a 
strong correlation between the thermal instabilities and the changes induced by 
microbial degradation on the degree of polymerization of cellulose [122] 

!Lso . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

12mW 330//~50 . . . . . . . . . . . . . . . . . . . .  11: . . . . . . . . . . . . . . . . . .  

BetulG sp. / \ , /  Bet'utQ sp. 
/ ~ infeOed wlt'h / - P befut,nus ~ L......-- 

"~" 2r }CO ~.----T,O- 500 e ['Ci ~* 2C)0 ?co ~.00 Sco e['C] 

Figure 21. Thermograms of sound birchwood (left) and outdoor birchwood (right) 
infected with P. betulinus [ 127]. 

Baldwin and Streisel [122] investigated poplar sapwood samples (Populus 
maximowiczii x trichocarpa) taken from the same growth ring. After surface 
sterilization, small specimens were incubated in petri dishes with the brown-rot 
fungus Lenzites trabea for 3 to 15 days. Every third day samples were analyzed 
by DSC under nitrogen between 227 and 427~ and by chemical means. Above a 
weight loss of 4.7 %, DSC was a useful tool to ascertain the extent of decay in 
agreement with the earlier observations [123,124]. The highly crystalline alpha- 
cellulose was the most stable wood component and did not change much during 
this initial degradation state, while extractive-free wood showed a clear rela- 
tionship between the size of the endothermic peak and the weight loss [122]. 
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Figure 22. Thermograms of (a) birchwood sample infected with F. fomentarius, 
(b) pure mycelium of F. fomentarius, (c) mixed sample of (a) and (b) showing the 
superposition of the presumed mycelium peaks [127]. 

Each year, considerable amounts of useful wood are lost due to fungal degra- 
dation activities. On the other hand, there is an intensive screening for white-rot 
fungi which could be suitable for biotechnological purposes [125,126]. With this 
background, Reh and coworkers made DSC and isothermal calorimetric investi- 
gations on sound and microbially degraded wood [127-129]. Two Basidiomyce- 
tes, Fomes fomentarius and Piptoporus betulinus, were used in the form of pure 
aerial mycelia collected from field samples of birchwood (Betula sp.). Besides 
some combustion profiles of sound wood from spruce (Picea abies), beech 
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(Fa~ts sylvatica) and eucryphia (Eucryphia cordifolia) the experiments concen- 
trated on sound and degraded birchwood and some wood reference compotmds. 

Flexure  m e a s u r e m e n t s  of d i f fe ren t  wood  slices 

! 

Type of wood 
1 bamboo " ~  
2 quebracho blanco 1.06 mm 2 
3 sequoia 1.18 mm 
4 balsa 1.07 mm 

Onset points at the breakdown 

I 320 *C 
2 300 "C 
3 295 "C 
4 270 "C 
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Figa.tre 23. Thermal stability of different kind of woods determined by flexure 
measurements (DLTMA) [130]. 

All wood thermograms showed the two well-known peaks of cellulose (345 to 
360~ and lignin ( 470 to 480~ and two more or less distinct shoulders around 
300 and 330 to 335~ The first shoulder may be traced to xylan, but the reason 
for the second one is unclear, although it is similar in position to BjOrkman lignin. 
Figure 21 exhibits the graphs of a sound (left) and degraded birchwood (right) 
with a clear increase of the (relative) lignin content and a shift of its main peak 
from 480 to 455~ While the brown-rot fungus P. betulinus selectively removes 
cellulose from wood and accumulates modified lignin, the white-rot fungus F. 
fomentarius preferentially degrades lignin and induces the appearance of several 
small peaks between 400 and 510~ [128]. Figure 22 indicates that even the my- 
celium of the Basidiomycetes can be detected as an additional peak around 430~ 
and as a shoulder at 320~ in white-rotted wood, but never in brown-rotted spe- 
cimens [ 127]. 
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15. OTHER OBSERVATIONS ON WOOD 

Wiedemann [130] used samples of redwood (Sequoia sempervirens), balsa 
(Ochroma pyramidale/lagopus), quebracho blanco (Aspidosperma quebracho- 
blanco) and beech wood (Fagus spec.) to determine the mechanical properties of 
wood by means of TMA and DSC. Flexure measurements as depicted in Figure 
23 show different, highly reproducible onset temperatures for breakdown in the 
chosen samples from the very light balsa wood to the very hard South American 
quebracho blanco and- for comparison - bamboo. TMA together with DSC re- 
sults indicates that such breakdowns take place only after the complete decom- 
position of cellulose. 

o 

Temperature [~ 1 

200 400 600 800 

I 

1000 

Figure 24. TG burning profiles of different carbon compounds in air. 1,3 charcoal 
of beechwood, 2 carbonaceous matter from the Allende meteorite, 4 highly 
crystalline graphite flakes, 5 diamond sugar [ 131 ]. 

The following TA investigation by Wiedemann and Reller [131] is in a loose 
connection with wood or wood components. They isolated carbonaceous matter 
from the Allende and the Murchison meteorite by wet chemistry and analyzed its 
degradation in an oxidizing atmosphere by means of TG. Figure 24 compares the 
degradation of the extraterrestrial material of the Allende meteorite (2) with that 
of Earth-bound samples of beech charcoal (1,3), crystalline graphite flakes (4) 
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and diamond sugar (5). It may be concluded from slope (2) that different forms of 
carbon compounds were present in the meteorite ranging from hydrocarbons to 
graphite. High-resolution electron microscopy revealed the presence of poorly 
ordered graphite. Graphite is one of the degradation products of the natural car- 
bonization besides lignin, bituminous coal and anthracite and can be formed from 
charcoal at high temperatures. As the meteorite material underwent a complicated 
temperature programme when plunging into the Earth atmosphere different tran- 
sitions of carbonaceous samples were possible. Thus, the investigations gave evi- 
dence for the presence of organic carbon compounds in the bulk of the Murchison 
meteorite and made macromolecular carbon compounds probable [131]. 

16. CONCLUSION 

Wood plays an important role in all aspects of the daily life, as timber for hou- 
sing, as fuel for warming, as ornamentally structured specimens for furniture or 
decoration, as substrate for sculptures, as source of natural drugs for our health 
and welfare, as basis of paper for communication: a role in the fullest sense of the 
word "from the cradle to the grave". Correspondingly broad is the field of appli- 
cation of thermoanalytical methods in wood research. Although Westeners feel 
that it is a pity just to bum wood and prefer to reserve it to relax by open fire- 
places or barbeques, it should be kept in mind that wood is the essential (or only) 
fuel for the majority of mankind. We have to use our natural resources with pro- 
vidence, replant the cuts where it is possible and create new plantations to fulfill 
the elementary needs of population. Nature has to be handled with care to survive 
together with man. 

Civil isation started with cutting the first tree - 
and it ends with cutting the last! 
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1. VISCOELASTICITY 

I. 1 Modes of Motion in Polymers 
An understanding of the physical and mechanical behavior of materials 

requires consideration of two fi~ndamental dependencies - of time and of 
temperature. This is especially true for polymers due to their viscoelasticity. 
While many materials exhibit viscoelasticity (e.g., concrete, biological materials, 
and metals at elevated temperature) [1], polymers are invariably viscoelastic. 
Their large molecular size gives rise to a broad range of relaxation length-scales. 
This means that for any perturbation, there are some relaxation mechanisms 
transpiring at short times, hence contributing a viscous response, and other 
relaxation modes, involving larger portions of the chain molecule, which are 
slow compared to the experimental time scale, thus responding elastically. The 
combination of both viscous and elastic contributions gives rise to a time 
dependence of the mechanical response; that is, viscoelasticity. 

The range of motions available to a polymer spans the high-frequency 
secondary relaxations, involving motion of pendant groups, to the slow so-called 
chain modes, which reflect motion over large (>10 nm) distances. The slowest 
relaxation process is the terminal mode, corresponding to motion of the entire 
molecule. These dynamics can be illustrated with an example, 
poly(vinylethylene) (PVE), an elastomer also known as 1 ,2-polybutadiene. 

The pendant vinyl group in PVE tmdergoes a waggling motion which has 
minimal effect on the stress, but can be detected by dielectric spectroscopy. This 
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secondary relaxation, which has an Arrhenius temperature dependence, occurs 
at higher frequencies and/or lower temperatures than the glass transition region 
of the viscoelastic spectrum. At room temperature the time scale of the 
secondary relaxation in PVE is 10-6 s (i.e., MHZ frequencies) [2]. 

The next fastest relaxation corresponds to the local segmental motion 
associated with the glass transition, which has a length equal to a few backbone 
bonds. This relaxation appears as a peak in the loss modulus spectrum, situated 
at end of the glassy plateau. While measurements of local segmental relaxation 
are usually done near Tg, the glass transition temperature, in order to bring the 
dynamics into the range of typical instrumentation (e.g., 10-3 to 10 +2 Hz), the 
"Tg-relaxation" can in principle be measured at any temperature. For PVE, whose 
glass transition temperature is 0 ~ the segmental relaxation time at room 
temperature is about 10 .3 s (kHz frequencies) [3]. The VFTH equation (see 
below) is commonly used to describe the temperature dependence of segmental 
relaxation in polymers, as well as the glass transition relaxation in small 
molecule, glass-forming liquids. The latter, which have no chain segments, 
undergo reorientational motions at Tg, rather than the segmental relaxation of 
polymers. 

Relaxation slower than segmental relaxation involves longer portions of the 
chain molecule, and are responsible for the glass transition ("softening") region 
of the viscoelastic spectrum. Such motions are quite complicated. Bead-spring 
analogs, and in particular the Rouse model modified for neat polymers [4], are 
used to model the dynamics. The Rouse model describes the motion o-f chain 
segments which are long and flexible enough to exhibit Gaussian behavior; that 
is, the end-to-end distribution function of the segments is Gaussian. The distance 
for Rouse motion extends from roughly 50 ,~ up through the length scale 
associated with the molecular weight between entanglements. This entanglement 
molecular weight varies with chemical structure; for PVE, Me = 4900 [5]. This 
equates to a distance of about 200 ,~,, which defines the upper limit of 
applicability for the Rouse model for PVE. 

For polymeric liquids having molecular weights large enough for entanglement 
coupling, the motion of increasingly larger sections of the chain gives rise to the 
rubbery plateau region of the viscoelastic spectrum. The slowest dynamics 
comprise the terminal relaxation, which marks the end of this plateau. The 
terminal dynamics involve motion of the entire chain molecule. A measure of the 
terminal relaxation time is the time required for the chain to diffuse a distance 
equal to its coil size. This relaxation time is thus strongly molecular weight 
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dependent, typically varying with roughly the 3.4 power of molecular weight. 
For PVE having a molecular weight equal to 400,000, for example, the terminal 
relaxation time at room temperature is about 10,000 s. This is 10 orders of 
magnitude longer than the secondary motions, and 7 decades slower than the 
segmental relaxation, illustrating the enormous time scale of polymer dynamics. 
The temperature dependence of both the Rouse modes and the terminal 
relaxation are usually described using the WLF equation (see below). At high 
temperature, the temperature dependence for the terminal relaxation may obey 
an Arrhenius law, although only unsaturated polymers have sufficient thermal 
stability for this to be observable. 

The various motions of a polymer molecule not only occur at different rates, 
but they are also affected differently by temperature changes. These two aspects 
are considered in detail below. 

1.2 Time Dependence of Relaxation 
Relaxation functions, describing the time dependence of the modulus, are 

either derived from a model or simply an empirically-adopted fitting function. 
Only the former are amenable to interpretation. However, an empirical function 
with some theoretical basis is the Kohlrausch-Williams-Watts equation [6], which 
describes a variety of relaxations observed in many different materials [7] 

G(t) = G 0 e x p -  ( t )1~ (1) 
rx~, 

In this equation, Go is the high frequency limiting value of the modulus (the 
"unrelaxed" modulus), rxww is the relaxation time, and 13 a shape parameter. The 
KWW function has been found to describe various processes. Most importantly 
for polymers, the local segmental relaxation dynamics conform closely to form 
of equation 1. 

A number of models, especially for relaxation in the vicinity of the Tg, yield 
the KWW function. These are variously based on constraint dynamics [8,9], free 
volume [ 10,11 ], defect diffusion [ 12], or relaxation time distributions [ 13,14]. 

The most useful theoretical approach is the coupling model, because it 
provides verifiable predictions concerning the relationships between chemical 
structure, and the time and temperature dependencies. The coupling model, when 
applied to local segmental motion, is a homogeneous relaxation theory (i.e., all 
basic units are relaxing in the same manner at the same time). Of course, a 
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distribution of relaxation times exists on a molecular level [15]. In a densely 
packed system such as a polymer melt, the relaxing units mutually interact, and 
all cannot move in the same manner at the same time; this is either impossible 
or very inefficient. Intermolecular constraints thwart some of the attempted 
conformation transitions, giving rise to random variations in the success rate for 
transitions by individual segments. The interaction and correlation among the 
relaxing units slow down the individual relaxation rates. The coupling model 
addresses relaxation of macroscopic variables (e.g., stress, dielectric polarization, 
density fluctuation, mean-square-displacement, enthalpy, etc.) [16], which 
represent such an average over the basic relaxing units. 

According to the coupling model, for neat polymers at the times appropriate 
for most experimental measurements, the slowing down of segmental relaxation 
gives rise to a correlation function having the form of equation (1). The stretch 
exponent is a measure of the strength of the intermolecular constraints on the 
relaxation. These constraints depend on molecular structure because the chemical 
structure determines the intermolecular interactions. However, the complexity of 
cooperative dynamics in dense liquids and polymers precludes direct calculation 
of D; it is invariably deduced from experiment. An assumption fundamental to 
the model is that the time at which intermolecular cooperativity effects become 
manifest is independent of temperature. 

Smaller 13 implies stronger cooperativity and a broader spectral dispersion. 
Non-cooperative relaxation (13=1) yields exponential relaxation, which is only 
seen for polymers in high-frequency, low temperature relaxations or in their 
terminal relaxation at very high temperature. Exponential decay, or a Lorentzian 
frequency response, is often associated with an Arrhenius temperature 
dependence. In fact, a barrier model for relaxation leads directly to both an 
Arrhenius temperature dependence and exponential decay [17,18]. 

2. TEMPERATURE DEPENDENCE OF RELAXATION 

Increasing temperature invariably reduces the magnitude of the relaxation 
time, by as much as a factor of 10 ~~ Despite this enormous effect on the time 
of relaxation, for a thermorheologically simple material, temperature has no 
effect on the rate at which the stress decays (i.e., the shape of the relaxation 
function). At least for linear polymers, the terminal relaxation function and 
height of the rubbery plateau are minimally affected by temperature. Segmental 
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relaxation behavior is more often sensitive to temperature and, when the 
relaxation function does change, it invariably narrows (faster relaxation rate) 
with increasing temperature. 

The functional form of the temperature dependence can vary. For a thermally 
activated process, wherein the relaxation mechanism is governed by the 
microscopic success rate in transitioning an energy barrier, Arrhenius behavior 
obtains 

r -  roexp(-ea/Rz) (2) 

where E a is the activation energy, r0 the pre-exponential factor, and R T  has its 
usual significance. 

Very often relaxation data is interpreted in terms of free volume, for example, 
using the theories of Bueche [19] and Fujita [20]. The idea that free volume 
governs molecular mobility gives rise to the two most common forms for the 
temperature dependence of polymer viscoelasticity. If the free volume goes to 
zero at absolute zero temperature, the equation of Williams-Landel-Ferry (WLF) 
can be derived [4,17] 

-c , (r-r  o) 
log r = (3) 

c2 + T - T  0 

where C 1 and c 2 are constants and To is a reference temperature. 
As an alternative, the assumption can be made that the unoccupied volume is 

not all "free", or accessible for the relaxing species. This approach leads to the 
prediction that the free volume equals zero at some temperature Too, which is 
above zero Kelvin. The resulting expression for the temperature dependence of 
the relaxation times is the Vogel-Fulcher-Teymann-Hess (VFFH] equation [4,17] 

/ /  
r = A exp( " _  ) ( 4 ) 

T -I"| 

in which A and B are constants. Although the use of equations (3) or (4) implies 
different assumptions about free volume, the two functions are mathematically 
equivalent [21]. As suggested by the form of these relations, relaxation data are 
often expressed as a function of the difference between the measurement 
temperature and a reference temperature, in an attempt to "normalize" for the 
effect of temperature changes on free volume. While free volume no doubt 
exerts an influence on relaxation, there is a good deal of evidence [22-25] that 
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it does not actually govern molecular mobility. Consideration must be given to 
the inherent cooperativity of the molecular motions in condensed matter in order 
to achieve a quantitative description of the relaxation dynamics. 

Since relaxation times must be measured at temperatures wherein their 
magnitudes fall within the experimental window of the available instrumentation, 
they are rarely measured for different materials at the same temperature. This 
introduces uncertainty into any attempt to compare the temperature dependence 
of different materials. Recently a normalization scheme has been widely adopted 
for the comparison of data obtained on different polymers, and even on small 
molecule, glass-forming liquids. In this method, shift factors are plotted as a 
function of inverse temperature normalized by Tg, or by a "dynamic" glass 
transition temperature, defined as one at which the relaxation time assumes some 
arbitrary value (e.g., 100 s). 
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Figure 1. The segmental relaxation times for PDMS varying in molecular weight 
from 310 to 10,370 g mo1-1, which yields glass transition temperatures from 
129K to 150K. 
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Angell [26,27] provided a theoretical basis for the Tg-normalized Arrhenius 
plot. ff a liquid gains access to a high density of energetically-preferred 
configurational states when the temperature is raised through Tg, the glass 
transition will be accompanied by a large entropy increase; consequently, the 
heat capacity and relaxation times will change markedly with temperature 
changes near Tg. Such a liquid is classified as "fragile", a reference to the loss 
of short range order accompanying the transition from the glassy state. "Strong" 
liquids, on the other hand, have fewer potential energy minima, lose less of their 
local "structure", and thus exhibit smaller heat capacity increments at Tg. This 
thermally induced degradation of structure refers only to the loss of local order, 
not to chemical stability. There is no marked change in the structure factor for 
a polymer glass-forming small liquid as Tg is traversed, only a falling out of 
equilibrium (non-ergodicity). Hence, the terms strong and fragile are probably 
inappropriate; nevertheless, the term "fragility plot" is often used to refer to plots 
of log(r(T)) versus Tg/T. 

This approach has been applied extensively in recent years to polymers 
[16,27-31]. From comparisons of segmental relaxation times for various 
polymers made on the basis of Tg-scaled Arrhenius plots, correlations between 
the shape of the relaxation function and chemical structure have been 
demonstrated [3,16,32,33]. Fragility plots are also useful in interpreting the 
relaxation behavior of polymer blends, since the relaxation function itself is 
complicated due to inhomogeneous broadening [34-37]. 

The validity of the fragility plot approach can be demonstrated by comparing 
such plots for liquids differing in their glass transition temperatures, but not in 
their dynamics [38]. The obvious way to do this is to compare polymers 
differing only in molecular weight. Below some high polymer limit, the glass 
transition temperature is a function of molecular weight, whereby segmental 
relaxation times, and hence Tg, become molecular-weight-dependent. Since the 
segments themselves are identical, however, the relaxation behavior, and thus the 
fragility plots, should be the same. This can be illustrated with an example. 

Dielectric relaxation measurements have been reported [39] for 13 different 
poly(dimethylsiloxanes), ranging in degree of polymerization from 8 to 139 
(MW = 310 to 10370 g mol-~). The chains were trimethyl-terminated, whereby 
the nonpolar end groups do not contribute to the dielectric response. In Figure 
1, the segmental relaxation times, defined as the inverse of the frequency of the 
maximum in the dielectric loss, are shown as a function of temperature. As the 
molecular weight decreases, there is a decrease in the glass transition 
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temperature. This effect is well known, and reflects the additional configurational 
entropy (or "free volume") conferred on the melt by the presence of a higher 
concentration of chain ends in lower molecular weight samples. At sufficiently 
high molecular weight, Tg becomes invariant. 

The lower MW PDMS have shorter relaxation times at every temperature. 
Defining a reference temperature as the temperature at which the relaxation time 
equals 1 s (this value is arbitrary, and chosen to be appropriate for the frequency 
range of the experimental technique employed), fragility plots can be constructed 
from the data. As seen in Figure 2, this causes the curves, which differed by as 
much as 9 orders of magnitude in Figure 1, to collapse into a single curve. Such 
results corroborate the fragility plot approach as a self consistent means to 
classify the segmental relaxation behavior. 

2.1. Thermorheological Simplicity and Complexity 
It is not a trivial problem to obtain a complete characterization of a material 

responding over many decades of time. The brute force method would be to 
carry out experiments over many decades of time. More efficient is to employ 
more than one instrument, and cover a time span that includes high frequencies. 
This is now possible with broad dielectric spectroscopy, with which the 
frequency range from 10 .3 to 10 9 can be attained by using different techniques 
- t i m e  domain spectroscopy, frequency response analysis using AC-bridges, and 
coaxial line reflectrometry. Of course, each isothermal experiment has to be 
repeated at various temperatures in order to determine the temperature 
dependence. 

It is common to measure some viscoelastic quantity at constant frequency (or 
isochronally) over a series of temperatures, thus efficiently gaining a view of all 
viscoelastic mechanisms. However, since the relaxation function is temperature 
dependent, employing temperature as the independent variable convolutes the 
time and temperature dependencies, yielding data that are not amenable to 
theoretical analysis. The convenience of sweeping temperature at fixed test 
frequency comes at the expense of rigor. 

Often the assumption is made that a material is thermorheologically simple, 
meaning all mechanisms contributing to the response have the same temperature 
dependence. In this situation, temperature only changes the relaxation time, not 
the shape of the relaxation function. Accordingly, the principle of time- 
temperature superpositioning can be applied. The measured quantities are shifted 
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Figure 2. Tg-normalized Arrhenius plots of the PDMS data in Figure 1. 

j 

along the logarithmic time or frequency axis to produce "mastercurves". The 
reduced frequency range is many times greater than that of the actually measured 
frequencies. 

Notwithstanding the fact that the polymer literature is replete with examples 
of the application of the time-temperature superposition principle, its underlying 
premise cannot be easily verified. Successfully superimposing data obtained with 
a conventional instrument, coveting only 3 or 4 decades of time, does not prove 
the correctness of the procedure. A more stringent test is to obtain shift factors 
for both the segmental and the terminal relaxations at the same temperatures.  To 
bring the response of these disparate mechanisms into the available frequency 
range usually requires that the high frequency dynamics be probed at low 
temperatures, while the slow frequency modes are measured at high 
temperatures. The mere demonstration that both sets of time-temperature shift 
factors can be interpolated by the same equation is only consistent with, but does 
not establish, thermorheological simplicity. 
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It is now generally accepted that neat polymers exhibit thermorheological 
complexity in their viscoelastic spectra [40], as most clearly observed when 
measurements are made in the glass transition (softening) zone. In this region of 
the viscoelastic spectrum, both segmental and terminal modes contribute to the 
measured response; hence, their differing temperature dependencies are 
manifested as a change in the spectrum with change in temperature. A 
breakdown of the time-temperature superposition principle has been reported for 
polystyrene [41], poly(vinyl acetate) [42], poly(phenylmethylsiloxane) [43], 
polypropylene glycol [44], atactic polypropylene [45] and polyisobutylene [46]. 
The thermorheological complexity of the latter is ironic (Figure 3), since 
experiments on polyisobutylene were so instrumental in the acceptance of the 
time-temperature superpositioning principle [4]. 
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Figure 3. The loss tangent of polyisobutylene measured by dynamic mechanical 
spectroscopy (circles and triangles) and by creep (squares). 

Of course, thermorheological complexity does not necessarily mean that 
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superpositioning is not useful. It does mean, however, that one must be sure that 
different modes of motion (e.g., the chain modes and segmental relaxation) do 
not contribute to a measured viscoelastic property. When only one mode is being 
observed, any spectral changes with temperature are usually subtle. However, if 
the measured response is due to more than one mechanism, the resulting 
mastercurves are not reliable. At best they are only semi-quantitative. 

3. COMPOUNDING VARIABLES 

3.1. Crosslink Density 
According to classical rubber elasticity theory, intermolecular forces have no 

effect on the equilibrium chain configurations, and thus no effect on the stress. 
The relaxation of rubber toward mechanical equilibrium, however, is governed 
by the interactions among neighboring segments. This relationship has led to 
various attempts to interpret the elastic properties of rubber in terms of the 
network dynamics [47-52]. 

Recent experimental advances reinforce the idea that the microscopic motions 
and the elastic properties can be usefully interrelated. For example, quasielastic 
neutron scattering measurements probe the motions of the network junctions 
[53,54]. Molecular dynamics simulations have also added new insight, for 
example, by demonstrating the existence of local constraints on the network 
chains at strand lengths less than the molecular weight necessary for chain 
entanglements [55]. Recently 31p NMR spin-lattice relaxation experiments on 
crosslinked rubber have been used to monitor specifically the dynamics of the 
network junctions [52,56]. 

The effect of crosslink density on the segmental relaxation behavior was 
determined by experiments camed out on a series of PVE networks [3]. Higher 
crosslink density causes increases in the glass transition temperatures, as well as 
broader segmental relaxation functions (Figure 4). Tg-scaled Arrhenius plots of 
the segmental relaxation times (once again defining a "dynamic" Tg as the 
temperature at which the relaxation time assumes an arbitrary value) reveal that 
enhanced intermolecular cooperativity is the primary mechanism for the 
broadening. This demonstrates the approach of using temperature dependencies 
to analyze inhomogenously broadened relaxations, whose relaxation function can 
not be directly interpretted. 
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Figure 4. The segmental relaxation time of poly(vinylethylene) elastomers having 
crosslink densities increasing from 0 (far fight) to > 1 0  -3 moles per cm 3 (far left). 

3.2. Diluent and Blending 
The use of diluents ("plasticizers") to reduce the relaxation times of polymers 

is a well established method for altering their physical properties. Often the 
desired result of incorporating some small molecule liquid is a reduction in the 
viscosity of the polymer melt, which facilitates processing. The reduction is 
caused by two effects - the dilution of the chain entanglements and the decrease 
of the local friction. The latter is the case, at least if the friction coefficient of 
the diluent is less than that of the polymer, which is the expectation if the former 
has a lower glass transition temperature. 

The detailed consequences of mixing on polymer dynamics are not fully 
understood [57]. Segmental relaxation times of the diluent and the polymer are 
expected to be closer in magnitude when mixed, than when in their respective 
pure states. Free-volume concepts would suggest that a polymer mixed with a 
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lower Tg diluent will exhibit a smaller relaxation time than when neat (i.e. 
plasticization); that is, if the diluent dynamics are faster than the polymer 
dynamics, the segmental relaxation of the polymer will become faster. In the less 
frequent situation, in which the diluent has a higher Tg than the polymer, the 
segmental relaxation times of the polymer should increase upon addition of the 
diluent (i.e. anti-plasticization). 

A number of recent studies have shown deviations from this simple behavior 
when the components have nearly equal Tg'S. For mixtures of polymers with 
diluent [35,58-61], as well as for polymer blends [62-64], measured relaxation 
times are not always found to be intermediate between those of the pure 
components. Specifically, addition of a higher Tg component often increases the 
relaxation rate. 
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Figure 5. Segmental relaxation times for epoxidized polyisoprene and 
polychloroprene, and two of their blends. The latter exhibit faster relaxation than 
the either neat components. 
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An example of this unexpected result in a rubber blend is shown in Figure 5. 
At 25 mole % epoxidation, polyisoprene has a Tg very nearly equal to that of 
polychloroprene. Mixtures of the two polymers, however, exhibit shorter 
relaxation times than either neat component. The origin of such anomalous 
behavior is unclear, but it appears to arise from two factors [59,61]. In miscible 
mixtures, the pure component volumes are not necessarily additive. There can 
be an excess volume, which is either negative or positive. Such non-zero mixing 
volumes can be quite large for macromolecules mixed with small molecule 
diluents. Additionally, the intermolecular cooperativity which governs the 
segmental dynamics can change drastically, and in unanticipated ways, upon 
mixing two pure species. 

3.3. Filler Reinforcement (Carbon Black) 
The most widely used polymeric composite is rubber reinforced with carbon 

black. The use of carbon black not only lowers the cost of the material, but also 
improves the properties. The mechanical properties of filled rubber are very 
strain dependent, particularly for strains exceeding about 0.1%. In combination 
with the viscoelasticity of the material, this non-linearity makes the finite- 
element modeling of elastomers very complex. Filled rubbers exhibit the highest 
modulus at low strains, due to the presence of a three-dimension network of 
agglomerated filler particles. The presence of a filler particle network contributes 
to the temperature dependence of the mechanical properties of filled rubber [65]. 
As the strain increases, high hysteresis (heat buildup) occurs, associated with the 
breakup of the agglomerates [65,66]. This is an important practical problem, 
contributing, for example, to the rolling resistance of automobile tires. 
Mechanical energy dissipation in the tires accounts for about 10% of the fuel 
consumption in a typical automobile. 

Much effort has been expended in reducing the hysteresis of filled rubber by 
minimizing the agglomeration of carbon black. One approach is to intensify the 
mixing procedure. This causes more extensive coating of the carbon black 
particles with the polymer, which reduces subsequent particle-particle bonding. 
This effect is illustrated in Table 1 [67,68], in which the loss modulus, which is 
proportional to the amount of heat generation, is seen to decline in proportion 
to the extent of mixing. Another approach to reducing filler agglomeration 
through enhanced bonding with the polymer chains is the use of adhesion 
promoters [69]. 

It is difficult to characterize the mechanical properties of elastomers at strains 
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below about 10 -4. Nevertheless, it had long been reported [70-72] that the modulus 
of filled rubber exhibited a maximum in the vicinity of strains of this magnitude. 
Such results imply that the carbon black agglomeration is induced by the 
deformation, with implications concerning the behavior of filled rubber in the 
unstrained condition. This is of some import, for example, concerning the use of 
carbon black to impart electrical conductivity to elastomers. 

Acoustic measurements enable strains as low as 10 .9 to be achieved. The response 
of unfilled rubber to acoustic perturbations is virtually identical to that for low strain 
mechanical deformation. As shown by the data in Table 1, obtained on a styrene- 
butadiene copolymer (SBR) [68], this is also the case for filled elastomers. The 
putative maxima [70-72] in the storage and loss moduli are nonexistent. The high 
stiffness associated with the presence of a filler network is maintained down 
through the lowest strains. 

Table 1 
Acoustic and mechanical results for SBR with 45% (by wgt.) carbon black 

storage modulus loss modulus 

mill passes acoustic ~ mechanical 2 acoustic ~ mechanical 2 

0 35.5 26.7 6.7 3.7 

5 32.6 22.1 6.8 3.3 

20 30.6 15.0 5.2 2.7 

frequency = 1 kHz; T = 30~ 10 6_< strain amplitude _< 10 9 

2 frequency = 40 Hz, T= 26~ strain amplitude = 1 0  --3 

Less mixing results in compounds having a higher low strain modulus, reflecting 
more extensive carbon black agglomeration. Mixing promotes interaction between 
polymer and filler, suppressing subsequent particle agglomeration. 

At moderate strains, sufficient for disruption of the filler network, some modulus 
enhancement is still observed, due to strain amplification of polymer chains near the 
carbon black [73-75]. This hydrodynamic effect is analogous to the viscosity 
increase of liquids upon addition of solid particles. The effect in carbon black can 
be described using the Einstein equation; however, quantitative agreement with 
experimental results requires that a higher than actual volume fraction of filler be 
used in the calculation, presumably to account for occluded rubber [66,75]. Such 
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occluded material is made inextensible through its confinement in the interstices of 
the filler particles; thus, occluded rubber contributes to the filler reinforcement. 
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I. INTRODUCTION 

Every kind of thermal analysis SCI far known has found applications in thc 
study of foods arid food processes. Traditional caloi-iinetry was einployed wine 

decades ago to determine heat capacities of many food materials [ 1-3 J and 
describe the behaviour of frozen ice-forming foods [4]. These pioneering studies 
were followed by the worldwide development of DSC applications [ 5 ] ,  sustained 
by the availability of easy-to-use cotniiiercial instruments. I n  inore recent years 
other thermal analysis techniques, like TGA; 'I'MA and DI'MA, have bccn med 
for specific applications in the realin of food science and teclinology. 

Because of the intrinsic heterogeneity of many food materials, the 
reproducibility of a given h i - m a 1  analysis trace is iisually poorcr than those 
obtained from purified chemicals, and, when extended throughoirt a wide 
temperature range, shows a large iiurnber of humps and brimps (Figure I ) that 
make the interpretation rather difficult. In the case of DSC, base line shifts due 
to glass transitions often partially overlap to peak signals of first order 
transitions and chemical, biochemical and microbe-sustained reactions. This 
explains why for inany years DSC has been considered and referred to as mere 
analytical tool by food scientists and technologists. 

Many papers indeed appcarcd where DSC traces were reported in figures 
devised to allow just a qualitative coniparison [6-71 between samplcs 01' fonds or 
food ingredients modified by some treatment (Figore 2). I n  soiiic cases tentative 
evaluations of tlic rclcvant entlialpy changes were reported, althorrgh based on a 
rather arbitrary choice of the base line trend across the signals. As a 
consequence, wide discrepancies can be found in the literature among enthalpy 
values related for instance to starch gelatinization and retro gradation [8- lo]. 
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Figure I. DSC trace from a flesh cheese sample. The series of endotherms is 
related to the unfolding of fragments of partially proteolysed casein [M. Riva, 
unpublished data]. 

A worthwhile improvement to the results from DSC investigations of foods 
and food processes came from the large body of data published since the 
seventies about protein unfolding and denaturation [11,12]: the careful choice of 
the base line trend and the deconvolution of the traces into single-transition 
components became more diffused among food scientists and the first examples 
of what should be done appeared in the relevant literature [13]. 

Two simple elements accordingly became basic to the interpretation of a 
calorimetric signal: namely, the thermal effect (endo- or exothermic peak), and a 
base line shift due to the heat capacity drop across the peak. The single 
contribution (peak and base line shift) can be described according to either a 
thermodynamic or kinetic approach (see Appendix A l), with the former being 
more adequate for traces obtained at low heating rates, and the latter at high rates. 

When more signals appear in a given temperature range, the relevant 
deconvolution of the trace must be carried out by assigning to each of them the 
above two basic elements. In the case of food samples, which can contain a large 
number of compounds undergoing transitions and/or chemical reactions, the DSC 
traces show trends that cannot be treated by mathematics. Nonetheless some 
assumptions can simplify the approach without significant loss of reliability [14]. 
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Figure 2. Qualitative comparison between DSC traces of casein, skim milk, 
cheese whey, ~-Lgb ( modified from ref [6]). 

For example the base line trend can be tentatively defined with a SP-line (or 
even a straight line) across peak shaped signals, or with a sigmoidal function 
when a second-order like transition is supposed to take place. Once the trace is 
accordingly scaled, it can be deconvolved into the minimum number of gaussian 
functions to attain an acceptable correlation (P < 0.05). This treatment allows a 
tentative estimation of the enthalpy associated to each peak and the progress 
across the respective temperature span. Related kinetic parameters, like kinetic 
order and kinetic constant are accordingly assessed [14]. Comparison with 
signals in DSC traces obtained from pure compounds can be of help to improve 
the analysis of each gaussian peak. 

Simulation of heat treatment is among the aims of DSC investigations of 
foods. Concerning this, it must be emphasized that no water escapes from the 
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sealed pans in the course of the temperature scan: the consequent pressure 
increase does not significantly affect the transitions occurring below or just above 
100 ~ but the constant moisture level kept within the sample does not 
correspond to the real conditions of many heat treatments in the industrial 
practice. On the other hand, if one uses open pans, the large endothermic effect 
accompanying water vaporization will conceal any other transition signal. 

Since most of these treatments, like cooking and baking, are carried out, or 
practically occur, in isothermal conditions, DSC investigations aimed to simulate 
the process should be carried out at constant temperature: in other words, one 
should drop the sample to be investigated into an empty calorimetric vessel 
previously heated up to the desired temperature. Unfortunately commercial DSC 
instruments do not allow an easy access to the sample in the course of the run; 
their use to investigate chemical reactions in isothermal conditions is therefore 
severely reduced. This explains why no isothermal DSC investigations were 
reported in food-science literature until recent years [15-17]. 

In the case of isothermal traces, the instrumental time lag is to be accounted 
in order to recognize the kinetic law underlying the observed signal. A simple 
procedure [14] allows one immediately to determine whether a signal 
corresponds to a simple or a multistep process (starch glass transition preceding 
gelatinization) and to assess kinetic order and kinetic constant of simple 
transformations (see Appendix A I). These procedures were employed to 
characterize several food systems and processes, like gelatinization and staling of 
cereal products, milk pasteurization, egg white denaturation, pasta and rice 
isothermal cooking, etc. 

Food spoilage and preparation of particular dairy foods, like cheeses, yogurt, 
kyr, etc., are sustained by specific microbial activity. In these cases prediction of 
the effects is of paramount importance to assess the shelf-life and the best 
operating conditions. To this aim thermal ana lys i s -  above all isothermal 
calorimetry - can be of some help and integrate with the traditional techniques of 
microbiology. Cultures of living organisms, like yeast and fermenting bacteria, 
can be indeed characterized with isothermal calorimetry, since, under strictly 
defined conditions, the recorded signal is directly related [18-20] to growth and 
metabolic rate. It was found [21] that the same logistic equations used to fit plate 
count data, like the Gompertz function, can be of help to describe the calorimetric 
traces obtained from microbial cultures and facilitate the deconvolution of the 
sibmal into "growth" and "metabolic" contributions. 

Thennogravimetric analysis (TGA) is the thermal analysis related to the 
weight loss occurring in the course of a temperature scan at given heating rate. 
The released compounds are conveyed to the exterior by a gentle nitrogen stream 



833 

and can be analytically determined if the out-flow is connected to a gas 
chromatographer or an IR spectrophotometer. With these optional facilities one is 
able to realize whether more volatiles leave the heated sample. When so, the 
weight loss trend shows several, more or less separate steps, each related to a 
single compound. 

The output of modem instruments usually includes the DTG, namely the 
trace of weight loss rate, d m / d t ,  vs 7' (where T is the thermodynamic 
temperature), or vs t (t stands for time). When several compounds are released 
within the same T (or t) range, DTG trace allows the relevant Tm, To, and T~ 
(mean, onset and end temperature, respectively) to be more easily determined for 
each of them. In this case the DTG trace appears as a multi-peak trend. It can be 
easily shown that the DTG trace can be deconvolved into a sum of gaussian or 
gaussian-like peaks, each related to a single compound. This is the start point to 
make a kinetic parameter of the weight loss (see Appendix A2). 

Food dehydration processes are easily simulated with a TGA experiment, 
although it can be difficult to use these data to describe even phenomenologically 
the underlying diffusion mechanism. Significant improvements of this technique 
come from the simultaneous record of a DSC trace, since it allows evaluation of 
the enthalpy associated to the weight loss (Figure 3). In the case of food samples, 
most of the weight loss corresponds to water released, and the vaporization 
enthalpy usually ranges about 2.2 kJ/g [22]. 

Pyrolysis of many compounds can be studied by means of TGA [23]. 
Among others, carbohydrates and naturally occurring polysaccharides, like Guar 
gums and Xanthan gum, decompose above 250~ with formation of carbonyl 
compounds [23]. TGA when run under various different atmospheres (air, 
nitrogen, CO2, etc.) allows studies of the caramelization process of sugars, and, in 
the presence of proteins, evaluations of the Maillard reaction [23]: this can be 
tree for the case of honey. Mass spectrometry gives specific patterns of the 
volatiles produced. Analogous investigations can be extended to the 
decomposition of amino acids [23]. These mainly produce CO, CO2, alkylamines 
and HCN. 

TGA can be used to study thermal degradation of lipids [20]. Since oxygen 
is captured by the unsaturated bonds, a mass gain is observed. The onset takes 
place, at a given temperature, after an induction period (IP), the length of which is 
a measure of the oil's resistance to oxidation. An autocatalytic oxidation follows 
when the mass gain reaches its maximum rate. The subsequent phase deals with 
the decomposition of the product and is accompanied by a mass loss, mainly due 
to the release of aldehydes, ketones, alcohols and esters. 
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Figure 3. TGA-DSC trace of wheat dough dehydration at 2 K min -~ heating rate 
(modified from [22]). 

Since the mass uptake corresponds to the oxygen bound to form peroxide 
rings, it is a direct measure of the chemical stability to the oxidation; the 
maximum oxidation rate depends on the exposed surface area, which supports the 
conclusion that oxygen diffusion determines the reaction rate [23]. 

Mechanical and rheological properties are of fundamental importance to 
predict and design processing, storage and consumption of foods. They change 
with temperature, water content and water activity, and can be related to phase 
transitions occurring in the nonequilibrium state [24]. The system which behaves 
like a rigid brittle solid at low temperatures becomes rubbery at intermediate 
temperatures, and finally melts at high temperatures, where it can flow, as a result 
of the increased polymer segmental mobility [25]. 

Five regions in the dependence of viscoelastic behaviour of temperature for 
high-molecular-weight poymer are generally distinguished (Figure 4): glassy, 
glass transition, rubbery plateau, rubbery flow and liquid flow. 

The rheological properties of the material are connected with these physico- 
chemical states. In recent years significant advances have been made in both the 
theory of viscoelasticity and the related instrumentation. In particular dynamic, 
mechanical and thermal testing have become quite popular after successful 
applications to the analysis of polymer systems [26], some elements of which are 
given in the Appendix A3. 
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Figure 4. Five typical regions of viscoelastic behaviour of a synthetic partially 
crystalline polymer: 7~, and 7m stand for glass transition and melting temperature, 
respectively (modified from [27]) 

DMA, DMTA, TMA, and mechanical spectrometry can be combined with 
thennodielectric analysis, electron spin and nuclear magnetic resonance, and 
other methods [27] to investigate glass transitions and their effect on mechanical 
properties [28], as well as molecular mobility and diffusivities in food ingredients 
and products. Unfortunately, since the glass transition is kinetically controlled 
and cannot be referred to as an equilibrium phase transition [26], 78 values 
obtained by different methods from the same sample, or even by the same method 
using different experimental conditions, show significant discrepancies. 78 
depends, in fact, on temperature-time or frequency conditions of measurement 
[29-31]. In real food products, where water-binding macromolecules are 
heterogeneously distributed, thermomechanical analyses are recommended in 
addition to DSC, because of their greater sensitivity [27]. 

Cereal products are multi-component mixtures. They are the subject of a 
number of studies designed to define the viscoelastic behaviour as functions of 
temperature and water content. The viscoelastic behaviour of dough is non linear 
at all except for small deformations. However, the traditional equipment to 
examine dough behaviour provide data only in the non-linearity region, which 
cannot be used to assess the basic rheological relationships. Therefore dynamic 
rheological testing is of extreme interest because it allows an approach to the 
fundamental properties of doughs. 
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Detailed descriptions of the methods employed to study dough rheology may 
be found in several exhaustive works [32-40]. Linear and non linear models have 
been proposed to predict flow behaviour of dough in shear and extension, in order 
to optimize process design [41,42] and formulation [43,44]. Most rheological 
measurements on wheat flour dough have been carried out at ambient or proofing 
temperatures, whereas only minor attention has been paid to studies of 
rheological properties at higher temperatures. Thermomechanical analyses, which 
determine the dynamic moduli of samples of regular geometry over a wide 
temperature range, have proved a valuable experimental tool to characterize 
objectively doughs and baked products. 

These general considerations aim to stress that a thermal analysis approach 
to the study of foods and food processes requires specific skills and experience, 
as well as instruments of very good quality. Any blind use of a TA device to 
acquaint some generic reference should therefore be discouraged at all times. 

In the following some applications of thennal analyses are reported in 
connection with the characterization of the most important foods and food 
ingredients, as well as with the simulation of some heat treatment, like cooking, 
baking, pasteurizing, etc. 

2. PHASE DIAGRAMS 

A fundamental improvement in the interpretation of DSC and 
Yhennomechanical Analysis traces relevant to foods and food ingredients came 
from the recognition that compounds with a small molecular mass can directly 
affect the molecular mobility of larger molecules and therefore modify the overall 
viscosity of the system [45], as revealed by changes of the glass transition 
temperature. The ubiquitous compound responsible for such effects in foods is 
water. For a number of compounds became therefore of great interest the study of 
the respective binary with water by defining the relevant phase dia~zram in the 
plane ]'- vs - c(w), where c(w) is the water content. The curve that fits the 7g - vs 
-c(w) trend separates the underlying glassy region, where because of the low 
molecular mobility and high viscosity no transition or reaction can take place, 
from the upper region of the diagram where these changes can occur [24, 46-49]. 

A scheme of the various regions of the diagram can be summarized as 
follows (Figure 5). A liquidus curve fits the freezing points of water-rich 
compositions: it starts from 7 '= 273 K for pure water and bends down with 
increasing solute content until it intecepts the 78 curve in the point [Tg', c'(w)], 
that is the lowest temperature at which a liquid phase can be observed in the 



837 

presence of ice crystals at higher solute contents the viscosity of the solution 
would be too high for any further ice nucleation and the expected eutectic point 
cannot be attained. Tg' accordingly is the 7'8 of maximally freeze-concentrated 
solutes. 

eL) 

/ Tm 

/iquM 

glass'  e(w)' ) 
Tg' 

c(w) 

273 K 

Figure 5. Phase diagram of a hypothetical aqueous binary. The ~/'g -vs-c(w) curve 
represents the boundary between low and high molecular mobility regions; 
lettering is specified in the text. 

For c(w) < c'(w) and 7'< 7' 8' the system is an amorphous glass-like system. 
For c(w) > c'(w) and 7"< 7g' ice can still nucleate and grow although at much 
lower rate. Therefore when a sample with c(w) > c'(w) is thawed (at a given rate) 
from 7'< 7g, the DSC trace shows a first endothennic shift of the base-line at 7 ' -  
78, which can be immediately followed by an exothermic wave that corresponds 
to ice crystallization. When 7' 8 ' is attained some ice melting takes place as 
revealed by an endothermic peak: the larger the c(w) the broader the endotherm. 
An example of such a behaviour is given in Figure 6. 

The DSC trace for samples with c(w) < c'(w) shows an endothermic shift of 
the base-line at ~'= 7~, which can be followed by other signals according to the 
nature of the solute. In the case of simple compounds, like sugars and pure 
polysaccharides, a broad endotherm peak is observed which corresponds to the 
solubilization into the liquid phase. The solubility curve bends down from the 
fusion point of the pure solute (when it actually exists) and crosses the freezing 
curve of primary ice separation in the vicinity of the point [lg', c'(w)], although 
the intersection usually occurs at a slightly higher temperature. When the solute is 
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a biopolymer, several conformational changes can take place above Tg, like 
formation of entangled chain gel, gel-sol transition, thermosetting, etc., according 
to the chemical nature of the compound [45]. 
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Figure 6. DSC trace from a vegetal the base-line shift at 7g is followed by an 
exotherm related to a partial ice formation at 78 and, an endotherm, at higher 
temperature, related to ice melting (modified from ref. [50]). 

A particular emphasis has been recently given to the application of the 
Modulated DSC (MDSC) to separate reversing from non-reversing heat-flow 
signals obtained from food systems [51]. The main application concerns the heat 
capacity drop observed at 78 from the the stress-relaxation endotherm (non- 
reversing signal) that is often observed on heating samples previously cooled at 
subzero temperatures, like frozen doughs. The changes of the relaxation enthalpy 
are worth determining since they are related to the residual molecular mobility in 
quenched products and therefore with their stability and shelf-life. 

A number of applications and/or phenomena of technological interest, like 
freeze-drying, caking of powders, cryopreservation, etc., have been described on 
the basis of the relevant phase diagrams [45], as well as an application to 
extrusion processing of flour [52]. A number of papers [53-60] therefore 
appeared where various experimental approaches to 7'~, like DSC, TMA, DTMA~ 
NMR, ESR, fluorescence and phosphorescence decay, etc., were reported and 
sometimes compared to each other. It however should be emphasized that some 
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spectroscopic techniques, like NMR and ESR, reveal changes of short range 
molecular mobility within a 10 -6 - 10 -s s time scale, being practically blind for the 
macroscopic modifications of viscosity and specific heat at the operator's time 
scale which can be detected through other approaches, like thermal analyses. 

3. CEREAL PRODUCTS 

3.l.Starch 
A huge literature is available about starch transitions in cereal products. To 

summarize some basic points, one has first to emphasize that starch is not a 
chemical compound, but rather a naturally-built structure with a grossly spherical 
shape, named the starch granule, mainly formed by amylose and amylopectin. 
Some crystal order can be recognized in superficial layers of starch granules [61- 
64] where the side chains of amylopectic molecules form radially directed arrays. 
This crystal region rests upon an amorphous core formed by randomly arranged 
amylose and amylopectin chains. The crystal phase is responsible of the 
birefringency of the granules when suspended in water at ambient temperature. 
Some water (10 - 14% w/w) is trapped within the granule being mainly bound to 
the tertiary helical structure of the polysaccharides. 

Most, if not all, transformations of starch require a previous degradation of 
the granule. This takes place when the amorphous core softens and consequently 
is no longer able to act as a firm basement for the external crystal regions. This 
transition, namely the starch glass transition, occurs at a temperature, 78, that 
depends on the endogenous water content of the granule, ranging from 323 to 338 
K, according to the vegetal origin of the starch. The core of the starch granule is 
practically inaccessible to external water while the absolute temperature remains 
below 7~; once this threshold is attained, the external water can diffuse through 
the superficial layers, which miss their crystal character, and migrate toward the 
core. The granule swells (although keeping a spheroidal shape) and its 
birefringence disappears at the same time. 

The diffusing water enhances the molecular mobility of the polysaccharide 
chains and sustain the irreversible transition to a gel state. The plasticizing role of 
water can promote nucleation and growth of some amylose crystal embrios and/or 
the enlargement of amylose crystals already present in the core [45]. 

The whole process, named starch gelattnization, produces a broad DSC 
signal which can be described in the following way. The onset corresponds to an 
endothermic shift of the base line related to the heat capacity increase at the 
starch 7g; this is followed by an endothermic peak related to the break of the 
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crystal regions, and a final exothermic 
crystallization of amylose (Figure 7). 
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Figure 7. Idealized DSC signal of the starch gelatinization in excess water. 

The first papers dealing with DSC studies of starch gelatinization showed 
that the water content did significantly affect the shape of the trace. The early 
base line shift of the glass transition is crucial to define the rest of the signal, 
since both amyiopectin "fusion" and amylose partial crystallization do not imply 
significant heat capacity changes: in other words, the base line trend does not 
change above ~/~. It can however happen that some starch granules have crystal 
regions more resistant to the dismantling action of water and undergo fusion at 
higher temperatures. This produces a double endothermic peak in the DSC trace 
[6O]. 

Aqueous suspensions of starch granules (Figure 8) with a water content 
larger than 70% (w/w) produced a "single-peak" signal; when compositions poor 
in water were considered, the trace changed into a "double-peak" signal with 
onset at the same temperature as the "single-peak" observed for water richer 
samples; when the water content was less than 20%, the DSC trace again showed 
a "single peak" signal, although at much higher temperature [60]. 

At higher temperature (383-393 K) some samples show a fi~rther endotherm 
that is related to the fi~sion of amylose-lipid complexes, the presence of which 
depends on the vegetal source of the starch [60]. A clear interpretation comes 
from inspection of the diagram where the 7~ is plotted vs water content. 
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Bearing in mind that any transition can occur only above the starch Tg, 
which depends on the endogenous moisture of the granules, the onset of the DSC 
signal has to be matched with this temperature, no matter the overall water 
content of the sample. 
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Figure 8. DSC signal of starch gelatinization: effect of the moisture (modified 
from [9]) 

Once starch 78 is surpassed, the system becomes homogeneous, since all the 
available water can be uniformly distributed throughout the sample. The 78 of this 
homogeneous starch-water system is much lower than the starch 78 . Inspection of 
the state diagrams shows that the larger the water content the closer is the system 
to the solubility curve. This means that water rich systems undergo amylopectin 
solubilization .just above the threshold of starch 78 the 78 base line shift in the 
DSC trace is therefore immediately followed by the endothermic peak of 
amylopectin solubilization, so as to give the appearance of a neat "single-peak" 
signal. For water-poor systems the solubilization of amylopectin crystals takes 
place at significantly higher temperatures the 7~, shift is well distinguished from 
the subsequent solubilization endotherm, although still rather close to it, so as to 
give the impression of a "double-peak" signal with respect to the starting trend of 



842 

the base line. If the water available were not enough to sustain the gelatinization 
of  all the starch granules (e.g., it is less than 60% w/w), the relevant endotherm 
would be smaller than for water-rich samples. Finally when the water content of 
the sample is very low, the endotherm occurs much above the starch Tg and 
therefore can give the misleading appearence of a "single-peak" DSC trace. 

TMA (Thermomechanical Analyser) was used in dilatometry mode by 
Biliaderis [53] and coworkers to investigate the effects of water on glass 
transition and fusion of crystallites of rice starches. TMA measures the change in 
dimension of a sample as a function of temperature. The dimensional change 
causes displacement of a counter-balanced probe touching the top surface of the 
sample. A change in voltage is recorded and converted into displacement units. 

A thermomechanical analyzer equipped with a volume dilatometer probe 
was used to examine the volume expansion changes in 50% starch/water mixtures 
at 2 K/min in the temperature range 298 - 370 K. Weight loss due to water 
evaporation during experiments was taken into account to evaluate the actual 
volume expansion (Figure 9). 

Four regions of volume espansion changes were in principle expected: 1) 
reversible thermal expansion from room temperature up to 78; 2) irreversible 
granule swelling at 7g due to the relaxation of amorphous amylose (mainly) not 
bound or loosely connected to crystallites; 3) above ~/g (plateau region) no change 
of the swollen granules; 4) sharp volume change due to melting. When TMA and 
DSC traces were reported together, it was seen that both endothermic and 
dilatometric events occurred in the same temperature region (Figure 10). 

This was indicative of the changes in specific heat and expansion coefficient 
when passing through the glass transition. Furthermore, the sharp volume changes 
seen at the end of the TMA traces corresponded to the melting endothenn of the 
starch crystallites. In non-waxy samples the expansion behaviour was strongly 
affected by the presence of the linear starch component, as revealed by the rather 
extended plateau beyond the glass transition region. In TMA traces of the waxy 
rice starch (Figure 10) the glass transition region was followed by first-order 
phenomena and no plateau was evident. 

In contrast, hydrated starch showed a two-stage swelling pattern, the 
components of which were attributed to the glass transition of the amorphous 
phase and the melting of crystallites, respectively. 

All these phenomena should be taken into account when starch-rich 
products, like flours, dough, potatoes, rices, etc. are studied by thermal analysis. 
Here non-starch compounds, like soluble and insoluble proteins, soluble and 
insoluble pentosans, oligosaccharides, etc. can compete for the available water 
and therefore produce a shift of the amylopectin solubilization to higher 
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temperatures [60, 65-77]. In the case of flour doughs, added ingredients, like fats, 
sugars, hydrocolloids, salt and leavening (chemical and/or cellular yeast), can 
have important effects, and some of them (e.g., sugars and hydrocolloids) can 
even affect starch gelatinization at all [73,78]. 
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Figure 9. Generalized swelling behaviour, as revealed by a typical TMA curve, 
for non-waxy rice starch (modified from [53]). 
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Figure 10. DSC and TMA traces, obtained at 10 and 2 ~ min -~ heating rate, 
respectively, from rice starch with 50% w/w moisture (modified from [53]). 
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The only part of the DSC trace that is not affected by the presence of these 
compounds is the base line shift at the starch Tg, although it can be concealed by 
signals related to sugar solubilization, fat fusion, gel-sol transition of 
hydrocolloids, etc., all occurring in the same temperature range [79]. 

The effects produced by added fats are simpler to check, since most of them 
do not interact with starch and therefore produce a reversible endotherm of fusion 
in the 30-50 ~ range, while a small fraction is involved in the formation of 
amylose-lipid complexes throughout the temperature range of starch 
gelatinization and therefore enhances the signal at 110 ~ a semiquantitative 
evaluation of both effects is indeed possible [78]. 
Starch gelatinization in doughs was investigated with DSC and referred to as a 
reliable measure of the baking progress, in spite of the naive model used to 
describe the overall process [80,81]. 

3.2. Doughs 
Dough is a dynamic system undergoing a continuous change under the 

action of physical and chemical driving forces. It is a mixture of flour, water, 
salts, yeast or chemical leavening agents and, sometimes, other ingredients. The 
properties and the behaviour of high molecular weight polymer components of 
doughs, like other crosslinked systems, mainly depend on temperature. 
Understanding the thermal behaviour of dough is very important to tailor the 
quality of the final bakery product, which results from two very important 
thermally induced phenomena: starch gelatinization and protein denaturation 
[57,82,83]. In principle, one can assume that dough constituents react on heating 
and give rise to intennolecular and intramolecular cleavages which produce a 
highly crosslinked macromolecular stn~cture. These phenomena modify the 
rheological properties of doughs and are responsible for the solid-like properties 
of baked products. 

Many of the viscoelastic properties of the dough are the result of the 
properties of gluten [84] which is in an amorphous metastable state, sensitive to 
moisture and temperature [29,57,85]. This polymer is the result of the interaction 
between native gliadins and glutenins with formation of intramolecular disulphide 
cross-links in the course of flour dough preparation and kneading in the presence 
of water and oxygen. The role of gluten in the mechanism of toughening (and, in 
general, of staling) of high moisture baked goods during post-bake storage and 
post-bake heat treatments (reheating) and the possible entanglements between 
gluten and starch during aging are the major subjects of thermomechanical 
characterization of the baked product. 
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Slade and Levine [86] describe wheat gluten as an amorphous, water- and 
lipid-compatible polymer which behaves like either a thermoplastic or a 
thermosetting polymer in response to heat-moisture treatment of baking. When 
the system reaches the glass transition temperature 7g, gluten undergoes an 
irreversible structural transformation from viscous liquid polymer system with 
transient crosslinks to elastic, permanently crosslinked gel with a higher network 
7g. The thermosetting behaviour is considered to be a consequence of irreversible 
protein denaturation and "heat-set" gelation which involves formation of 
permanent rubber-like elastic networks. Crosslinks are permanent covalent 
bonds, like those in vulcanized rubber. According to Bagley [25] labile crosslinks 
(hydrogen bonding, ionic interactions) may serve as crosslinks sites and, because 
of their nature, can cause irreversible deformation. These labile crosslinks are 
responsible for the flow of a solid under the action of applied forces. 
Thermosetting of gluten proteins occurs with essentially no change in the total 
free-SH groups. Thus progressive thiol-disulfide exchange reactions account for 
the changes in both mechanical and thermodynamic properties [87,88]. The 
thennoset gluten network is incompletely cured during baking [86], but its cure 
can be extended by fi~rther heat treatments (e.g., microwaves), where superheated 
steam could provide internal temperatures greater than those attained in baking. 
Consequently, the gluten network 7'g would increase up to 7g~ (the network 7~, of 
the fidly cured system). It can be verified that thermal effects related to specific 
transitions of gluten, like glass transition and reticulation, are negligible when 
compared with those of starch and therefore cannot be recognized in the DSC 
trace of a flour dough (Figure 11). The progress of gluten reticulation within a 
dough can be reliably monitored with rheological investigations. 

TMA studies of gluten at low moisture content [89] provided information 
about the dependence of 78 on time: the increase of gluten 7g in the course of heat 
treatment at temperatures slightly above the starting 78 was explained as a 
consequence of thermosetting via intermolecular disulphide crosslinks. 
Dimensional changes occurring during glass transition of cookie doughs have 
been investigated by Miller et al. [90]. 
Hard-wheat flour cookie doughs underwent an apparent glass transition at a lower 
temperature than did soft wheat flour cookie doughs. Decreasing the sugar level 
in the dough, 7'g decreased. 

These experiments confinned the better sensitivity of TMA with respect to 
DSC to rheological changes occurring at and below the gel point of a 
thermosetting polymer. According to Slade and Levine [91], it is possible that the 
thermal energy that enhances molecular mobility can cause interchange in 
disulfide linkages with significant entropy reduction and negligible enthalpy drop: 
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very weak signal, or even no signal at all, therefore would be the result in DSC 
thermograms. 
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Figure I I. DSC traces from flour dough (upper curve) and gluten-water mixture 
[lower curves: (a) pure gluten, (b) scaled to the actual content of the dough] 
obtained at 5 K rain ~ heating rate (modified from [22]). 

The mobility of the matrix and the transitions during baking are greatly 
affected by the presence of water which acts as a solvent and plasticizes the 
hydrophilic components. The extent of water sustained plasticization of gluten 
has been discussed by Hoseney [85] who showed (Figure 12) that the trend of 
gluten ~/g determined from DSC measurements is a function of water content. 

Moisture depressed 7'g by about 10 degrees per water % weight, ranging 
from 433 K for the glassy polymer containing less than 1 moisture % to 288 K for 
the rubbery polymer at 16 moisture %. When non-aqueous plasticizers were used, 
gluten remained thermoplastic [92-94]. A DSC study by Lawton and Wu [95] 
confirmed the findings of earlier works on the behaviour of gluten as a water 
plasticizable polymer similar to many synthetic amorphous polymers. Other 
water binding components naturally present in flour, like pentosans, or added 
during processing, like hydrocolloids, compete for the available water so 
modifying the glass transition temperature and, therefore, the mobility of gluten. 
This mobility, in turn, affects the physico-chemical and the physical properties of 
the bakery product [96]. 
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Figure 12. 7~ versus water content (w%) for hand-washed and lyophilized gluten 
(modified from [85]). 

For synthetic amorphous polymers the thermosetting process can be 
described by a time-temperature-transformation (TTT) diagram [97-100] where 
the cure and the glass transition properties of the thermosetting system are 
presented as a function of the heat treatment conditions. In general terms dough 
behaves like a composite material hosting two main components, gluten and 
starch, with different 78 . The dynamic map of its transformation during baking 
can therefore be represented through the TTT diagram (see section 2). 

The starch in dough acts as a filler for the gluten polymer. At room 
temperature starch plays a less important role than gluten in the formation of 
dough structure, acting as an inert filler. Above the glass transition temperature 
starch gelatinizes forming a continuous structure, thereby increasing the overall 
strength of the dough. [101 ]. According to Hoseney and coworkers [102], the 
increase in the rheological properties with temperature indicates that 
gelatinization can extend hydrogen bonding between gluten polypeptides and 
starch molecules. 

The effects of starch and gluten on dough viscoelastic properties were 
investigated by Abdelrahman and Spies [34,103]. On addition of starch to flour 
there was an increase of either modulus (Figure 13). 
The relationship between amount of starch added and increase of the elastic 
modulus, (']', was not linear and the rate of C]' increase was larger than that of the 
loss modulus, (]". When the flour was added with either gluten or starch both 
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elastic and viscous responses were larger. According to the authors this behaviour 
could depend on the amount of free water which remained at the disposal of the 
matrix in the "solution" phase. Specific studies were however devoted to 
investigate possible starch/gluten interactions (see below). 
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Figure 13. Effect of added starch on storage ((;') and loss (G") moduli of flour- 
water doughs (modified from [103]) 

Because of their water avidity, soluble proteins, hydrocolloids and pentosans 
reduce the water available to sustain starch gelatinization. As a consequence, this 
takes place at higher temperature (above 70 ~ and can be incomplete. These 
compounds can fonn reversible gels in the presence of water and therefore 
increase the rheological properties (G' and G") of the dough and hinder the 
molecular mobility of other polymers, like gluten and starch polysaccharides [76]. 
The network formed within the kneaded dough is less tight and allows a larger 
leavening-sustained volume increase of the loaves [79]. Just as in the case of 
gluten reticulation, these effects do not imply specific DSC signals and should 
therefore be studied with other techniques, like dilatometry, thermomechanical 
analysis, image analysis, etc.. 
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3.3 Viscoelastic Properties of Doughs 
Comprehensive reviews on theory and application of rheology to dough 

changes from mixing to the final baking process and the effect of dough 
components on dough rheological behaviour are reported in the above quoted 
literature. The effect of the modified concentration of the major dough 
macromolecules has been widely examined and several authors have shown that 
the values drawn for the dynamic components of viscoelasticity depend on the 
testing conditions [33,34,101,103-115]. 

3.3.1. Testing conditions. 
In performing dynamical measurements, many experimental parameters, 

which include heating rate, strain amplitude, oscillation frequency, and rest time 
before test, may affect the rheological response of viscoelastic materials [26]. The 
appropriate rheological techniques must avoid any effect of the experimental 
procedure on the forming structure and provide information about the intrinsic 
rheological properties of the system. These can be related, via existing theories, 
to structural changes and network formation. 

Strain Amplitude. One of the principles of the theory of viscoelasticity is that in 
a stress-strain test the material response must be independent of strain amplitude. 
Figure 14 shows the influence of strain amplitude (given by the percent of angular 
deformation with respect to height) on the gluten-water mixture at 22 and 43~ 

The strain sweep test was peribnned [101] by means of a dynamic 
mechanical spectrometer (Rheometrics RDS 2) equipped with parallel plates. To 
avoid rapid drying during the test, the exposed edges of the specimen were 
covered with a thin layer of vaseline. It was noticed (Figure 14) that if the 
deformation was kept below 10%, both moduli remained relatively constant. 

Above 10% strain amplitude, both ('J' and (J" decreased with the increase in 
strain. By means of the strain sweep test, therefore, a strain threshold was 
identified, above which the structure progressively changed, thereby inducing 
nonlinearity. The linear behaviour observed for small strains implies no 
"breaking" of the dough structure under these conditions. An additional 
information (Figure 14) was that the extent of linearity range was substantially 
independent of temperature. This was in agreement with the data by Smith [108] 
and Weipert [36]. 
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Figure 14. Storage (~'/', circles) and loss (G", triangles) moduluses of a gluten - 
water mixture from a strain sweep test carried out at 28 (open symbols) and 43 
~ (full symbols), and 1 rad s-I frequency (modified from [101]). 

Oscillation Frequency. Since the dynamic moduli of viscoelastic materials vary 
with the experimental time scale, Ci' and G" were expected to change with 
frequency. Figure 15 shows the elastic and the loss moduli of gluten-water 
mixtures as a function of the frequency, ~o [108]. Both elastic and viscous moduli 
increased with increasing frequency. These data confirmed the observations by 
Cumming and Tung [109] and Smith [108]. 

On increasing the testing frequency, at either small or large strain, viscosity 
significantly decreased, while the storage and loss moduli increased, due to shear 
thinning behaviour of wheat dough (Figure 16). 

The increase of moduli with frequency is typical of entangled polymeric 
networks [116] where breaking and deformation of labile physical bonds allow 
relaxation of part of the applied stress. The testing frequency, i.e. the 
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experimental time scale, must therefore be selected depending on the network 
being tested: the faster the applied deformation, the smaller the observed breaking 
and deformation. 
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Figure 15. Storage and loss (G' and G") moduluses of a gluten - water mixture 
from frequency sweep tests at 28 and 43 ~ (open and full symbols) and 10% 
strain (modified from [101 ]). 

At small strains (;' was much higher than G", just as expected for an elasto- 
viscous, solid-like body. However, at large strains, the G'/G" ratio decreased 
until, in the 10% strain range, G" became predominant: this means that at large 
strains the dough behaves like a viscous liquid with poor elasticity [36]. 
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Figure 16. Frequency sweep of wheat dough at low and high strains at ambient 
temperature (modified from [36]) 

Rest Time before test. When a gluten-water mixture was examined in a 40 
minute sweep test at 10% strain amplitude and 1 Hz frequency, no significant 
difference in the theological response was noticed, whether the text was carried 
out just after mixing or after 60 minute rest [101]. This suggested that relaxation 
phenomena, which took place in gluten network as a consequence of manual 
mixing, could evolve too rapidly or too slowly with respect to the experimental 
time scale. 

Heating Rate. As for the dependence of theological behaviour on temperature, 
experimental tests carried out at different heating rates (from 0.1 to 5~ 
showed curves with a similar dependence on temperature (Figure 17), although 
the slower the heating rate, the larger the ~';' variation with temperature [101]. 
This was a consequence of time rather than temperature dependence of the 
structure formation. 

3.4 Baked and Cooked Products 
3.4.1. 7"A Invest/gations. 

Water release from the sample must be allowed to actually simulate a real 
baking process of a given dough. In these conditions most of the peculiarities of 
the DSC trace related with starch gelatinization and competition for the available 
water are largely concealed by the overwhelming effect of water vaporization. 
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Figure 17. Effects of the heating rate [0.l(ll), 0.5(A), 1.0( ~ ), 5.0 (A) ~ min -l] 
on (7 in a temperature sweep test [1 rad s -~ frequency, 10% strain] (from [101]). 

The process can be studied by means of TGA and/or TGA-DSC 
combinations [22]. The weight loss recorded shows a broad sigmoidal trend, 
although the process can involve separate steps: the DTG trace (viz., the time 
derivative of the TGA trace) actually shows a neat double peak, which can be 
directly matched with the analogous signal in the relevant DSC trace (see Figures 
3 and 18). 
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Fig. 18 TGA, DTG and DSC traces from a flour dough (A. Schiraldi and D. 
Fessas, unpublished data) 
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The area underlying each DTG peak gives the mass of the water released in 
that step, while the ratio between the areas underlying DSC and DTG related 
peaks gives the corresponding vaporization enthalpy, AvapH. A couple of 
significantly different AvapH values can be therefore estimated for a given dough. 
The first is rather close to the vaporization enthalpy of pure water and is related 
to a water loss that encompasses a large temperature range, namely from 298 to 
433 K, and accounts for almost 65% of the overall mass loss; the second AvapH 
value is about 10% smaller and deals with water released at higher temperature, 
namely from 373 to 433 K [22]. 

In the presence of hydrophilic ingredients, like hydrocolloids and/or 
pentosans, the enthalpy related to the first DTG peak is larger although the 
corresponding water loss is smaller [22]. This simply means that, as expected, 
water is more tightly bound by these compounds. The large width of this peak can 
be explained by taking into account the dishomogeneity of the temperature within 
the sample and the diffusion limited process of water release from the flee surface 
of the dough sample. 

A much better approach to this quantity is possible if special Knudsen cells 
are used: the cover of these has an orifice (10-100 lam) whose size is comparable 
with the mean flee path of a gas molecule. When the system is maintained under 
high vacuum (p < 10 -4 mm Hg) and constant it, the release of the volatiles occurs 
at a constant rate and the relevant heat flux attains a constant level. Thus both 
DSC and DTG traces are horizontal straight lines: the DSC/DTG ratio gives 
therefore the vaporization enthalpy at any moment of the weight-loss process 
[117]: 

dQ / dt dO 
- - -  - A v a p  H (1) 

d m/  dt dm 

It can be demonstrated [118] that the weight loss rate occurring in a Knudsen 
experiment is directly related to the pressure drop across the hole. 

dm 
A p = k  dr (2) 

Since the release of volatile is severely limited by the hole size, the pressure 
within the cell is very close to the vapour pressure at the temperature considered, 
i.e. that of the saturated vapour. The pressure drop across the hole is therefore 

@ = (p.,,, - p xd. (3) 



855 

I f  Pext <<  Psat, A p  "" Psat and one obtains that 

dm 
dt oc Psat (4) 

Taking into account the definition of water activity, namely, 

P s a t  
a W - , 

P s a t  

(5) 

aw can be accordingly evaluated as 

(dm / dt) 
aw = (dm/dt)* (6) 

where the terms at the numerator and denominator are the DTG signals obtained 
from the food sample under consideration and pure water, respectively, at the 
same temperature [118]. Because of the evaporation, the water content of the 
sample changes and the relevant DTG trace slants up (Figure 19). 
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Figure 19. Isothermal dehydration (25 ~ of soft wheat dough: TGA and DTG 
trace from Knudsen cells (D.Fessas and A.Schiraldi, unpublished data). 
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Figure 20. Isothermal desorption curve of soft wheat dough as a result of a TGA 
investigation with Knudsen cells (A. Schiraldi and D. Fessas, unpublished data). 

The TGA trace obtained from the samples is directly related to the residual 
water content of the sample. If this is plotted versus the a,, obtained from the ratio 
of the DTG signal, the whole desorption isotherm is obtained (Figure 20) which 
nicely obeys either the BET(Benauer - Emmet - Teller) or GAB (Guggenheim - 
Anderson- de Boers) equation [118]. 

Simulation of cooking cereal products, like pasta and rice, requires 
isothermal investigations [16,17] with use of ad hoc vessels that allow the sample 
to be poured into the adequate amount of preheated water (Figure 21). 

The calorimetric signal recorded (Figure 22) can be easily described (see 
Appendix A l) if one assumes first order kinetics for starch gelatinization, as 
largely supported by the experimental evidence and easily verified by use of a 
proper elaboration of experimental data. 

Most of cereal products where starch gelatinization has been previously 
induced undergo a significant hardening in the course of the shelf-life. In the case 
of a bakery product the changes observed contribute to an overall process, named 
staling, where the increase of firmness is the main macroscopic effect, although it 
is accompanied by subtle and equally important phenomena, like starch 
retrogradation, water migration toward the surface, loss of crispiness of the crust, 
moderate but nonetheless significant overall moisture decrease, loss of aroma 
compounds, etc. [119-129]. Starch retrogradation corresponds to the partial 
recrystallization of the amylopectin which can be easily revealed as an endotherm 
in the DSC trace of stale bread samples. 
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Figure 21. Schematic view of the cells used to study the isothennal gelatinization 

of  cereal products, like pasta and rice. 
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Figure 22. Isothermal DSC trace related to starch gelatinization in rice. 
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The signal (Figure 23) corresponds to the fusion of the crystals formed in the 
course of the shelf-life and its intensity, viz., the underlying area, increases with 
bread aging. Some authors found that this behaviour can be described with the 
Avrami equation, namely 

Q ( t )  = A exp (k t") (7) 
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Figure 23. DSC trace from staled bread: fusion of amylopectin crystals formed in 
24-hour ageing (D. Fessas and A. Schiraldi unpublished data). 

It should be noticed that Avrami parameters, viz., k and n, relevant to 
retrogradation do not always coincide [130] with those drawn from the analysis 
of other physical properties, like the Young modulus, that is used to describe the 
increase of firmness: the correlation between starch retrogradation and increase of 
firmness is indeed dubious, since it significantly depends of the bread type 
considered (Figure 24). Starch retrogradation therefore does not seem sufficient 
to exhaustively justify the overall staling process [ 126]. 

Water loss occurring in ageing bread crumb can be reliably detected by 
means of TGA. Stale bread samples that undergo a TGA run at a given heating 
rate show a weight loss rate which can be related with ageing. The corresponding 
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DTG traces show a shouldered peak that can be resolved into a couple of 
gaussian signals, with maximum at about 50 and 95 ~ respectively. Again water 
seems to exist in at least two binding conditions [ 126]. Investigations of different 
nature, like EPR, NMR, Near IR, etc., could provide in the future further reliable 
evidences and support some interpretation at the molecular level [ 130]. 
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Figure 24. Fits of the elastic modulus versus Afu~H of amylopectin crystals of 
standard (lower curve) and gluten enriched bread crumb. 

3.4.2. 7hermomechanical Analysis of Baked Products. 
Dynamic mechanical thermal analysis (DMTA or DMA) has been used to 

analyze glass transitions in foods (cheese, casein, gluten, soy isolates, starches 
and chocolate) [131,132]. 78 is measured as the middlepoint of the change in 
elastic (E') or loss (E") moduluses, as well as the loss peak in tan 8,  as a function 
of temperature. The modulus drop at 78 encompasses two or three orders of 
magnitude; the DTMA determination of 78 is therefore much easier than by DSC, 
since the relevant heat capacity change at 78 can be very small [132]. 

Dynamic mechanical thermal analysis can be used to produce a state 
diagram, which can be useful to evaluating textural changes in food processes and 
during the shelf life. It is commonly accepted [125,133-137] that the texture and 
the shelf life of the product are determined by the water content. 
Bread crumb texture during ageing and shelf-life is one of the most investigated 
phenomena in rheological analysis of food products. Many studies are based on 
steady measurements, mostly in steady compression mode. Some approached the 
dynamic measurements, both in shear, and in compressive oscillatory mode. As 
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for this last operative mode, strain sweep tests are published for flesh and aged 
bread crumb [138], but no thermomechanical analyses are presented. 

TMA has been used to study glass transition and the viscoelastic properties 
of gluten and white pan bread [139-142] (Figure 25). 
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Figure 25. Effects of temperature on storage and loss moduluses (t~ and 17) of 
white pan bread determined with a viscoanalyser at 1 ~ min -~ heating rate 
(modified from [ 142]). 

By applying a sinusoidal oscillator to a traditional TMA instrument, changes 
in size and softness can be detennined on heating the sample. 7~ cannot be 
reliably singled out as a change in the thermal expansion coefficient, since volume 
changes in bread can come from a number of causes (thermal expansion of gas 
and melting of retrograded starch). Conversely, softening can be referred to as a 
more satisfactory indicator of glass transition than are volume changes. Specific 
studies on gluten have been proposed by Kalichevsky et al. [140] 78 dependence 
from moisture content and from added humectants concentrations was 
investigated. 
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Gluten, starch and ground bread pallets were equilibrated at the same 
relative humidity and analyzed to determine the respective 7"8. According to Le 
Meste's results, gluten and bread have very close Tg values, and gluten Tg can be 
considered the onset point for bread softening. The same author proposed another 
instrument to study the effects of temperature, moisture content and frequency on 
the viscoelastic properties of white pan bread and extruded flat bread [141,142]: 
compression and tensile tests can be carried out by means of a viscoanalyzer 
operating in dynamic conditions at l~ heating rate, and 5 to 50 Hz 
frequency. 

DMA has been used by Hallberg and Chinachoti [143] to determine the 
glass transitions responsible for the mechanical firmness of bread, namely the 
"effective" network 7g, at various moisture content and storage time in a shelf- 
stable bread for 3 years (see Figure 26). 
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Figure 26. Evolution of dynamic rheological parameters in DMA traces obtained 
for breads of different age. (modified from [143]). 
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In DMA experiments, a sinusoidal stress is applied to the sample on 
increasing temperature.The response strain frequency is either in phase or out of 
phase with the stress depending on the viscoelastic properties of the system 
considered. These authors pre-cooled the sample down to -90 ~ and then heated 
it up to 200 ~ at 2 ~ stress was applied at various frequencies (up to 20 
Hz) in a three point bending test. As for the fresh sample, the trace presents a 
sharp drop of E' and E" and a peak of tan 8 .  This main transition is attributable to 
a first order transition (ice melt) that occurred simultaneously with a change in 
heat capacity (a second order transition, glass transition). 

A second minor glass transition T2 is due to the presence of glycerol in 
bread formulation. Another strong shoulder in tan ~5 to the fight of the main 
transition peak T3 is due to water-unmiscible components (i.e. shortenings). By 
varying the moisture content in fresh bread from 2.6 to 28.8 % it was 
demonstrated that T1 and T2 were moisture-dependent transitions, while T3 was 
a moisture-independent. In particular, T I was more significantly affected in the 
2 % -  20% moisture range, the transition temperature decreasing from about 160 
~ at 2.6% moisture to about-11 ~ at 28.8% moisture. Since all the three 
transition temperatures (T1, T2 and T3) remained relatively unchanged 
throughout a 3 year storage period, there should have been no network 
improvement. Due to hermetical sealing, any moisture loss was avoided during 
storage and the effective 78 did not change. 

In a more recent publication the same authors [144] characterized the 
thermal transitions occurring in dried or stored bread by applying deconvolution 
techniques to tan delta curves obtained in DMA temperature sweep tests. 
Mechanical data were coupled with the analysis of "freezable" water content 
conducted with differential scanning calorimetry. A typical DMA thermogram of 
high moisture bread resulted in a broad transition region, as evidenced by the tan 
delta curve and E' drop spanning a temperature range of 50~ in the ice melting 
region. Ice melting seemed to dominate the thermomechanical events in crumb at 
higher moisture content, i. e. when freezable water was present. 

Moisture loss below "freezable" water range was mainly responsible, 
according to Vittadini et al. [145], for the thermomechanical behaviour of pre- 
baked pizza dough reheated with a microwave oven as detected with DMA in 
three-point bending mode. Thermal transitions were associated to pizza texture 
characteristics : thermograms presented two transitions : a transition was detected 
at 60+40~ and was found responsible for the leathery texture in microwaved 
pizza, while the one detected at 0+30 ~ was the dominating transition in the soft 
pizza reheated by conventional oven. 
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Nikolaidis and Labuza [132] used DTMA for measuring (deformation by 
single cantilever clamped-bending) the Tg of crakers in order to relate crispness 
changes to water activity (Figure 27). 
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Figure 27. Glass transition temperature of commercial crackers determined by 
means of DTMA (Modified from [ 132]). 

4. PROTEINS 

Proteins are practically ubiquitous in foods where their functional and 
chemical properties are responsible for a number of physicochemical effects, like 
foaming, gel formation, water uptake, the Maillard reaction, release of amines, 
etc., which largely depend on interactions with other food components. 

Heat treatment significantly affects their behaviour, but large differences in 
effect are observed according to whether they are globular or chain-forming 
molecules in the native conformation. It is therefore necessary to be aware of 
their structure and factors that can affect it fully to understand the behaviour of 
food proteins, from both nutritional and functional points of view. 

The conformation of a protein molecule is thought to be dictated first by the 
genetic code that determines the primary structure (amino acid sequence) and 
then by parameters that produce the transition from a linear polypeptide to a 
three-dimensional folded structure. Proteins in their folded state usually are 
sufficiently stable against small changes of external conditions. But if the 
deviation exceeds some critical values the protein denatures within a relatively 
narrow range of temperature, pressure, pH, denaturant concentration, etc. [146- 
148]. Denaturation produces changes in many properties of the protein molecule 
that are sensitive to its three-dimensional structure, suggesting that this process 
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involves a breakdown of the entire native protein structure. In the case of small 
globular proteins, all these properties change simultaneously, suggesting an " all- 
or-none " process. Thermodynamically, this means that the denaturation process 
can be tentativelly regarded as a simple reversible transition between the two 
macroscopic states, namely the native (N) and denatured (D). 

Food scientists now realize that the simplistic view of such a mechanism is 
untenable to describe the behaviour of proteins in mixtures of components like 
foods. Furthermore, previous studies by protein chemists concerned isolated 
proteins, usually in aqueous solution at low concentrations and at pH values so 
far away from the isoelectric point as to discourage protein interactions and 
aggregation. For this reason, scanning microcalorimeters have been developed 
that have a detection limit low enough to study 1% w/w protein solutions [149]. 
This, of course, up raises the question of the influence of concentration on DSC 
data and, therefore, the applicability of results obtained from one system to the 
other. It has been proved that water concentration plays an important role in the 
DSC response. Thus, it seems unlikely that conclusions based on dilute protein 
solutions examined by microcalorimetry can be directly transferable to much of 
the work done on food proteins at higher concentrations. 

At high protein concentrations, additional events occur and the 
corresponding DSC trace is the sum of partially overlapped endothermic and 
exothermic effects. Thus, the overall endotherm seen during denaturation is a 
combination of truly endothermic reactions, such as the leakage of hydrogen 
bonds, and exothermic reactions, like the ordering of water molecules around 
apolar groups (which come to the exterior surface when hydrophobic interactions 
weaken) and thennal effects of protein aggregation [150,151]. In addition, it must 
be noticed that foods, like meat, milk and eggs, contain several proteins, the 
transitions of which can be largely overlapped. A tentative deconvolution of the 
DSC traces obtained from food specimens is possible only when each single 
protein of the "mixture" is studied as a pure solute in a series of separate 
investigations. Here the effects of environmental changes can be tested, including 
those of protein concentration. This information is necessary to assist in 
identifying the relevant signal from the DSC trace of a food specimen. Only then 
can DSC become a reliable tool to assess food quality parameters. As an 
example, this technique can be used to check the quality of stored eggs and 
processed egg white [152,153]. When eggs are aging, ovalbumin is converted, 
through an intermediate conformation, into a stable form called s-ovalbumin. At 
some storage time, egg white contains ovalbumin, s-ovalbumin and intermediate 
species, the amounts of which can be evaluated from the areas of the 
corresponding endothennic DSC peaks of unfolding. 
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Although a throrough understanding of the protein conformational transitions 
during a food process is not available at present, it is of practical importance to be 
aware of the experimental approaches, as well as the fundamental thermodynamic 
and kinetic laws that can be applied to understand how the protein structure 
depends on the environmental parameters. 

4.1. Thermodynamic Approach to Protein Denaturation 
DSC allows direct measurement of the enthalpy change related to the 

denaturation process; this property can be referred to as the "excess average 
enthaly" < AH(T) >, referred to a particular thermodynamic state (the "native" 
state) and averaged on all the accessible macroscopic states at a given 
temperature T. This definition does not imply any particular model or mechanism 
for the specific process considered. A general relationship of statistical 
thermodynamics states that: 

<AH(7)> - R 7 ~ [ c3 In C)(7)/07] (8) 

where Q =Zi lq is the partition function over all the states i of given probability 
1,). This function can allows evaluation of the number of the discrete and stable 
macroscopic states and the changes of every thermodynamic parameter, across a 
transition and the relative populations as a fimction of temperature (see Appendix 
A4.1) [154]. The quantity <AH(7)> can be experimentally approached since 
[1551, 

]' ~' 

< AN(]') > -  j" [(:p(7') - -  ('p (7)] d7 --- I (:p i~ (7) dT" (9) 

, t~ (7,) the excess molar where 7o is the onset temperature of the DSC signal, ('p 

heat capacity of the protein, relative to the "native" state, is the difference 
between the apparent heat capacity of the solution per mole of protein ( i.e. the 
observable quantity (;v(7')) and the apparent molar heat capacity of the solution 

N containing the protein in its native state, (;p (7'), at any temperature 7'. The 

detailed and accurate knowledge of this function is the basis to evaluate 
thermodynamic parameters or test statistical mechanical models. Thermal 
denaturation of globular proteins proceeds with extensive heat absorption and, 
what is more, a significant increase in heat capacity Ad(;p. Generally in the case of 
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small globular proteins with a small molecular mass (less than 20 kDa), thermal 
denaturation of proteins produces a sharp endothermic peak in the DSC trace. 

Figure. 28 shows the DSC trace from the denaturation of RNase A which is 
a useful example of the thermodynamic relevance of calorimetric data [156-164] 
and can serve as a good "control" case. The same considerations hold for 
lysozyme which is reported to be 40% homologous with lactalbumin [165], a 
protein of great interest in foods. Heat capacity studies of the lysozyme - water 
system [166,167] are also relevant to hydrophilic/hydrophobic effects in food 
aqueous systems. 

When a thermodynamic analysis can be applied (proteins in dilute 
solutions), the DSC trace allows an assessment (see Appendix A4.1) of if the 
denaturation process can be referred to as a one step reversible process [168- 
170], namely: 

N,~ x ; D (10) 
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Figure 28. Excess molar heat capacity of RNase A versus 7" (pH 5, acetate buffer, 
protein concentration 1.8104 M, ionic strength 0.1 M) 

The following quantities can be thence evaluated across the N --~ D 
transition 
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�9 Gibbs function, 

AdG = G D - G N = - R T l n  K 

�9 enthalpy, 

A d H -  H D - H x - R Oln_____KK 
O l / T  

�9 volume, 

(11) 

(12) 

V -  V D - V N - - R T  01nK ad 0p (13) 

�9 number of bound ligands, 
D N O l n K  

A d n = n  - n  = (14) 
c31n a 

where a is the relevant thermodynamic activity. Since 

a a ( : P  = - ) (15)  

P 

the increase in heat capacity of a protein upon denaturation means that the related 
enthalpy change is temperature-dependent and should increase with increasing 7'. 
Integration of equation (15) gives the enthalpy difference between the native and 
denatured states over the considered temperature range: 

AdH(7') = AaH(7 ~) + J'Aa(' (7')d7' (16) p 
7d 

If Ad(;p is constant, the function corresponds to a straight line, 

A d H ( T ) -  AdH(Ia )  + ( 7 ' -  7d)A a (;p (17) 

A d H ( I )  of many globular proteins was found to have this behaviour, 
although with a slope that depends on the specific protein [171]. If the specific 
enthalpy values (i.e., the values calculated per gram of protein) are plotted versus 
7; the various straight line AdH(7) trends converge toward a single point at about 
,.,~: 
7ii = 383 K [172,173]. A similar situation was found with the entropy functions, 

A~S(/), which are not straight lines but converge at about the same temperature as 
~,, 

the specific enthalpies, 1 x =385 K, 
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AdS(T) = d + A d (-.'pin (18) 

where Td is the midpoint temperature of the transition and AdCp is again 
considered constant. Since ~H(T) contains contributions primarily arising from 
the exposure of buried apolar groups to the solvent and from the cleavage of 
hydrogen bonds within secondary and tertiary structure [171], it has been argued 

that at the convergence temperature (TIt =383 K, 7 x =385 K), the hydrophobic 

contribution to the enthalpy and entropy should be zero [174,175]. 
The thermodynamic analysis allows a quantitative description of protein 

thermal stability, referred to as the work required for breaking the native 
structure. When unfolding is treated as a transition between stable macroscopic 
states, this work coincides with the difference of the Gibbs function. 

Since Ad(;(T) is not very sensitive to Ad(,'p changes within a broad 
temperature range [171,161], Ad(~-'p c a n  be treated as a constant in equations 17 
and 18; one accordingly obtains: 

~ A  H(7 'd ) - (7  d - I ' ) A  d( 'p+7 'A d(;pln 7' (19) ADO;(7') = a 

The most remarkable feature of Ad(';(7) is that it goes through a maximum, at a 
temperature 7~ where 5~S(71,.) - 0 and the stability of the native conformation, 
Ad(';(7), is therefore only enthalpic (see Figure 29). 
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Figure 29. AdG(7), for RNase A at pH 5.0 evaluated from DSC data (Figure 28). 
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On decreasing temperature, AdH(T) goes through zero and then reverses 
sign, thus becoming a destabilizing factor. At a sufficiently low temperature, T'd, 
where AdG(T',z) = 0, the protein unfolds, undergoing a "cold denaturation" [176- 
182], 1 [/"dH(Td ) ] + ~, (20) 

Protein cold denaturation was DSC investigated and found to be a highly 
reversible process: on cooling across T'd heat is released, while on reheating heat 
is adsorbed (see Figures 30 and 31). 
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Figure 30. The heat effect observed on cooling and subsequent heating of 
apomyoglobin (modified from [183]). 
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Figure 3 1 .  Sirnulated and experimental (heavy line) excess heat capacity fimctinn 
for RNase A. The peak on the left hand side corresponds to the “cold 
denaturation” which is iindetectable because o f  water freezing 

At the protein again undergoes unfolding with heat adsorption (“heat 
denaturation”). Cold and heat deiiaturation therefore occtir with opposite Iieat 
effects and define the tlieniial stability range ( l i  -7”J of the native confonnation. 

The equilibrium constant K for the process N Ih, I )  is expressed as 
fhction of temperature by: 

where &H, Ad( ‘p, and ’li are the thennodynamic parameters of the denaturation 
process which can be directly detennined from the experimental DSc trace. I n  
this case an analytical expression can be oblained [ 1831 which allows simulation 
of the DSC trace for heat and cold denatiiration, which are both referred to as 
two-state transitions, 

(22) 
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where the canonical partition function Q(T) for a two-state system (the native 
state being the reference) is (see Appendix A4.1), 

C)(T) = I+K(T) (23) 

Small globular proteins show DSC traces which can be satisfactorily 
justified with the two-state transition model. An increasing number of 
experimental studies, however, have shown that many food proteins give 
calorimetric traces which significantly differ from those expected for a simple 
two-state process [185,186]. To give these DSC traces a physical meaning and 
obtain the desired thermodynamic parameters dealing with the stability of the 
native conformation, "deconvolution" of the thermal profiles is necessary. This 
means singling out the transitions which form the overall denaturation process. 
Basically, two models have been developed for the analysis of complex 
calorimetric curves. 

As a simple approach the denaturation process can be referred to as a sum of 
independent two-state transitions [184, 187-189]: though this hypothesis can 
seem unrealistic in view of the complexity of the denaturation process of food 
macromolecules, the well-established existence of more or less independent 
domains in protein structures significantly support such an assumption. When this 
is so, the overall excess heat capacity function is given by: 

17 

('o ~. (7)= Z ('p; ~ (:/') (24) 

where every ( '  ~: (7') obeys equation (22). The deconvolution of the calorimetric 
Pi 

trace of RNase BS at pH 5.0 [189] required two independent two-state transitions 
(see Figure 32). 

In another approach the denaturation process is referred to as a sequential 
progress through intennediate states: 

K K 2 K K N~ ~ >I < >I " 3 . < '" >1) (25) 
1 2 

The thermodynamic analysis is the starting point to predict the behaviour of 
the thermal stability of the food proteins in such environmental conditions as 
changes in pH, presence of strong ligands, denaturants, salts, sugars, etc. 
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4.2.  p H  E f f e c t s  

The effects of pH changes on the thermal properties of a protein have been 
very well assessed. For small globular proteins, at extreme pH conditions, in 
either acid or alkaline region, lower values of both Td and AdH were found [190- 
195] for a series of small globular proteins, AdH and 7) determined at various pH 
values could be correlated to each other with a straight line [190]. The AdH 
changes therefore would not be a direct pH effect, as they simply follow the 
changes of Ta according to equation (17). This is instead the case for ~S(Td). 
Since AdS(T a) is intrinsically related to 7~1, the latter would change with pH 
because of the ADS(7)) variation. It can be finally stated that the pH effects on the 
protein stability are mainly of an entropic nature. 
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Figure 32. Model of the independent transitions of domains for RNase BS. Dots 
and continuous line represent the experimental and simulated trends of the excess 
heat capacity. 

Some stability curves ( ~ ( ;  -vs -;/) drawn according to equation (19) are 
reported in Figure 33. It should be noticed that the thermodynamic stability, 
referred to as the value of ~ G  at 7'm~,x=;/s, decreases on decreasing pH. The 
effect of pH on z~(;(7) was theoretically analyzed by Hermans and Scheraga 
[196] who suggested that hydrogen ions would preferentially bind to the unfolded 
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conformation. On this basis these authors drew an analytical expression for 
Cp L (T), which explicitly accounted for the hydrogen ion concentration [I-F] (see 

Appendix A4.2). 

4.3. Effect of iigands and other protein modifiers. 
Co-solutes like metal ions that have specific binding properties, anionic 
detergents, like succinic or maleic anhydride, SDS, denaturants, like GuHC1, urea 
etc., significantly affect the thermal stability of proteins. Protein unfolding and 
ligand binding (when the ligand concentration is below the saturation level) are 
related to each other with significant deviations from a two-state transition 
mechanism. This behaviour was explained [197,198] through a thermodynamic 
analysis which allowed simulation of calorimetric traces and evaluation of 
association constants and binding enthalpy (see Appendix A4.2). 
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Figure 33. A series of stability curves Ao G(7) for a model globular protein at 
different pH values: 2 (a), 3.5 (b), 5.5 (c). 

In the presence of ligands (below saturation level), the experimental DSC 
traces show a broad and complex signal (often reversible on cooling), that is 
rather different from a two-state transition peak. One could say that the transition 
is nearly biphasic, since a partial resolution of the signal in two peaks is apparent. 
Figure 34 reports experimental and simulated DSC traces for RNase A in the 
presence of 2'CMP [162]. 
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Figure 34. Experimental and simulated DSC traces for RNase A in the presence 
of 2'CMP ( p H -  5.5, acetate buffer, 0. l M KCI solution) [162]. 

A similar behaviour is reported (see Figure 35) for the more complex case of 
BSA - SDS interaction [199]. Ionic surfactants have the peculiarity to denature 
proteins at millimolar concentrations (molar concentrations are necessary for 
other denaturants, like urea and guanidinium chloride), provided that the 
surfactant/protein molar ratio can be higher than the number of the strongly 
binding sites. 

In the presence of sodium dodecyl sulphate, the BSA (which has about 70 
binding sites for SDS, 10-11 of which showing larger affinity than the others) 
undergoes a biphasic denaturation: two endotherms appear in the DSC trace 
which are related to protein denaturation and binding equilibrium, respectively, 
(rather than to denaturation of different protein domains) [199]. 

Urea and guanidinium hydrochloride are commonly used as protein 
denaturants, but the mechanism of their action is not yet fully understood. It is 
indeed matter of discussion whether the action of these agents is direct, i.e., 
related to the binding of denaturant molecules onto the protein surface, or 
indirect, i.e., mediated by a change in the properties of the solvent [200-204]. 

The effect of a ligand on thermal stability of protein can be explicitly 
accounted for by relating the binding equilibrium to the thermal denaturation 
process [205 ]. 
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Figure 35,Experitnental (uppcr) and siinulatcd (lower) DSC traces of BSA (PI I 
7.0 phospate buffer and 0.15M NaCI) for various SDS/BSA ratios, r, [ 1991. a) 
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This analysis can be tentatively based on the "denaturant binding model" by 
Aune and Tanford [206]. The model assumes that urea or GuHC1 can bind to 
different independent sites of native and denatured conformations of the protein. 
Following this line, the DSC trace obtained in the presence of these denaturants 
can be simulated (see Appendix A4.2) according to the canonical partition 
function formalism [ 162,197]. 

The simulated DSC traces of RNase A according to the best fit of the 
experimental data at different GuHCI molar concentrations at pH 6.00 are shown 
in Figure 36. 
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Figure 36. Simulated (see Appendix A4.2) excess heat capacity of RNAase A 
from the best fit of experimental traces [163] obtained at increasing [GuHCI]: 0 
(a), 0.5 (b), 1 (c), 1.5 (d), 2 (e), 2.5 (f). The predicted cold denaturation curves 
(experimentally undetectable) have been included. 

It is crucial to realize that in the course of calorimetric investigations the 
denaturation process is induced both physically, by rising 7, and chemically, by 
action of a denaturing agent, like GuHCI and urea. The simultaneous action of 
these two factors can lead to an unexpected behaviour.Finkelstein and 
Shakhnovich [207,208] have shown, with general theoretical arguments, that the 
denaturation process for small globular proteins can be described as the sum of 
two phenomena: a first-order phase transition from the native to a compact 
denatured state, and a second-order phase transition from the compact denatured 



877 

state to a random coil conformation. These denatured states strongly depend on 
solvent features, since solvent and co-solvent molecules can penetrate into the 
macromolecule core [209-211 ]. 

In these conditions the basic principles of the theory of macromolecules 
apply: when the solvent is "poor", the denatured protein is stable in the globular 
native conformation; when the solvent is "good" (theta conditions), the protein 
conformation is a random coil. These authors [206,207] have also defined phase 
diagrams which show the stability regions for the protein conformations at 
various temperatures and concentrations of denaturant. The diagram emphasizes 
the presence of regions where the stable states are the so-called "wet molten 
globule" and "swollen globule". This theoretical analysis indicates that the two- 
state model may be incorrect and misleading [209,212,213]. However the 
necessity of treating the experimental data makes this oversimplified model of 
more practical use. 

The binding of Gull + ion is an exothermic process with a negative entropy 
change. The exothermic effect demonstrates that the interaction of Gull + ion is 
more favourable with polar groups of a polypeptide chain than with water 
molecules. Instead the entropy decrease associated with the binding is due to a 
loss of the translational degree of freedom of Gull + ions. However it has been 
also suggested that, if the denaturant binding model is a realistic representation of 
the GuHCI action, the entropy decrease can be partially ascribed to the stiffening 
of the denatured conformation, which would be predominant in the presence of 
bound Gull § ions. Makhatadze and Privalov [214] were able to characterize the 
binding sites of Gull + ions on RNAase A and assess the type of interaction. The 
sites would be unspecific and correspond to some next neighbouring polar groups 
where Gull + ions bind forming four or five hydrogen bonds. 

4.4. Protein aggregation 
The above analyses are based on equilibrium thermodynamics and require 

the experimental heat capacity data to accurately reflect the equilibrium protein 
unfolding [154]. It must be nevertheless recognized that, in many cases, the 
overall process that takes place during the DSC run is irreversible, as shown by 
the lack of thermal effect on reheating. 

Irreversible denaturation of simple proteins is often thought to involve at 
least two steps: (i) reversible unfolding of the native protein (N), (ii) irreversible 
alteration of the unfolding protein (U) to yield a final state (F) that is unable to 
fold back to the native conformation [215,216] 

The two- step nature of the irreversible denaturation can be schematically 
described by the Lumry and Euring model [217]: N ~. ~. t / ~  F. 
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This model implies different situations depending on the rate of the 
irreversible step [218-221]: if it is fast enough, the transition is entirely 
determined by the kinetics of formation of the final state and no equilibrium 
thermodynamics can be applied. However, even in the case of strongly rate- 
limited denaturation, the effects of ligand and protein concentration on the 
transitions can be observed by DSC if the release of ligand and the protein 
dissociation into monomers take place before the rate-determining step [222]. 
These appear as non-saturating effects, like those predicted by equilibrium 
thermodynamics for reversible unfolding transitions. Some simple cases are 
illustrated in the Appendix A4.3. 

Aggregation is generally an exothermic reaction that lowers the overall 
enthalpy value [149], although the energy involved is quite small. However, 
[195,223-226] by adjusting the experimental conditions of pH, ionic strength, and 
protein concentration it is possible to separate the denaturation endotherm from 
the aggregation exotherm of the DSC thermal curve [195] (Figure 37). 
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Figure 37. Experimental DSC trace of BSA (0.01 M phoshate buffer and 0.15M 
NaCI) at pH 6.0 and 8.0, respectively: shift of the exothermic peak is related to 
aggregation of denatured molecules. 

The importance of knowledge of these pH effects is particularly relevant in 
terms of food processing. For example a food area for which pH changes many 
impact food protein processing is the dairy industry. Although k-casein does not 
denature or show a DSC transition when heated up to 120 ~ other milk proteins 
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(principally 13-1actoglobulin and ~-lactalbumin) do give typical protein 
denaturation curves strong depending on pH. 

Alkaline conditions destabilize the 13-1actoglobulin protein. This was first 
observed using differential thermal analysis (DTA) where transition temperatures 
dropped from 81.5 to 66.5 ~ as the pH was increased from 5.0 to 9.0 [227]. 

As for a-lactalbumin, the To value remains fairly constant in the alkaline 
region [228]. However, at acid pH values (pH 3.5 and lower) there is a sharp 
decrease in both To and Ad~,H, while no endoterm is observed at pH 2.5. This has 
been related to a conformational transition at pH 3.3 [229]. 

The pH dependence of protein aggregation is also very important for the 
food technology. Overall, DSC provides a valuable tool for quality control 
purposes, and problems associated with poor pH control can be readily detected. 

Disulphide bond formation and intermolecular peptide bonds (isopeptides) 
are crosslinking mechanism frequently investigated in food systems. Little 
agreement exists in the literature about which reaction will occur in a particular 
protein under a given set of conditions. One major factor that is often discounted 
in such systems is the protein/water ratio. This parameter would seem to dictate 
the nature of the protein-protein interactions occurring, much as the starch/water 
ratio determines the events during heating of the starch-containing systems [62]. 

That water content can influence reaction mechanism in protein systems is 
shown from the work of Sheard et al. [230] in which heat treatment of soy protein 
at high water contents led to aggregation by hydrophobic interactions while 
decreasing water levels changed this mechanism to favour covalent disulphide 
bonding. In general, it would appear that lowered water contents and higher 
processing temperatures promote covalent bonding forces at the expense of 
noncovalent ones. Specific aggregation of whey proteins are mainly determined 
by ionic bonding under enthalpic control, while non-specific aggregation of whey 
proteins are mainly determined by hydrophobic interactions, under entropic 
control. 

4.5. Effects of salts and sugars 
Even when present as a low fraction of the total mass~ salts can have a 

considerable impact on the functionality of food proteins. According to their 
specific effect, salts have been classified so as to form the so-called Hofmeister 
or lyotropic series [231 ]. 

At la >- 0.5 ionic strengh, anions can be chaotropic (e.g., thiocyanide. 
iodide), namely with a destabilizing effect, or non chaotropic (e.g., acetate, 
chloride, sulphate, citrate), if their action is opposite. For example, the 7~ of 
vinicilin [232] and oat globulin [233] decrease in the presence of SCN-and I- 
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ions, whereas in either case Td increases when Br,or CI are present. Changes in 
Ad~,H can however be observed only at concentrations of 1M; under these 
conditions, Ad~nH is larger in the presence of CI-. The stabilizing effect is the 
result of a reduced electrostatic repulsion. 

For a given anion, different effects on Td have been observed depending on 
the specific cation considered. For example both vinicilin and legumins are 
stabilized in the presence of K +, Na +, and Li + at la > 0.5, whereas Ca 2+ ions have 
an opposite effect [234]. Although similar findings concern oat globulin, milk and 
many other proteins, they cannot be referred to as a general salt effect, since they 
rather seem to directly depend on the specific protein structure and salt 
concentration. For example, low concentration (<0.3 M) KCI makes collagen 7~ 
to decrease [235]. Thus use of salt reduce the thermal stability of the muscle 
protein but has the opposite effect on plant proteins. 

Sugars too can affect protein stability. It is well known that sugars have a 
stabilizing effect on the globular protein structure, which is related to 
hydrophobic interactions. Low levels of sugars increase the number of 
hydrophobic associations as evidenced by the decrease of surface hydrophobicity 
[236]; these interactions are strengthened [237] with increasing sugar content, 
although to a different extent according to the specific protein considered. 
Therefore structure is an important factor in protein-sugar interactions. 

As an example of practical use of the sugar stabilizing effect is given by the 
recipe of the angel cake, where the sucrose content is "tuned" so as to make the 
denaturation temperature of ovalbumin (the main protein of egg albumen) to 
coincide with the gelatinization temperature of the wheat starch, since these 
conditions allow the characteristic angel-cake structure to be built up on baking 
[238]. 

4.6.Protein gels 
Protein aggregation during food preparation plays a significant role in 

structure formation of many gel-type or emulsion-type products [239]. Ferry 
[240] described protein gelation as the result of structure unfolding that exposes 
reactive sites, intermolecular aggregation, and eventual formation of infinite, 
crosslinked gel networks. As the conformation of proteins is modified under the 
influence of heat, protein-protein interactions become more prevalent with 
formation of covalent and non covalent bonds. Covalently bonded proteins may 
be considered crosslinked: different protein molecules can stick together or 
protein molecules can bind non protein components [241]. 

As for large oligomeric proteins like those found in vegetal tissues, an early 
effect produced by heats is dissociation into subunits [242,243]. Because of the 
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consequent exposure of previously buried apolar groups, the surface 
hydrophobicity of the protein can be therefore expected to increase [244,245]. 
The subunits separated on heating can then form crosslinks of various kinds, like 
normal peptide bonds, intermolecular crosslinks (LAT = lathonine type, LAL = 
lysinoalanine type), Maillard products, isopeptide bonds, etc.. Intermolecular 
peptide bonds, because of the larger energy of formation, are expected to occur 
under more severe conditions, like those found during thermal extrusion 
[244o245], although this type of covalent bonding can be produced in milder 
environments [246]. Non covalent bonds are mainly involved in hydrophobic 
interactions that often sustain structure formation. 

Protein unfolding implies increased hydrophobicity and partial loss of 
tertiary and quaternary structure with major effects on functional properties [247]; 
other factors, like chain flexibility, could justify [248-250] the differences 
between various protein species. 

Food scientists working with biologic tissues usually encounter mixed 
proteins in the concentration range of 5-20%. The use of concentrated protein 
solutions maximizes protein-protein interactions and results in calorimetric data 
with a marked dependence on water content. 

Whey proteins show excellent physicochemical, gelation, and binding 
properties and, therefore, are widely used as functional ingredients in many 
formulated bakery, dairy, and sausage products [239]. Furthermore, a number of 
environmental factors (e.g. pH, ionic strength, protein concentration, and time and 
temperature of heating) influence whey protein gelation and other functional 
characteristics [251-257]. 13-Lactoglobulin, 13-LG, the most abundant whey 
protein in milk (up to 50% of the total whey protein), is largely responsible for 
whey protein functionality [253-255]. Although the gelation mechanism of I3-LG 
has not yet been studied systematically, it is well acknowledged that gelation 
properties of [3-LG are affected by extrinsic factors [253-255]. 

There is some evidence that protein molecules in high concentrations do not 
unfold totally, since the protein-protein interactions overwhelm the ability of the 
protein to compete for water hydrogen bonds. We can say that proteins in food 
are water-plasticizable amorphous polymers. In fact a number of proteins are not 
water soluble, but they become plasticized by water in the amorphous state. 

Glass transitions and water plasticization have been found to occur in 
systems rich in milk proteins, like casein and sodium caseinate, as well as in 
concentrated solutions of enzymes, elastin, and cereal proteins. 

These physical properties are however better approached through 
rheological investigations. Cereal proteins have been chosen to give some details 
of these studies. 
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4.7. Cereal Proteins 

4. 7.1. State diagrams of (;ereal Proteins. 
Cereal proteins exist in an amorphous, metastable state that is sensitive to 

changes in moisture, temperature and shear which occur during mixing and 
baking [29,57,85,258]. In the glassy state, the "free volume", which is the volume 
not occupied by the macromolecules, is at its lowest thermodinamically possible 
value. On heating above 78 , the amorphous matrix undergoes a physical change 
from a viscous "glass" to a less viscous "rubber", as the "free volume" increases 
and the chain segments of the polymer have sufficient room to complete their 
movements within the time scale of the experiment. The temperature and the 
moisture content at which these changes and the related rheological properties 
occur depend on the particular protein studied, i.e. on its molecular weight and its 
molecular weight distribution. 

In the research by Kokini and coworkers [57,258-260] the temperature and 
the frequency dependence of storage and loss moduluses were obtained for the 
most important cereal proteins. 

The physical states that gliadin, glutenin and zein (corn protein) encounter 
during processing, have been visualized in state diagrams, summarizing the 
information collected on protein phase transitions observed by means of DSC and 
mechanical spectrometry (small-amplitude oscillatory measurements at 
atmospheric pressure and under high pressure). 

The RMS-800 mechanical pressure spectrometer (Rheometrics, Piscataway, 
N.J.) was used to determine dynamic properties. Freeze-dried samples were 
brought to the appropriate moisture content with distilled water, equilibrated to 
different relative humidities and then tested. Frequency and temperature sweeps 
provide information about the structure of the biopolymer and supply parameters 
to define the state diagram. 

Figure 38 shows the temperature sweep of gliadin with 25% moisture 
obtained in l Hz tests at 5 ~ and fixed 0.5% strain. 

Three steps can be identified in the structure formation of gliadin: the 
entangled polymer flow region (up to 70 ~ is characterized by equal values of 
G' and ~'?'. Then a large increase of ~';' follows, which is attributed to cross- 
linking/aggregation reactions among gliadin molecules: because of disulphide 
linkages the resulting network structure is similar to that of vulcanized rubber. At 
120 ~ (;' reaches a peak and G" goes through a minimum. This temperature, that 
was found to be independent of moisture content in the moisture range of 20- 
40%, corresponds to the maximum of structure formation. A further temperature 
increase (up to 130 ~ causes reduction of r coupled with a positive G" peak 
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which corresponds to the softening of the cross-linked gliadin. The temperature at 
which this softening occurs does not significantly vary with the moisture content. 
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Figure 38. Temperature sweep (% K min-~)of gliadin (25% moisture) at 0.5% 
strain and 1 Hz frequency (modified from [258]). 

Further information were collected through frequency sweep experiments 
conducted at 0.5% strain in the frequency range 0.01-100 tad sec -~ at different 
temperatures (50, 70, 100, 140 ~ 

In the entangled polymer flow state, the magnitude of (J' and G" are 
expected to be relatively close and, in the case of a three-dimensional network, 
the slope of log (;' v s  log co is expected to practically naught, whereas for a liquid 
flow material the expected slope value is about 2 [26]. Therefore small slope 
values indicate that the polymer system is largely crosslinked. 

As an example, Figure 39 shows a frequency sweep of gliadin at 70~ Both 
elastic and loss moduluses increase linearly with frequency, whereas they become 
less dependent on frequency with increasing temperature, just as expected for 
highly crosslinked rubbery polymers. The beginnning of cross-linking reactions is 
evident at 70 ~ as (;' and G" at 0.1 rad sec -~ attain l00-fold larger values than 
those at 50 ~ 

The reduction of (;' and (;" at 140 ~ suggests softening of the cross- 
linked/aggregated gliadin. Figure 40 shows, as an example, the effect of moisture 
on 7~ for glutenin. 
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Figure 39. Frequency sweep of gliadin (25% moisture) at 70 ~ and 0.5% strain 
(modified from [258]). 
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Figure 40. Storage and loss moduluses (C;' and G") of glutenin at different water 
content in a temperature sweep test (5 K min -~ heating rate; 0.5% strain; 1 Hz 
frequency). For each data series, moisture content (%) decreases from the left to 
the right hand side (modified from [258], where further details are given). 
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The glass transition locus separates the region of the phase diagram where 
the system is glassy (below) from the robbery region (above) where the system 
shows a smaller viscosity which corresponds to a larger molecular mobility. A 
further temperature increase makes the rubbery soft material to change into a 
high-viscosity liquid, referred to as the "entangled polymer flow" state. 

The temperature of the G" maximum corresponds to 7g. The inflection of the 
G' curve and the characteristic maxima in G" are shifted at lower temperatures for 
larger moisture contents: the decrease of Tg with increasing moisture is a 
consequence of the plasticizing effect of water. Tg exhibits a nonlinear 
dependence on moisture content. Approximately a decrease of 6 ~ per weight 
percent of water can be observed (see Figure 41). 
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Figure 41. The glass transition temperature of glutenin as a function of moisture 
content (modified from [258]). 

By applying this technique, the concentration-independent glass transition, 
7'g', can be also determined. Gliadin, zein and glutenin show differences in 
rheological properties, as for the effects of water content and onset temperatures 
of networking and softening reactions. In the case of zein, these effects (including 
the higher softening temperature) are attributed to the higher hydrophobicity of 
this protein with respect to gliadin. As for glutenin, the glass transition occurs at a 
higher temperature: the reaction zone starts at 90 ~ the maximum structure 
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extension is reached at 135 ~ and the softening of the crosslinked network starts 
at 150 ~ (Figure 42). 
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Figure 42. Storage and loss moduluses ((;' and C;") of glutenin (30% moisture 
content) in a temperature weep test (0.5 K rain -~ heating rate; 0.5% strain 1 Hz 
frequency) carried ou t  with a pressure rheometer (modified from [258]). 

State diagrams can be therefore drawn from 7'g -vs-moisture data and (';' and 
r trends in temperature and frequency sweep tests. Figure 43 shows the state 
diagram for gliadin. 

A dashed line in the state diagrams represents the locus of the transition 
from rubber to entangled polymer flow. When the protein has enough mobility, it 
undergoes a networking reaction (reaction zone in the phase diagram) which 
produces softening of the system. The onset temperature of softening is not 
significantly affected by moisture content. 

State diagram therefore account for all the physical states a polymer system 
will encounter during processing and storage. As an example, Figure 44 
summarizes, in a hypothetical phase diagram, the transformations of cereal 
proteins during the wetting, heating and cooling/drying stages of extrusion 
cooking. Khatkat et al. [261] evaluated dynamic rheological properties of glutens 
and gluten fractions of two wheat cultivars with a controlled stress rheometer 
(Reo-Tech International) and found that the gliadin/glutenin ratio causes 
differences in the viscoelastic behaviour of gluten. Gliadin was found to express a 
plasticizing effect and an interference role in glutenin-glutenin interaction. 
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Figure 43. State diagram of gliadin (modified from [258]). 

4. 7.2. ~;iuten thermoset and gluten-starch interactions. 
Attenburrow et al. [262] performed temperature sweep tests on gluten balls 

from different wheat varieties by means of a mechanical spectrometer, using 
parallel plates geometry. The operating conditions were: 1 ~ rain -~ heating rate, 
5% strain, and 25-100 ~ temperature range (Figure 45). Their results can be 
summarized as follows. (';' and (7' decrease until about 60 ~ where both of them 
go through a relative and absolute minimum, respectively. Beyond that (;" 
reattains a decreasing trend, while C;' (which becomes larger than (';") increases 
with a small slope until 90 ~ and much more steeply above. The same results 
were obtained by Masi et al. [263]) and He and Hoseney [102]. 

Since new disulphide bonds are formed when glutenins or gluten are heated 
above 60 ~ Attenburrow concluded that gluten thermosetting could be the result 
of crosslink formation probably via disulphide bonds, since in the presence of 
oxidizing agents the dynamic storage modulus increased, whereas reducing 
agents had the opposite effect. 

In order to complete these observations on protein structurization, Masi et 
al. [263] collected further information by means of two-heating-run sweep tests 
carried out at 2 K min -~ on gluten-water mixtures. 
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Figure 44. Transformations of cereal proteins during wetting, heating and 
cooling/drying steps of extrusion cooking, in the framework of a hypothetical 
state diagram (modified from [259]). 
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Figure 45. Storage and loss moduluses (G'  and G") of different varieties of wheat 
gluten observed in a temperature sweep test at 1 K rain -] heating rate, and 5% 
strain (modified from [262]). 
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The instrument used was a Reometrics RDS2 rheometer. In the first run the 
temperature was increased up to a selected level (46, 66 and 90 ~ then the 
oscillatory motion was stopped, the sample was rapidly cooled to ambient 
temperature, and then reheated in a new sweep test. Large differences were 
observed between the first and the second run for gluten samples heated up to 90 
~ since in the second run G' was almost independent on temperature. 

The results supported the conclusion that below a critical temperature (about 
60 ~ rheological changes are not caused by permanent modifications of the 
structure and therefore are fully reversible. By contrast, the structure formed 
above this temperature is responsible for permanent changes of the system and its 
rheological behaviour. The onset of this process is indeed close to 60~ as 
revealed by solubility into SDS [262], although its rate becomes significant 
temperatures above 80 ~ 

Were the development of mechanical strength associated to a single reaction 
mechanism, the only effect of temperature would be an acceleration of the 
process rate and the time-temperature superposition principle (see appendix) 
would imply a single master curve to represent of the progress of structure 
formation. However, when single (i'-vs-time curves were obtained keeping gluten 
at different constant temperatures (time sweep test) and were shifted with respect 
to that at 30 ~ no superposition was observed just as expected for a process 
actually sustained by more mechanisms with different rates (Figure 46). 
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Figure 46. Storage modulus, ~'~', of gluten - water mixtures in a time sweep test 
10% strain, 1 Hz frequency). The master curve has been obtained by applying the 
time-temperature superposition principle. Temperatures considered: 40 (o), 50 
(4), 60 (~), 70 (O), 80 (A), and 90 (! !) ~ (modified from [263]). 
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Since residual starch is present in the gluten separated from flour, starch 
gelatinization is the other phenomenon appearing and is overlapped to protein 
crosslinking. The rheometric analysis of water-starch-gluten mixtures containing 
starch and gluten in different poportions (liquid to solid ratio 1 : 1 , range of starch 
content from I0 to 75% w/w) confirms these observations (Figure 47). 
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Figure 47 Storage and loss inoduluses ((it, upper, and (;'I, lower) of different 
gluten - starch - water mixtures with a starch content (wiw dry basis) of: 75 (a), 
50 ( ), 25 (A), 10 (01, and 0 %(.), in a temperatiire sweep test (2 K inin-' 
heating rate, 10% strain, and 1 Hz frequency). (modified froin [263]). 
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Gelatinization and crosslinking seem to be independent to each other and 
differently affected by temperature. Frequency sweep tests show that the dough 
elasticity decreases and the viscous dissipation increases on increasing starch 
content. This can be explained by taking into account that a larger starch content 
implies a proportional reduction of the volume concentration of proteins and, 
consequently, a looser and less elastic network when the system is hydrated. On 
the other hand, starch granules do not take part in the network formation, acting 
as filling material: the viscous dissipation is therefore enhanced with increasing 
starch content. 

Heat induced modifications of gluten were also monitored as changes of Tg 
by Attenburrow [264] by means of a Dynamic Mechanical Thermal Analyser 
(DTMA). Samples were examined by Attenburrow in the double-cantilever- 
bending mode at l Hz frequency of and 2% strain. The temperature was scanned 
from -90 to +40 ~ at 2 K min -~ rate. The glass transition region, characterized by 
a sharp drop of the storage modulus, is shown in Figure 48 which reports the (log 
I~)-vs- 7' plots (t~ stands for storage modulus) for gluten samples previously set 
at 90 and 150 ~ respectively. 
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Figure 48. DTMA trace of gluten heat-set at 90 and 150 ~ (modified from 
I264]). 
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Unexpectedly the gluten thermoset at 150 ~ (characterized by a higher 
molecular crosslinking) showed a lower Tg. According to Attenburrow, this 
finding can be explained by guessing that, besides the heat-sustained cross- 
linking of gluten, other changes, like unfolding of the gluten molecules 
deamination, reduction in polymer chain length, etc., would take place and 
counterbalance the effect of increasing cross-linking on the Tg value. 

4. 7.3. Thermomechanical Evaluation of  Dough. 
Sinusoidal stress/strain testing have also been used to examine the 

temperature dependent changes in theological properties that occur in the real 
complex system: the dough. Dreese, Faubion, and Hoseney [113,114,102] used a 
homemade apparatus, assembled from commercially available transducers and 
related electronics (Figure 49). 
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Figure 49. Apparatus used by Dreese, Faubion and Hoseney (modified from 
[32]). (A) microcomputer; (B) power amplifier; (C) vibration exciter; (D) 
defonnation transducer; (E) force transducer; (F) rigid test stand; (G) transducer 
coupler; (H) amplifier; (I) phase to voltage converter. 

In order to measure the rheological changes occurring during heating, the top and 
the bottom plates of the rheometer were attached to a variable transformer, so as 
to heat the sample by the Joule effect of the resulting electric current. According 
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to the authors, the use of electric heating reduced temperature gradients within the 
dough mass. The heating rate was tuned at 2.5 K min -1, the samples were heated 
up to 90 ~ thence cooled and reheated. The exposed dough surfaces at the 
edges of the plates were coated with a lubricating grease to prevent drying and 
the dough was allowed to rest in the rheometer for 5 minutes before the tests. 
These were carried out at 2% strain and 5 Hz frequency and the rheological 
parameters were calculated according to Faubion et al. [32]. The experimental 
findings reported can be summarized in the following way. During the initial 
heating, the G' values slightly increased with temperature. At approximately 55 
~ the trend of the elastic modulus bent upward and attained a maximum at 
about 75 ~ while the tan 8 accordingly decreased (Figure 50) 
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Figure 50. Effect of heating on the storage modulus, G', and tan 8 of flour-water 
doughs. A reheating run was carried out after a previous heating up to 90 ~ 
(modified from [ 113]). 
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The decreasing trend of G' in the 75 - 90 ~ range could be tentatively 
attributed to weakening of noncovalent bonds, whereas its increasing trend above 
90 ~ could be a consequence of the cross-linking of the gluten proteins. 

These observations agreed with experimental data reported by Weipert [36]. 
The results obtained by modifying the gluten/starch ratio suggested that the 
rheological changes observed in the 55 - 75 ~ range could be attributed to starch 
gelatinization (Figure 51). 
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Figure 51. Effect of heating on the storage modulus, (;', and tan 8 of doughs 
prepared from blends of commercial starches. The gluten fraction in the blend is 
reported close to the relevant curve (modified from [113]). 

It is noteworthy that such a behaviour was similar to that of gluten-starch- 
water mixtures which showed, above 55 ~ a change of G' proportional to the 
amount of the starch present. After cooling, the (i' value remained close to that 
reached at 90 ~ and did not change on reheating: it could be therefore concluded 
that the rheological changes produced by heating were irreversible. The 
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behaviour was confirmed by testing doughs containing pregelatinized starch. 
According to these authors, the phenomena described for the single biopolymers 
of dough would be the same as those observed on heating the whole dough. 

Nonetheless Hoseney and coworkers [113] came to different conclusions 
about starch/gluten interactions. They suggested indeed that the increase of G' 
above Tg would indicate that starch gelatinization can sustain a more extended 
hydrogen bonding between gluten polypeptides and starch polysaccharides. 

If the difference AG' between the readings at 30 ~ before and after heating 
at 90 ~ were plotted versus the % fraction of starch (Figure 52) a nearly straight 
line trend was obtained with an intercept at 0% starch very close to zero. Data by 
He and Hoseney [102] showed that the elastic modulus of gluten increased as 
starch was added: then an interaction between the gluten and the starch could be 
responsible for the rheological behaviour of doughs. 
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Figure 52. AG' (difference in (;' at 30 ~ before and after heating up to 90 ~ for 
a gluten - starch dough versus the fraction of starch (modified from [113]). 

Gluten proteins should not be affected by heating to 90 ~ or more 
correctly, effects of heating were not detectable with a dynamic rheometer. 
Conversely, when gluten:water doughs were steamed (100 ~ for 15 minutes 
before the test, a large increase in the storage modulus was observed due to the 
formation of disulphide cross-linking in gluten protein. Accordingly the starch 
would act as a non-inert filler within the gluten meshes [113]. 
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APPENDIX 

A.I. Treatment of DSC signals 

A. 1.1. Thermodynamic approach 
This is adequate for signals related to a two-state transition and obtained at a 

heating rate as low as to practically achieve thermodynamic equilibrium in any 
point of the temperature range across the DSC peak, viz., 

O[ 
K -  - exp (-AG / RT) (A1) 

1 - a  

where ot is the extent of the transition. One can easily get the expression for the 

peak signal, Speak = dQ/dt, with ( 2 -  -or AH (downward shifts of the trace 
correspond to endothennic effects): 

Speak = v zSJ-/= K ( 1 - a )  n (A2) 

where/5' is the heating rate and AH is the enthalpy change. In a similar way one 

gets the expression for the A(Tp base line shift across the peak 

Sbasc = ~' A H  = K ( 1 - a ) "  (A3) 

where k is a constant term that can be dropped in the subsequent elaboration. 
Accordingly the overall signal becomes: 

p 2 
s = -  1-7 7' a(l-a)-f lACTpa (A4) 

This expression corresponds to a skewed peak, the first term of which can 
be often replaced with a gaussian function across the respective temperature 
range; the second term can be reliably reproduced with a sigmaoidal function 
centred on the same gaussian mean. 

A. 1.2. Kinetic approach 
The kinetic model predicts a peak function that accounts for the change of 

the transition rate with the temperature; one must also account for the time-lag of 
the instrument to reproduce the smooth onset of the signal at a given temperature. 
In this case the parameters to be assessed are the kinetic order, n, and the kinetic 
constant, K, and its dependence on 7'. 
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Speak - v A H -  K ( 1 - a )  n (A5) 

where v is the reaction rate. The same kinetic law that underlies the peak has to 

be used to describe the ACp base line shift. The resulting peak is significantly 
skewed and cannot be replaced with a gaussian function. 

Sbase -- A(:p ( ~ [ ] ' ( / ) ]  ( A 6 )  

Isothermal DSC traces can be easily interpreted, provided that the lag-time 
of instrument is accounted for. For first order kinetics, the calorimetric signal, s, 
can be described as: 

(dQ.~  
S - - ~ j  - ( K  x Q ~ ) ( I  - 12 ) - s m a x  (1  - t 2 )  ( A 7 )  

where ot and ()~ stand for the extent and the overall heat of reaction, respectively. 

For ot = 0, the expected signal is Sm~,, - (K x C)~). To acccount for the time-lag of 
the instrument, z, the term on the right hand side has to be multiplied by the 
damping term exp (-z / t)  

s - s  (1 -o r )  x e x p ( - z  / t) .  
m ax 

(A8) 

The order of the kinetic law for a given process can be drawn from a data 
treatment based on the following self-explaining expressions, where lettering has 
the same meaning as above 

do~ s 
= K ( l - a )  n -  K ~  (A9) 

dt Smax 

and therefore, 

s 
(l-or) n = (AlO) 

s m ax 

The simple case of n = 0 can be easily recognized, since the relevant signal 
tends to a constant value throughout the trace, namely, s Sm~• In all the other 
cases (n ~ 0), one can write 
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1/n 

and therefore, 

dot= 1 s 

.  , max 

ds s 

( A l l )  

= K - ~ d t  (A12) 
Smax Smax 

where N :-~ (1 - n) /n .  By rearranging the last two terms one obtains: 

S (N-l)dS -- --11 K s N d t  (A13) 
m a x  

and by integration, 

s N = s  N [ l - ( 1 - n )  K t] ( A 1 4 )  
max 

By changing into the logarithmic form and deriving, one finally obtains 

s 1 -  n 1 
= t -  (AI5)  

I) n k n 

where 1 )=  ds / dt. This expression, that holds for any n r 0, does not account for 
the damping function, but is nonetheless of practical use for a preliminary 
approach, since it allows the values of n and K to be tentatively drawn from the 
s 1 )  - vs - t straight line plot: an improved K value can be easily attained in a 
further step of the elaboration based on equation (A8). 

A2. Treatment of TGA signals 
In most cases an Arrhenius behaviour is assumed and the mass loss is 

described according to a first order kinetics 

dm : _ d [ m -  m ( ~ ) ]  __ K [rm-m ~, ;j"oo 'ln (AI 6) 
dt dt 

t [ d it log - - log K + n log[m - m (oo)] 

= A  
E a t t  

1r 
+ n log[ m - m (oo)] 

(AI7) 
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{logl-r EattR A { 1 }  + n  A { l o g [ m - m  (oo)]} (A18) 

where m(~),K and n are the final sample mass, the kinetic constant and the 
kinetic order, respectively. 

{;t { [ If equal A : spans are considered, then A log - - d t  and 

k{log[m-m (oo)]} are correlated with each other according to straight line. One 

can therefore draw the values of Ea,, and n. 
In the case of a dehydration process, one can describe the signal as the result 

of the combined effect of two driving forces, namely temperature increase and 
gradient of the chemical potential across the core-to-surface span, since the 
evaporation rate becomes significant at the surface, but is indeed limited by the 
supply of further molecules that diffuse from the internal regions toward the 
surface, because of temperature and concentration gradients. 

. I -  
1 dm 

- - - - -  I)V /~(H O ) -  
A dt 2 

1)oexp R7' x V/I(H 2 0 )  - f V N ( H 2 0 ) d T '  
7'o _1 

(AI9) 

where l), A and Iu(H20) are the diffusion coefficient, the flee surface area and the 
chemical potential of water, respectively, and 7i, is the starting temperature of the 
TGA run.. 

A3 Elements of thermomechanical analysis in polymer science 
Thermal scanning rheology is the measure of the dynamic mechanical 

deformation of a material undergoing a given temperature-time program. 
Thennomechanical analysis is the measure of the dynamic moduluses of a sample 
of regular geometry over a temperature range. When small amplitude strains are 
applied to the sample, the material structure is preserved from any mechanical 
breaking. Linear time-dependent shear experiments can be performed in transient 
(i.e. non-periodic) mode or, when infonnation about shorter relaxation times is 
required, by applying a sinusoidal stress of given frequency [26]. Samples 
undergo small oscillating sinusoidal deformations of amplitude ~'0 and frequency 
v: 

?, (t)=yc, sin cot (A20) 
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where t is time and co = 2roy. For an ideal solid, the Hooke law applies, i.e., stress 
and strain are directly proportional. In a dynamic test strain is in phase with 
deformation and varies periodically (Figure A1)  

t (t) = G*y = G'y0 sin cot (A21) 

where t and G* stand for stress and dynamic modulus, respectively. 

1-I 

�9 -= 0 

-1t  r ~  
= stress i' 

- - ~  strain 

0 2 4 6 8 

Angular Frequency X Time 

phase angle 

10 

Figure A l. Synusoidally imposed stress and accompanying strain. 

If the sample is a perfectly viscous liquid, the Newton law applies, i.e. stress is 
proportional to the strain rate. In a dynamic test stress and strain rate show a ~/2 
phase shift: 

t (t) = qy = qo3yo cos cot (A22) 

where q is the viscosity. 
Viscoelastic materials show an intermediate behaviour with the angle phase 

shift, 8, in the range 0 - ~/2. In this case it is expedient the use of complex 
number notation for G*  

( ; *  = ( " ,  ,,, �9 + j ( , .  (A23) 

G* is therefore referred to as the vectorial sum of two orthogonal components, 
namely, the storage modulus G' (the elastic component), and the loss modulus G" 
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(the viscous component). In a dynamic test G' and G" are related to stress and 
strain: 

z (t)  = Yo (G'  s in  cot + G" c o s  o~t) (A24) 

and tan  8 - G"/G' is a measure of the relative contribute of the viscous and elastic 
component to the rheological characteristics of the sample. In compression or 
flexure mode tests (TMA, DTMA) G' and G" are often denoted by E and E', 
respectively. 

Measurements of viscoelastic properties of polymers supply information 
about the nature and the rates of short- and long-range configurational 
rearrangements and the mutual position and interaction of the macromolecules. 
Below 78 polymer chain backbones are largely immobilized and viscoelastic 
properties do not change with time or frequency. This conversely occur in the 
intermediate region between glass-like and rubber-like states, where relaxation 
times steeply decrease with increasing 7' [26]. When the cooperative motions of 
individual chains can be supposed to depend on a single average friction 
coefficient, ~0, use of"reduced variables" (or "viscoelastic corresponding states") 
allows to superpose the effect of increasing temperature to that of increasing 
frequency in experiments where a sinusoidal stress is applied to the system. 

The trend of the moduluses (;'  and (7, determined at the constant 
temperature 7' on varying the frequency, v, can be "super-posed" to that expected 
at a reference temperature, 7~, by plotting the reduced moduluses, namely, (;'p - 
( ; ' ( 7 ~ x / ~ l T ' x p )  and G"p- (7 (7~x/~/7'xp), versus the variable (VXar), where p and 
p0 stand for the density at 7' and 71~, respectively, and aT is the ratio of the 
corresponding relaxation times. As a result of this change of variables, the 
relaxation spectrum (in a logarithmic plot) is shifted upward by log(pT7~7~) and 
to left by log(aT), while its shape remains unaltered (Figure A2), thus allowing 
"superposition" of the behaviours observed at different temperatures. 

In some experimental methods, like DTMA, where temperature can be 
varied more easily than frequency; the traces observed are plots of isochrone 
data, obtained at a given frequency, v, versus 7' Traces obtained at different 
frequencies are not "super-posable" to one another by shifting along the 
temperature axis, since aT does not depend linearly on T (see below). However an 
isochrone trace can be transformed into an effective isotherm, at 7/'= 7b, simply 
by replotting the data versus (vxaT). 
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When the experimental trends do not allow such matching, it can be argued 
that a single friction coefficient cannot describe all the motions within the system 
under consideration. 

The principle of using reduced variables and the relevant reduced-variable 
curve are commonly referred to as time-temperature superposition principle and 
master curve, respectively. 

L~ 
~0 
0 

! 

-10 

log (p T/poTo) 

~C 

"7 J log (aT) 

! 

-5 
log z 

Figure A2. Effect of temperature change (from 7)~ to 7) on the relaxation spectrum 
('c stands for relaxation time). (modified from [26]). 

The aT (7) fimction may be fitted as 

log a-l~ - clg(7 ' 7g) / (c2~+ 7'- 7~), (A25) 

known as the William-Landolt-Ferry (WLF) equation, where 78 stands for the 
reference temperature. This equation fits data of many different systems over the 
[7~ - (7'~ +100 K)] temperature range when c~ g and C2 g a r e  given the constant 
values of 17.44 and 51.6, respectively. 

Many of the properties of liquids, whether polymeric or not, depend on the 
presence of sigmificant fraction of free volume in the form of holes of molecular 
size or smaller voids. When a polymeric liquid or soft solid is cooled, the free 
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volume collapses because of the molecular adjustments that take place within the 
time scale of the experiment. The lower the temperature, the slower the 
relaxation. If crystallization does not occur first, at T =  Tg the free volume 
relaxation becomes much slower than the cooling ran: the systems vitrifies, i.e., it 
assumes a solid-like character. The glass transition is therefore the result of a 
reduction of molecular mobility. 

Below Tg the WLF equation cannot be applied, since the temperature 
dependence of aT obeys a simple Arrhenius law: 

]o,~aT-- (Z~a/R)(1/T- 1/~{}) (A26) 

A4. Prote ins  
A4.1. "l'wo-state equilibrium transition 

Two different tests can be applied to check whether the denaturation of a 
given protein can be described with the two-state transition model, namely, the 
population test and the Vant'Hoff test. The population fractions of native and 
denatured state, fN(~/') and fD(7), are independently evaluated [154,184] (see 
Figure A3): 

1 
�9 /'N (1') - (A27) (?( 7') 

1 
(A28) �9 / D  ( I ' )  - 

Z( 7') 

where Q(7) is the canonical partition function of the macromolecule in solution 
(with reference to the native state), drawn from the experimental heat capacity 
curve and Z(7) is the canonical partition function of the macromolecule in 
solution (with reference to the denatured state), evaluated from the relationship: 

1), I 

where T/~, and 72, stand for onset and end point of the DSC signal. Since fy(7) and 
f~}(~/) are independently determined, 
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fN(T) + fD(T)= 1 (A31) 

is a necessary condition for a two-state process at any temperature 

1 2 -- 

l O -  
J 

O. 8 -~ 

0 .6~ 
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0 . 4 '  1 

0 2 --~ 

O0 

~ fN + fD 

fN + fD 1.2 -~ 

- 1.0 I 

0.8 ] 

0 .6 i  i 
o.4 -1 I 

0.2 .-1 

. . . .  , 0.0 

330 350 310 

7', .... K 

(a) 

310 330 350 

7 ' / K  

Figure A3. Population fraction test in the case of (a) RNase A (one step 
denaturation), and (b) RNase BS (more complex behaviour). 

If the denaturation process is correctly referred to as a two-state transition, 
N r I), then 

A d H'"I[  ( 7d ) - AR7d2 P d (A32) 
AdH(7 d) 

with A - 4. If A d H~tI  (Td) coincides (within + 10%) with the A d H(7' d ) directly 

measured, unfolding can be tentatively supposed to be a one-step process [12] 
(such a coincidence indeed represents a necessary condition). 

For an actually reliability of such a conclusion, AdHVIt(7) and AdH(7) should 
coincide, within experimental uncertainties, in the whole temperature range where 
denaturation occurs and not only for 7'--7~t. A straightforward algebra [169,184] 
allows the van't Hoff and the calorimetric enthalpy for the unfolding transition 
(see Figure A4) to be expressed as 

(b) 
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Ad HVH (T) - RT21 CpE (T) 
< M t ( T )  > 

Cp, E (T) 1 _ D 

< AH(?') > D (A33) 

800 -" 

600 
7 

0 
E~ 400-J 

200 

O. 

12~176 I [ AdH vH'-'" AdH(T) 

~ H(T " (J) 

- 800:  ~ i "~ ~HVH(T) 

< (T)>D -~ 400-I (T)>D 
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. --# ,"~- �9 o !  ; ~ ....... , 

310 320 330 340 350 360 310 320 330 340 350 360 

7 ']K T / K  

(a) (b) 

Figure A4. Application of the vant' Hoff test in the case of (a) RNase A and (b) 
RNase BS. The large divergences at the limits of the denaturation temperature 
range are artefacts due to the form of the analytical expression of equation A33. 

Aa H(7' ) =< AH(7') > - < AH(7') >/) (A34) 

where C' tc and < AH(7) > and ( '  t:(T/,) < AH(7') > I~ are the excess heat 
P " P . D  " 

capacity and the excess enthalpy functions with respect to native and denatured 
state, respectively. When the two function superimpose to each other, the system 
can be reliably described by the two-state transition model [169,184] (such 
superposition is indeed a necessary and sufficient condition). 

A4.2. lhe e[/ect o.f pH and other co-solutes on thermal stability of globular 
proteins. the pre/erenttal binding model 

The decrease of protein thermodynamic stability on pH decreasing suggests 
a preferential binding of protons to the unfolded state. The effect of pH on the 
standard denaturation Gibbs function, AdG, has been theoretically analyzed by 
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Hermans and Scheraga [196] and can be expressed with the following 
relationship: 

AdG = A G -  RTIn - (A35) 

where ~ G  is the conformational contribution to ~ G  when variations in the 
ionization state of protein are disregarded. Z D and Z N are the binding polynomials 
describing the denatured and native state, which, when protons bind on identical 
and independent sites, take the form [265]: 

D = 1 + Kb. D [H + ] (A36) 

)n N 
Z iv = 1 + Kb.N[H+] (A37) 

where [H +] represents the molar concentration of protons; Kb,D and Kb,y are the 
association constants of the protons, and nD, nN are the number of binding sites of 
denaturated and native state, respectively. Assuming Kb,~) = Kb,N as a reasonable 
basis, the canonical partition function of the system is 

( ) (7 ' ) -  1+ Kd(l + Kb[H+]) '~' (A38) 

where An = (n I ) -  n N) and Kd is the constant of a purely conformational 
equilibrium. The excess heat capacity fimction determined from statistical 
thermodynamics [ 160-164]: 

(, E(p ~/,)= [(< AH2 >_ < AH >2) /R7,2  ] + .fDA d (;p (A39) 

where <AH2> and <AH> 2 can be calculated by means of equations (9) and (A40), 
and fl)is given by: 

)z~7 
Kd (1 + K b [ H + ] (A40) 

�9 /D = O 

The same principles hold for denaturants, like GuHCI and urea; equation 
(A38) has to be substituted by 
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Q(T)-  1 + K d (1 + Kba L )an (A41) 

where aL is the activity of the ligand or, in the case of GuHC1, the mean ionic 
activity, given by the following polynomial expansion [266] 

aL = 0.6761M - 0.1468M 2 + 0.02475M 3 - 0.00132M 4 (A42) 

The thermodynamic model which describes the effect of sub-saturating 
amount of a ligand follows the ideas and formalism suggested by Robert, Gill and 
Wyman [267]. When a protein denatures according to a one-step mechanism and 
has a single binding site in the native conformation, 

K d N + L ~  >D+L 

b ~  / K' (A43) 
NL 

the canonical partition function of this system is given by 

(2(7/)- ] +Kb[L] +Kd (A44) 

where [L] is the free ligand concentration. 
The excess enthalpy filnction (see Figure A5) normalized with respect to the 

state of the total native protein (alone or bounded with the ligand) is given by: 

<AH >= R7'2 Ic31n((-) / Q~ i 8 7 '  

p.IL! 
(A45) 

where Q~j- {1 + Kb[L]} and [L] can be evaluated from the mass balance, 

l -1/ .1  + (A46) 

where [Ltot] and [/'tot] are the total ligand and protein concentration, respectively, 

and [L] represents the binding isotherm calculated from the partition function: 

[L] = 

01n[LI 
l ' ,p  

Kb[L] 
() 

(A47) 
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'I' / "C 

80 

Figure A5. DSC profiles, simulated according to the described model, for 
different C (C=K,[PIlol) values. The curves have been shifted along the y axis for 
displaying purposes. 

The excess heat capacity function is therefore given by: 
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([d[L]|'~ is numerically evaluated. If AdCp = AbH = 0 can be assumed, then where 
\ d T J  

(..pE (T)--( AdH2 ] R T  2 ) KdQ~ a KdK d[Ll -" --2 A H b (149) 
Q2 d r  

Simulations have shown that the maximum distortion of the DSC peak from 
the two-state transition profile occurs for [L]tot/ [/~ = 0.5. Moreover, it has 
been observed that the complex shape of DSC profile does not depend on the 
value of the binding constant alone, but markedly depends on the product Kb[P]tot 
at Td. 

This approach can be generalized in cases where more independent domains 
are present in the protein, each of with different number of binding sites. 

( (~1 i [L]i)(I+K2 + "/~=(m] j /) 0 = 1 + K l + ~ Kbl "- i=1 . 1\.//Kb2 ILl (A50) 

A4.3. l)issociatton and aggregation 

For a simple dissociation 

N ,, X .. la/r/ (A51) 

where a multimeric protein undergoes two-state reversible unfolding with 
simultaneous dissociation into monomers, the temperature of the maximum of the 
DSC transitions, 7~n, increases with the total protein concentration according to 
[268] 

A d H I '  / Rl'd + (~a - 1) In (;,or - constant (A52) 

where Ao/-/'~t is the vant't Hoff enthalpy and (';tot is the total protein 
concentration. The value of A depends on ~ (for example, for ~=l, 2, etc., A=2, 
6, etc) [269,270]. 

Often aggregation follows dissociation according to the Lumry and Eyring 
model: 
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N r K >gU (A53) 
g 

F 
Depending on the rate of the irreversible step, this model will lead to 

different situations. When the equilibrium between the native and the unfolded 
states is always established but the irreversible step is dominant, the following 
expressions hold [216]: 

effect of the heating rate, u, on 7h (at constant Ctot)" 

If 
ln(u / 7d 2 ) = cons tan t - "PP- 

R7 d 
(A54) 

where//app = ][a + ( A d H ~ j / ~ . I ) ,  with lf~ the Arrhenius activation energy. 

shape of the excess heat capacity profile: 

A HE [I fp, ,AT'  ! I 
( ,  t,." = d app e x p • 1 + 

P R7 d 

l - g  
~t 

(]: AT')I l(g-l) 
e x p app, ", 

1 /2 
(A55) 

where A7' -  7'-7h 

aooarent activation energy in terms of the transition parameters: 

l').p v - B 1/(~,-1) RT'2d ('P,dl': / A d It (A56) 

effect of the total protein concentration on 7) (at constant scanning rate) 

lip:,, _21n7 d +~t-lln('.,r 
R 7 d ~t 

= cons tan t (A57) 

For reasonable values of/;app, 2 ln7h can be treated as a constant; the In (;tot 

versus l/7h trend is therefore a straight line with slope - ~Eap p / ( B  - I)R. 
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1. INTRODUCTION 

Thermal analysis and calorimetry have many applications within the 
Pharmaceutical disciplines. It is the intention of this chapter to review the current 
applications of thermal and calorimetric techniques to the development of 
pharmaceutical products. To prevent the chapter from becoming overlong, it 
focuses on the specific techniques that are an established part of the research and 
development armoury within pharmaceutics. Clearly, such applications include 
the study of morphological form and stability, chemical stability (of solutions and 
of the solid state), biological studies and photo-stability. The current thermal and 
calorimetric techniques available for such studies, described in Volume 1, 
Principles and Practice of this Handbook, include: differential thermal analysis 
(DTA) and differential scanning calorimetry (DSC) with the recently 
commercialised modulated techniques [whether dynamic DSC (DDSC) or 
modulated DSC (MDSC)]; thermogravimetry (TG); thermo-mechanical analysis 
(TMA) dynamic thermal analysis (DTA) and the closely related torsional braid 
analysis (TBA); and the earliest technique, hot stage microscopy (HSM). 
Calorimetric techniques include isothermal microcalorimetry with the recent 
addition of nanoWatt technology, isoparobolic solution calorimetry, isothermal 
flow microcalorimetry, isothermal titration calorimetry, large scale batch 
calorimetry for studying crystallisation processes, bomb calorimetry and photo- 
microcalorimetry. 
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At present, thermal analysis and calorimetry are regarded as two separate 
disciplines. Thermal analysis would normally make measurements as a function 
of temperature whereas calorimetry would normally make isothermal 
measurements as a function of time. However with the advent of micro- 
scanning calorimeters, where operation under pseudo-isothermal conditions can 
give sensitivity approaching that of microcalorimeters, the distinction is 
becoming less defined. Also, specific calorimetric and thermo-analytical 
instruments are often ubiquitous and can be used in several different modes of 
operation. 

2. CHARACTERISATION OF PHARMACEUTICAL SOLIDS 

The criteria for novel drug molecule selection are naturally focused on 
pharmacological activity, safety and potential clinical and commercial value. 
However, the progression of a drug to the market place depends on issues such 
as stability, bioavailability, toxicology and ease of manufacture. These issues 
are invariably encountered during the development of a drug and may cause a 
candidate to be considered unsuitable or slow its rate of progression to a 
commercial product. Thermal analysis and calorimetric techniques are mostly 
assigned to the study of aspects of stability. 

Ideally, only one set of stability measurements would be required to define 
the stability of a given product. These results could then be applied to all 
subsequent batches of the product. This could only be the case if all batches 
were manufactured identically. However, many of the processes that constitute 
the manufacturing chain cannot be completely controlled. There is, therefore, 
the possibility that batch to batch variation may lead to unpredictable stability 
and changes in the physical properties of the product. Many examples illustrate 
that dramatic changes in stability may be caused by minor changes in the input 
materials [1 ]. 

There is often insufficient understanding of how key production parameters 
and the manufacturing environment may affect the morphology and physical 
properties of a drug. A manufacturer needs to ascertain, for example, how 
concentration, stir rate and reaction temperature affect crystal habit and 
morphology of material during primary manufacture; how pressure, temperature 
and relative humidity affect crystallinity during particle size reduction in 
secondary manufacture; and how purity and crystallinity affect stability in the 
final product. An inadequate understanding of these and other key parameters 
makes defining the specifications for conditions and tolerances of each stage of 



925 

the manufacturing process a precarious responsibility. As an example, bought in 
excipients normally have general guidelines on purity content. The primary 
manufacturing company may not be required to inform about process changes 
providing that the purity profile remains within the original specification. It is 
therefore possible for the quality of a product to be compromised even though 
there is no apparent change in the materials or the manufacturing procedure [2]. 

Thermal analysis and calorimetry provide the opportunity for detailed 
analysis during each step of the manufacturing process. The isothermal 
microcalorimeter, with high sensitivity to measure very small changes, and 
rapid thermal analytical techniques which characterise materials, are powerful 
tools for such analyses. 

Within routine studies of new chemical entities, the initial focus is to 
explicate a comprehensive description of the drug. The aim is to provide 
specific information on its physical aspects such as morphological form, 
polymorphism, crystal habit and solvate state. This information is combined 
with data from other techniques such as dynamic vapour sorption (DVS), 
particle size analysis, XRPD (x-ray powder diffraction), solid state NMR, IR 
spectrophotometry and Raman spectroscopy. 

The second stage is to investigate the ability of the drug to resist change 
when subjected to stressful conditions within the manufacturing environment, 
for example changes in temperature, pressure, relative humidity, pH and drying 
times. The investigation into morphological stability should also define the 
environmental boundary conditions beyond which the morphological stability 
of the compound may be compromised. This should then allow greater control 
during each stage in production where specific tolerances can be tailored for 
each drug to yield a more predictable end-product. 

As a cautionary note, other morphological forms may be identified as a 
potential patent risk since the final product is normally patented as a specific 
morphological form. It is possible to loose exclusive market rights if another, 
more appropriate, form is subsequently discovered by a competitor. 

Changes in the morphological structure caused by the manufacturing 
processes may only affect a small proportion of the overall material. However, 
this damaged material is often in an unstable state and may have a 
disproportionate effect on the overall performance of the product. Excipients 
should similarly be treated with care. Recently, there has been realisation that 
the morphology of excipients also plays an important role in the stability of the 
final product. 
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The third stage is to determine the chemical stability of the drug. This 
includes a study of the chemical stability alone, and a study of the compatibility 
of the drug with each excipient. 

Chemical instability is defined as a chemical interaction that causes a 
detrimental change to the material and can lead to a loss of potency. This may 
also result in the formation of potentially harmful degradation of products. 
Chemical degradation can be environmentally initiated (e.g., photo-degradation, 
oxidation from atmospheric oxidants, hydrolysis) or by a host of other reactive 
species external to the drug formulation [3]. Additionally, chemical degradation 
can be initiated from within the drug formulation such as by autocatalysis and 
interactions with other excipients [4] or impurities associated with the 
excipients. Chemical stability studies are mainly concerned with the stability of 
the drug and the compatibility of the drug with excipients which were initially 
developed with good stability characteristics in mind. 

The evaluation of the chemical stability of new drug molecules primarily 
focuses on the kinetics of degradation or interaction. The aim is to establish 
rates of degradation leading to predictions about the shelf life of the active 
ingredient. The characterisation of drug degradation is required by licensing law 
and is also valuable information to formulators who can then develop an 
appropriate formulation with a predictable shelf life. 

There are many different techniques available for the study of chemical and 
morphological stability [5,6]. Chemical degradation is traditionally studied 
using HPLC in combination with long term "accelerated" temperature storage. 
This type of long-term storage at elevated temperatures is expensive and time- 
consuming. Considerable resources are required to set up and store samples 
over long time periods under controlled environmental conditions. 
Furthermore, it is generally accepted that "accelerated" stability studies are a 
notoriously unreliable way for prediction of reaction rates under normal 
environmental conditions. The reaction mechanism at the elevated 
temperatures of accelerated storage may not confidently be attributed to the 
same degradation pathway at lower temperatures. Therefore there is a 
possibility of considerable error when extrapolation of reaction rates for 
accelerated degradation is made to ambient temperature [7]. Thermal analysis, 
particularly DSC, has been used extensively for chemical stability and 
compatibility studies [8]. However, its use remains to be established in 
mainstream stability programs. Calorimetric analysis of chemical stability 
perhaps offers a more reliable method for such studies. The technological 
advances made in increasing the sensitivity of micro-calorimeters and the 
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advances in data interpretation now provide an opportunity for such techniques 
to be routinely used. 

Techniques traditionally used to study morphological stability include 
XRPD, NMR, IR, Raman spectroscopy and Electron microscopy. These 
techniques are very useful in identifying general physical attributes at the 
molecular level and so allow the categorisation of specific morphologies. 
However, they do not possess the flexibility and, in some cases, the sensitivity 
to identify small differences in crystal structure, for example, different hydrate 
states where there is small interaction with the hydrate water and to quantify 
amorphous material or small amounts of impurity [9]. 

2.1. Morphological stability 
Until recently, the propensity of a material to be morphologically changed 

when in a stressful environment was not always appreciated. This was partly 
due to a lack of sensitivity of the available analytical techniques to study the 
often small differences associated with morphological change. This is 
especially true when small amounts of the overall material are affected. For 
example, XRPD can detect amorphous material in a crystalline sample if it is 
present in significant quantities (empirically 15% or above is a detectable level 
although often sample dependent). In contrast studies using calorimetry, such as 
isothermal microcalorimetry coupled with RH perfusion, solution calorimetry 
and related techniques such as Dynamic Vapour Sorption (DVS) are now 
established. These techniques can give detailed information about the 
morphology and morphological stability of a compound, and can often 
differentiate modest quantities of changed material. 

Experience with new chemical entities indicates that many have the 
propensity to be morphologically altered (to differing degrees of severity) 
during the rigours of normal manufacturing processes. The morphological 
diversity of compounds p e r  se  is clearly recognised [10]. However the 
consequences of morphological change, especially if only a small proportion of 
the overall material is affected, are often overlooked. Not all morphological 
issues present a serious stability problem but the findings clearly illustrate the 
polymorphic diversity that can be exhibited by relatively simple low molecular 
weight chemical entities. Interestingly, conventional analytical techniques, i.e. 
FTIR, XRPD, NMR and Raman spectroscopy, may not demonstrate potential 
morphological problems often revealed by thermal and calorimetric techniques. 
The main criteria for a morphological stability study are" 
(a) assessment ofpolymorphic purity 
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(b) identification of a morphological form (polymorphs and hydrates included) 
and an assessment of their stability in different environments 

(c) determination of hygroscopicity and critical RH of the solid, and 
(d) quantification of crystal damage during various stages in production, and 

the impact that they may have on product quality and processability 
The routine often employed to progress such investigations is to make 

measurements of morphology before and after the material has been subjected 
to a defined level of stress. Additionally, the analytical device itself may 
provide degrees of stress during the observation period, such as RH perfusion 
and multi-ramp DSC. In either case, the main criterion is to observe a 
morphological change when a quantifiable amount of stress has been applied. 

2.1.1. Polymorphism 
Polymorphism is the ability of a molecule to crystallise in more than one 

form of molecular orientation. Crystal habit is the ability of molecules to 
crystallise at different rates in different directions along the forming crystal 
giving different shapes of crystals whilst maintaining the same molecular unit 
structure. Pseudopolymorphism [8] or solvate formation are an ability to 
incorporate water or other solvent in the forming crystals. Thermal analysis and 
calorimetry are able to differentiate many of these states; however other 
techniques must be used to substantiate and validate the DSC/DTA findings. 
For instance, IR spectra and XR-diffraction patterns confirm differences in 
crystal structure, although these changes may be very subtle, especially when 
differentiating habits. Finally, it should be remembered that certain materials 
might not crystallise but pass into an amorphous or glassy state. Thermal 
analysis and calorimetry of hydrates, solvates and the glassy state is found in 
later sections. Thorough reviews of the thermal analysis of these systems have 
been produced [8,11 ]. 

DSC of polymorphs provides valuable information on the melting point, the 
enthalpy of fusion and the transition temperature, whether in the solid or liquid 
state, of one polymorphic form to another. Various types of polymorphism 
exist, depending on the inter-changability of the morphological forms or their 
thermal stability. Thus, enantiotropic polymorphism or monotropic 
polymorphism may be described. Enantiotropic forms may be encountered 
below the melting point of either polymorph. Storage, therefore, of these less 
stable forms will result in conversion to a more stable polymorph when the 
temperature is below the melting point of either form. This, therefore represents 
a solid-solid transformation. In monotropy, one polymorph is stable throughout 
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the temperature range up to the melting point of the highest polymorph which is 
difficult to reconvert to the lower melting point polymorph. 

Knowledge of which form of polymorphism is evident is derived from the 
solid I to solid II equilibrium curves [ 11 ]. In enantiotropy, there is a reversible 
transition temperature between the two forms [12]. The lower melting point 
form is stable below the transition point but at higher temperatures the 
polymorph with the higher melting point is the stable form. This transition 
temperature can be measured by thermal analysis. The value of this temperature 
varies to residual solvent, the presence of impurity and particle size. By 
convention, the highest melting pint form is designated as Form I. Burger [ 12] 
suggested rules for determining the type of polymorphism present. For 
enantiotropy, the transition temperature is below the melting point of this form. 
Form I is stable above this transition temperature but Form II is stable below 
this transition and the transition is reversible. The solubility of Form I is higher 
below the transition temperature but the solubility of Form II is higher at 
temperatures greater than the transition [12]. Additionally, the transition of 
Form II to Form I is endothermic. The heat of fusion of Form I is lower than 
that of Form II. 

Knowledge of enantiotropy may be derived from DSC curves. A check may 
be made on the solid-solid transformation temperature. Thermogravimetric 
analysis should be undertaken so that mass loss can be eliminated as being a 
cause for the transition [11]. Examples include tolbutamide for which the 
transition temperature is less than 50~ but the melting point is in excess of 
125~ [11]. The transition is below the melting point, for example with 
penicillamine, acetazolamide, indalpin or metoclopramide [11]. Using the 
technique of melting, followed by recrystallisation (cooling) and secondary 
melting either enantiotropic form may be formed. However, materials may melt 
with decomposition producing an impurity that recrystallizes. Such an example 
is phthalysulphathiazole but thermogravimetry may again be used to detect 
decomposition [13]. Giron [14] also pointed out that during DSC either form 
may melt with no subsequent conversion, an example being butylhydroxanisole. 
Thus, the use of thermomicroscopy must not be underestimated in confirming 
changes during heating. Additionally, several events described above, may be 
apparent in the DSC of monotropic forms. 

Monotropy represents irreversible transition between polymorphs. The higher 
melting point form is always the thermodynamically stable form. Additionally, 
if the melting points of two monotropic forms differ by 25-50~ it is very 
difficult to crystallise the lower melting point form [11]. In effect, the transition 
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temperature between the two forms is always greater than the melting point of 
Form I which is always the stable form. The transition is irreversible [ 12]. The 
solubility of Form I is always less than that of Form II, the transition from Form 
II to Form I is always exothermic and the heat of fusion of Form I is always 
greater than the heat of fusion of Form II [ 12]. In DSC or DTA curves, the solid 
to solid transition occurs before the melting point of the higher melting point 
form and is exothermic. 

A melt to recrystallisation to melt phenomenon on a DSC curve may 
represent either monotropic or enantiotropic conversion. Small amounts of 
decomposition may favour transitions or the apparent production of a 
polymorph. Frequently thermogravimetry will detect this decomposition. An 
example of monotropic polymorphism is displayed by temazepam [ 11 ]. 

Every polymorph formed by a given material will have a different lattice 
energy. The most stable morphological form is that with the largest free energy 
change (AG) from the amorphous form for a given set of conditions. In time, 
each unstable polymorph will change to the most stable form. A correlation 
between rates of dissolution and free energy change for a series of polymorphs 
can also be shown [12], i.e. amorphous materials (with the largest potential for 
change) have the greatest dissolution rates. However, one should not, of course, 
describe kinetic events from thermodynamic terms. Incidentally, given 
sufficient time, all polymorphs of a given drug substance, including hydrates, 
solvates or amorphous material, will reach the same equilibrium concentration 
in a given solvent. However that time required to reach the equilibrium 
concentration for each polymorph can differ considerably. 

In some cases the difference in crystal lattice energy between two 
polymorphs is relatively small reflecting only a small difference between the 
unit structure. Hakanen and Laine [ 15] illustrated the use of thermal analysis to 
the determination of polymorphs. Using terfenadine, two polymorphs and a 
solvate were identified using x-ray diffraction (XRD), DSC and TG to 
determine kinetic parameters for the structural change of the methanol solvate 
by desolvation on heating. Laine et al [16] examined the polymorphic structures 
within ibopamin which exists in two monotropic forms. The melting points of 
Form I and II were 134.8 + 0.4 ~ and 130.2 + 0.5 ~ respectively. 

As a cautionary note, Cartensen and Franchini [17] also showed that some 
polymorphs are indistinguishable except by XRD. Failing to show significant 
differences in solubility and observing only slight differences in melting point, 
which indeed could be due to impurities does not, therefore, eliminate 
polymorphism. 
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Other changes may occur on preparation [18]. Modification I of nimodipine 
melted at 124~ but crystallised as the racemic compound. DSC, IR, Raman, C- 
13-NMR, XRD, pycnometry and solubility determinations were needed to 
confirm that it recrystallised as a racemic compound. Form II, melting point 
116~ was a conglomerate [ 18]. Thermodynamic relationships were illustrated 
as a schematic energy-temperature diagram (Figure 1). Form II was stable in the 
range up to 90~ The melting characteristics of the two forms are illustrated by 
Figure 2. 

The complications of solid-solid characterisation may be illustrated using 
dehydroepiandrosterone [19]. Three polymorphs (Form I, Form II and Form III) 
were isolated and four solvates, a 4:1 hydrate (Form SI), a monohydrate (Form 
SII), a further monohydrate (Form SIII) and a methanol half-solvate (Form 
SIV). A new polymorph, Form V was isolated using hot stage microscopy. Only 
Form I and Form SIV exhibited reproducible DSC scans. Five of the isolated 
forms underwent phase transformation on heating and gave poorly reproducible 
scans. HSM was used to interpret the DSC scans. According to the suggestions 
of Burger [ 12], Forms I, II and III were monotropic polymorphs with decreasing 
stability in the order Form I > Form II > Form III. The melting onsets and heats 
of fusion were 149.1~ 25.5 kJ mol -~, 140.8~ 24.6 kJ mol -~ and 137.8~ 
24.0 kJ mol -I respectively. Heat of solution and DSC data were used to show a 
melting point of SI at 127.2~ During dissolution all modifications were 
converted into the stable monohydrate, Form SII. An example of enantiotropy is 
provided by the lukotrience D-4 antagonist RG 12525 [20]. 

Three crystalline modifications of fluocinolone acetonide (Forms A, B and 
C) were characterised by FTIR, DSC, TG - FTIR, micro-FTIR and XRD [21]. 
On heating Form A and Form C were converted into Form B. Polymorph A was 
enantiotropically related to Form B while Form C was monotropically related to 
B [21]. Giron et al [22] examined tetracaine hydrochloride. Ten different forms 
were identified: six anhydrous crystalline forms, an amorphous form, a 
hemihydrate, a monohydrate and a tetrahydrate. The anhydrous Form I is the 
stable thermodynamic modification at ambient temperature. Form 2 was 
reversibly enantiotropic to Form I. The other four modifications (3, 4, 5 and 6) 
were monotropic polymorphs of Form I. Only Form 1 and Form 5 were stable at 
room temperature [22]. 

Isoparobolic solution calorimetry is a good technique to measure both 
enthalpy change and rate of dissolution of polymorphs. The high sensitivity of 
this technique allows the study of polymorphism even when differences in 
crystal lattice energy are relatively small and hence difficult to study by other 
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respectively. Reprinted from reference [18] with permission from Elsevier 
Science. 
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techniques. The procedure to adopt for such studies has similarities to the 
procedures for studying amorphous materials. Therefore a detailed account is 
given in section 2.1.4. 

2.1.2. Solvates and hydrates 
DSC and DTA each display transitions with loss of water or solvent of 

crystallisation. Figure 3 shows the DSC of a sample of I-lactose monohydrate in 
both open and closed pans. The problem is that desolvation leads to a build up 
of vapour pressure inside the sample pans. This will reduce the rate of and 
increase the temperature at which desolvation occurs. The results are very much 
related to the integrity of the pans. The rate of loss can be classified on the 
bases of pan integrity as open pans > pin-holed lid pans > normal pans > 
hermetically sealed pans. Clearly solvent loss would be controlled by the size of 
the pin hole, and for rupturing pans, the temperature at which the seal integrity 
is lost. Thus, although energies can be derived for desolvation, the shape of the 
curve is very much sample pan dependent. A further problem, seen for example 
with some hydrochloride salts which are hydrates, is that the trapped moisture 
and the acidity of the counter ions, may lead to degradation of the sample. 

Solvent loss needs to be verified by alternative techniques. The suspension of 
powders in a liquid, typically liquid paraffin, can lead to the visualisation of 
solvent release via gas formation during hot stage microscopy. The 
stoichiometric amount of water (or solvent) included in the crystal structure can 
be determined from thermogravimetic analysis. Figure 4 shows an example. 
Clearly, however, loss of weight may be due to decomposition and evolved or 
effluent gas analysis, through for instance mass spectroscopy, will confirm the 
nature of the volatile materials. 

It should be remembered that loss of solvent may not occur as a discrete 
event prior to melting of the parent drug [11] or even after melting. Solvates or 
hydrates themselves may be polymorphic in nature. Examples include the 
dioxane solvate of oxazepam [23] and hydrates of nitrofurantoin [24]. 

Finally, although not hydrates themselves, many polymers are capable of 
adsorbing moisture into their chemical structure. These includes cellulose 
ethers [25], starches [26], and polyvinylpyrrolidone [27]. Quantification of this 
water can also be achieved from thermogravimetric analysis. 
Isothermal microcalorimetry in conjunction with an RH perfusion cell may be 
used to study hydrates and solvates under isothermal conditions. The RH 
perfusion device manufactured by Thermometric AB [28] allows the 
humidifying chamber to be filled with different solvents. The interaction 
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Figure 4. Schematic TG scan of a dihydrate drug losing its water of hydration 
in two states, via the monohydrate, to form the anhydrous drug. 
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between a solvent and crystal lattice may be investigated by perfusing different 
solvents over the crystalline material, for example to evaluate the interaction of 
various solvents with a drug for recrystallisation purposes. It is a simple task to 
measure the enthalpy change as a function of the partial pressure for different 
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relationship between the rate of dehydration of a hydrate drug and air flow rate. 
Dehydration was achieved by taking the RH from 10 to 0% RH in a single step. At 
all flow rates the enthalpy change for the dehydration event was found to be 134.5 
i 2.5 J g-~ solid. The theoretical water content for this antibiotic is 3.6%. The 
enthalpy change for the vapourisation of this quantity of water is 87.84 J g-~. 
Therefore, the excess 46 J g-' can be ascribed to a morphology change associated 
with the removal of water from the crystal lattice. The rate of dehydration in this 
experiment is dependent on the air flow rate below 43 ml min -~. 



936 

solvent vapours perfused over the material. The solvent with the smallest 
interaction (sorption enthalpy change) will have the least tendency to form a 
solvate with the drug. 

The RH perfusion device is extremely useful in the study of water sorption 
behaviour of powders. Many pharmaceutical drugs and excipients are low 
molecular weight organic crystalline materials. It has been found that the 
majority of hydrate drug substances will lose their water of hydration when the 
environmental RH is taken close to 0% RH [29]. Figure 5 provides an example. 
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Figure 6. The RH generated in the Thermometric RH perfusion 
chamber was measured using a Vaisala HMP233 humidity meter 
customised to fit the outlet tube of the RH perfusion device. The 
generated RH shows good correlation with the target RH. 
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The RH perfusion device lends itself to such studies and the performance of the 
Thermometric RH perfusion device has been found to be + 1% RH from 0.5 to 
95% RH (see Figure 6). The removal of the hydrate water has a corresponding 
enthalpy change that is proportional to the hydration state of the molecule. For 
this calculation, the enthalpy of vaporisation for water of 2.44kJ g-~ [30] can be 
used. 

This type of analysis should be used in conjunction with other techniques that 
quantify the loss of mass associated with dehydration. For example, a DVS 
experiment can be made directly comparable with a RH perfusion experiment. 
DVS provides information about the mass change of a sample as a function of 
the RH change, whereas, the RH perfusion experiment provides information 
about the enthalpy change as a function of RH change, both under isothermal 
conditions. By interlinking the two sets of data, the equivalent mass change 
determined by DVS can be subtracted from the RH perfusion data leaving 
information about the morphological change associated with the dehydration, 
(see Figure 7). Many of the processing conditions during manufacture are 
desiccating. It is therefore useful to know the magnitude of the morphological 
change during dehydration so that its impact can be assessed. 

Additionally, as the study is performed under isothermal conditions, it is 
possible to obtain kinetic information about the dehydration and subsequent 
re-hydration step. This, in turn, may provide mechanistic information about 
how the water is structured within a crystal lattice [31]. For example, it is 
possible to observe two kinetic regions associated with the re-sorption of a di- 
hydrate drug substance. 
Some crystalline solids can accommodate significant amounts of water at high 
RH values that is not as highly structured as in conventional hydrates. This 
water still forms an integral part of the crystal lattice structure of the solid and 
so, strictly, is crystal hydrate water. Such materials are termed channel hydrates 
and can be thought of as being extended micro-structures within the crystal 
lattice that are available for hydration at high partial pressures of water vapour. 
For example, Figure 8 shows an antibiotic that exhibits channel hydrate 
behaviour. The DVS graph exemplifies typical channel hydrate behaviour 
where, at a critical partial pressure of water, the channels are accessible for 
hydration. 
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Figure 7. Desorption of a hydrate drug from 70 to 0% RH, studied using a RH 
perfusion chamber coupled with an isothermal microcalorimeter. This revealed 
a morphology change at 0% RH. Here the enthalpy change for water 
vapourisation was subtracted from the overall enthalpy change determined by 
calorimetry. The resulting graph shows the enthalpy change associated solely 
with d r u g -  water interaction and morphology change. The enthalpy change for 
water vapourisation was determined from the mass change at each RH step 
measured by dynamic vapor sorption (DVS). 
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Figure 8. DVS graph for a typical channel hydrate. These are typified by a 
greater mass increase during the hydration step than the mass decrease during 
the dehydration step. The corresponding isotherm plot would show significant 
hysteresis. The solid line indicates the mass change. 

Adsorpt ion isotherms. Isothermal microcalorimetry, in conjunction with an 
RH perfusion device, is a powerful method for mapping surface properties of 
solids and especially drugs [32]. The principle of the study is to adsorb and 
desorb water vapour onto and off the surface of a solid in small steps and 
measure the associated enthalpy change. At low RH values, monolayer water 
sorption conforms to a BET (Brunauer, Emmett and Teller) model and can 
therefore be used to determine surface properties. The analysis of the data can 
be achieved by plotting the water sorption isotherm as a function of RH and 
fitting to a modified BET type equation [33]. This can provide information 
about the surface affinity for water and the hydrophilic surface area, parameters 
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likely to be altered by aggressive processing of the crystalline material during 
manufacture. 

2.1.3. Hygroscopicity 
Hygroscopicity is a general term used to describe materials that readily take 

up water in a non-structured way. Thus, the adsorbed water is not structured 
within a crystal lattice and is reversible. The term hygroscopicity is not a 
quantitative definition and so should be qualified. It is, therefore, up to each 
individual to define the boundary conditions that lead to the categorisation of 
hygroscopic and non-hygroscopic materials. As an approximation, 
pharmaceuticals that pick up more than 5% by mass, between 40 and 90% RH 
at 25~ are described as hygroscopic. Materials that pick up less than 1%, 
under the same conditions are regarded as non-hygroscopic [34]. 

A hygroscopic material may deliquesce (where adsorbed water starts to 
solvate molecules of the solid) if the critical RH of the solid is lower than that 
of the surrounding atmosphere (Figure 9). 

The calorimetric RH perfusion cell can be used to characterise the 
hygroscopic nature of a compound. A useful complementary technique for 
studying hygroscopicity is DVS [35]. The principle of operation is similar to the 
calorimetric RH perfusion technique except that it measures mass change as a 
function of RH whereas the calorimetric RH perfusion device measures 
enthalpy change as a function of RH. The application of both techniques to the 
study of hygroscopicity is sufficiently similar so that the methods of operation 
are described together. 

A typical experimental procedure would commence at 40% RH and progress 
to 90% RH in small increments. At each step, sufficient time is allowed so that 
the sample reaches equilibrium with the environmental RH. The start point of 
40% RH has been found to give the minimum amount of morphological stress 
to the initial material and therefore does not cause damage to the material. As 
the RH is progressively increased the calorimetric response will show 
characteristic adsorption peaks and the DVS response will show characteristic 
mass change steps. The quantity of water adsorbed at each step can be found 
directly from the mass change determined by DVS or calculated from the 
enthalpy change determined by calorimetry. It must be noted that the 
calorimetric response is the sum of all events that occur during the adsorption 
process. Other processes that may accompany the water sorption step, for 
example a morphological change, can be deduced from the difference between 
the calculated enthalpy change for each sorption step and the theoretical 
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Figure 9. A RH perfusion study for crystalline sodium chloride. From 0 to 
72% RH, typical water sorption exotherms are produced. Above 72% RH the 
water sorption no longer reaches an equilibrium, hence, the power does not 
return to the baseline. The sodium chloride crystal lattice begins to dissolve at 
75% RH. In time all the solid will be solvated and the calorimetric signal will 
return to zero. 

enthalpy change for the movement of water at each RH. Figure 10 gives an 
example of hygroscopicity. 

Using these techniques hygroscopic materials can be characterised by 
increased water sorption at high RH values. The experimental method can be 
extended to examine the mechanism of the water sorption process. At 90% RH, 
the target RH is then taken down to 0% RH so that each equilibrium desorption 
step mirrors the adsorption steps. The mass change associated with water 
sorption onto hygroscopic materials should be equal for the adsorption and 
desorption at any given RH. The quantity of water taken up by each step is 
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Figure 10. The enthalpy change for water vapor sorption determined as a 
function of  RH using a RH perfusion device coupled with an isothermal 
microcalorimeter. Assuming a second order BET model, the enthalpy of  
moisture sorption was found to be 53.33 kJ mol -~ of water from 0 to 40% RH 
and 43.77 kJ mol -~ of water from 40 to 80% RH (close to the enthalpy change 
of vaporisation). The available surface area changed from 0.68 mg m -z to 
0.72 mg m -2. The data suggest binding to the drug surface up to 40% RH then 
formation of  multiple hydrate spheres above 40% RH. 

proportional to the surface interaction between the drug substance and water. 
However, if water is structured into the crystal lattice the water will be retained 
so that the equivalent absorption masses will be different to the corresponding 
desorption steps. 

2.1.4. Amorphousness and the glassy state 
DSC and DTA allow the determination of glass transitions, the glass 

transition temperature Tg and at temperatures above the Tg, of any crystallisation 
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or subsequent melting. The techniques do not, p e r  se, assess the influence of 
moisture on these events, although a lowering (plasticization) or increase in Tg 
may be seen. It must be remembered that on increasing the temperature, 
moisture may be lost from a sample bulk. Thus any glass transition determined 
may not be that of the sample prior to treatment. A glass transition can be 
observed for glassy drugs or amorphous polymers. 

Ford [36] examined the glassy nature of several drugs. These studies were 
reviewed and extended by Craig and co-workers [37]. It must be emphasised 
that the glass transition should be checked for loss of mass by TGA. The 
presence of impurity, induced by previous heating, increases the tendency of 
drugs not to crystallise but to remain in the glassy state on cooling. 

DSC or DTA might not necessarily detect changes in a material. 
Decomposition may lead to a false glass transition temperature and a fast 
heating rate may be too quick to detect changes by actually preventing 
recrystallisation. Slow scanning may result in an increase in decomposition; 
repetitive scans may depress the melting point by an accumulation of 
degradates. The sample pan design may also influence the quality of the DSC or 
DTA trace. Indeed, the shapes of the DSC scans can be modified by impurity, 
heating rate and particle size. 

For materials in which a large proportion of glassiness is formed, DSC can 
lead to an estimate of the crystalline or amorphous (by subtraction) content 
provided the heat of fusion of the fully crystalline material is known. The heat 
of fusion of a sample can be percentified as a function of the heat of fusion of a 
standard giving the crystalline content. Clearly, the same polymorphic form 
should be present in both sample and standard. The technique has errors and can 
not be used to estimate the amorphous content when this is low, perhaps less 
than 5%. Re-scanning a glassy material may determine if it is subject to 
polymorphic modifications. 

The glass transition of many drugs is readily apparent from DSC once the 
glass has been formed, if on heating this transition is well separated from any 
recrystallisation events that follow. Since the glass transition is not a kinetic 
event but a change in heat capacity of the material, the size of the transition is 
heating rate dependent. Thus the transition is larger at faster heating rates. 
These faster heating rates may prevent recrystallisation of the material. The 
transition may be obscured, for instance, by recrystallisation or endotherms due 
to solvent loss. This is alleviated by modulated methods of DSC. The glass 
transition is shown in the MDSC reversing or DDSC storage curves. Thus the 
transition can be seen in samples of spray-dried lactose where the glass 
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transition of the small portion of the sample that is in the glassy state is masked 
by the dehydration of the lactose [38]. Analogous separation from dehydration 
events can be seen in polymers such as HPMC [39] and cross linked starch 
products [40]. The glass transition may also be resolved from the 
recrystallisation events as with a novel drug candidate, Saquinvir [41 ]. 

The glass transition can also be derived from DVS studies on polymers by 
noting how the moisture sorption is modified as the polymer passes through the 
glass transition. Amorphous materials, when compared to the corresponding 
crystalline forms, have a greater tendency for change, i.e., the free energy AG is 
larger for the transformation. This (although as noted previously, one should 
not describe dissolution rates from thermodynamic terms) imparts some 
interesting properties such as more rapid dissolution rates and increased bio- 
availability. Consequently, amorphous materials tend to be hygroscopic as well 
as morphologically and chemically unstable. Amorphous materials are prone to 
recrystallise to a more stable form (with lower AG) if given sufficient molecular 
mobility through events such as raised temperature or high relative humidity. 
Drug products such as intravenous formulations that incorporate amorphous 
materials for their rapid dissolution must, therefore, be protected from both 
temperature and moisture during storage. 

In some cases, where a drug substance is highly insoluble, associated 
amorphous material may be reasonably morphologically stable. In these cases it 
may be advantageous to include some associated amorphous material to 
enhance the bioavailability of the product. For both hydrophobic and 
hydrophilic materials, the amorphous component associated with a crystalline 
substance can have a profound effect on the overall performance of the product. 
Extreme care should be taken to understand and quantify the amorphous 
material. Reduction of amorphous material in poorly soluble/hydrophobic 
materials may drastically reduce bioavailability. An increase in amorphous 
content in a hydrophilic material may cause reduction in chemical stability and 
transformation to an inappropriate form. 

Calorimetric techniques can be used to quantify accurately the amorphous 
content of a sample even when the sample is predominantly crystalline. 
Experience has shown that for a crystalline sample an amorphous content in the 
order of 0.5% can be routinely detected [42,43]. It is evident that rough 
treatment of crystalline material, such as grinding, drying or compaction, can 
cause damage to the crystallinity of the material and hence increase the 
amorphous nature [44]. As an illustration, Figure 11 shows the relationship 
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Figure 1 1. A solution calorimetric investigation to correlate the effect of 
attrition during micronisation on crystal damage. The experiment was set up to 
favour the dissolution of the amorphous component. Quantification of 
amorphous material, from the micronisation study, was made by comparison of 
the enthalpy change on dissolution to that of 100% amorphous material. Normal 
grinding pressure (feed pressure) for this material would be in the order of 448 
kPa. 

between the quantity of amorphous material and grind pressure when a 
crystalline material is passed through a micronising mill. 

In addition to conventional techniques used to observe amorphous material, 
such as DVS and XPRD, isothermal microcalorimetry and solution calorimetry 
can be used to observe and accurately quantify amorphous materials. 

Isothermal microcalorimetry. The study of amorphous materials using 
microcalorimetry relies on the physical properties of the amorphous fraction 
being significantly different to the crystalline form. In general, amorphous 
materials tend to be hydrophilic and thermodynamically unstable. If maintained 
in a high RH environment, the amorphous material would eventually 
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recrystallise. The thesis is that the environment provides sufficient "plasticity" 
to the material so that molecular re-orientation can occur (the same principle 
applies to recrystallisation of amorphous materials using thermal analysis, 
although here increased temperature provides the extra mobility to the solid). 
Organic solvents can be used to encourage recrystallisation where a drug is 
excessively hydrophobic. 

The crystallisation of amorphous material has an associated enthalpy change 
that can be measured using isothermal microcalorimetry. Providing the 
observed calorimetric signal can be calibrated using 100% amorphous material, 
the measured enthalpy change is directly proportional to the quantity of 
amorphous material present. 

The crystallisation of an amorphous material tends to be a co-operative event, 
that is, all the amorphous material tends to crystallise together when sufficient 
water has been adsorbed. The time taken for the recrystallisation event to occur 
can be regulated by the quantity of amorphous material present, the RH to 
which the material is subjected, and the temperature of the study. Figure 12 
shows a typical calorimetric signal for the recrystallisation of an oral antibiotic. 
Here the reaction chamber was regulated at 80% RH and 40"C. For a good 
analysis of the data there should be sufficient separation of the water adsorption 
peak and the recrystallisation peak. This can be achieved by trial and error 
selecting different reaction conditions (temperature, relative humidity and 
quantity of material) to optimise the peak separation. Further information may 
be found in reference [45]. 

Solution calorimetry. There are two methods that can be used to quantify 
amorphous material based on solution calorimetry. The first method exploits 
differences in the rate of dissolution of the amorphous material compared to the 
crystalline form. The second method exploits the difference in enthalpy change 
of dissolution for the amorphous content compared to the crystalline form. 

In general, the amorphous form of a crystalline drug substance will dissolve 
more rapidly and initially, to a higher concentration [46]. A quantitative 
analysis of amorphous material in an essentially crystalline sample can be made 
if the rate of dissolution of the amorphous form is significantly different to the 
corresponding crystalline form. The technique is to disperse the sample into a 
discriminating solvent e.g. water within the solution calorimeter, and measure 
the enthalpy change for essentially the most rapidly dissolving material. Where 
the rate of dissolution of the amorphous form is significantly faster than that of 
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Figure 12. An RH perfusion device, coupled to an isothermal microcalorimeter 
was used to study an amorphous to crystalline transformation of a lyophilised 
drug. The calorimetric signal shows an initial water sorption exotherm as the 
RH within the perfusion device is changed from 40% RH to 80% RH. There is 
then a delay followed by recrystallisation of the material. The interval between 
adsorption and crystallisation is, presumably, related to random nucleation. 
However there is probably a dependency on hydrophobicity, sample mass, the 
relative humidity of the chamber and temperature. As a comparison, amorphous 
[3-lactose monohydrate, under the same conditions as above, would take about 
30 minutes to recrystallise. 

the crystalline form the observed signal can be used to quantify the amorphous 
content. 

Differences in the thermodynamics of dissolution can also be exploited for a 
quantification of  amorphous component. Here a solvent is chosen that will 
allow rapid and total dissolution for both the crystalline and amorphous 
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components. The solvent can be conveniently chosen using solubility 
parameters [47], where the solubility parameter for the solid is determined and 
compared with the solubility parameters of various solvents. The solvents with 
a solubility parameter close to that for the solid is likely to give the best 
dissolution. 

The choice between the kinetic or the thermodynamic method of analysis of 
amorphous materials depends on the dissolution rate and the enthalpy of 
dissolution of the solid. If the crystalline material is very water-soluble or the 
amorphous component is very hydrophobic then the thermodynamic method for 
analysis should be used. However if the crystal lattice energy is small and, 
therefore, the enthalpy of dissolution of the crystalline material is similar to that 
of the amorphous material, the kinetic method for analysis should be used. 

2.1.5. Purity 
Purity determination by DSC is based on the depression of melting point by 

an impurity and its relationship with the van't Hoff equation. The method 
suffers from a major disadvantage that the composition of the impurity(s) is 
NOT known. 

DSC (and to a lesser extent DTA) gives valuable information on the melting 
of drugs and excipients. Easily determined are extrapolated onset temperatures, 
peak temperatures and true onset temperatures. Coupled with the derived 
knowledge of the heat of fusion and how melting changes may occur on 
reheating, and indeed changes on recrystallisation on cooling, the polymorphic 
modifications of the material can be easily characterised. (See Section 2.1.1). It 
must always be emphasised that ancillary techniques should be used to confirm 
these suspected changes. Hot stage microscopy (and associated video replaying 
facilities) enable the changes to be interpreted. Infra-red spectra and X-ray 
diffraction patterns further give information on the polymorphic form. 
However, a simple observation of the width of the melting endotherm, and the 
depression of melting point are indicative of the purity of a material. The 
inclusion of an impurity will lead to a depression of melting point, provided the 
impurity is miscible in the liquid melt. The relationship between impurities and 
melting point depression is well established from the van't Hoff equation 
(Equation 1 ): 

R T2 X2 1 
T m = T o - . - -  (1) 

AH o F 
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where Tm is the sample at equilibrium (K), T o is the melting point (K) of the pure 
component, R is the gas constant, X2 is the concentration of impurity (mole 
fraction) and F is the fraction molten at Tm. This equation gives a straight line 

when Tm is plotted against 1/F. The slope is equal to the term (RTo 2 /AHo)X  2 
and when F = 1, i.e. all the sample is melted, the difference between T o and Tm 
corresponds to the melting point depression brought about by the impurity. 
Clearly, an estimate of purity may be derived from a single DSC scan. The 
fraction melted in a melting endotherm can be determined by the fraction of the 
area under the curve to a certain temperature divided by the total melting area. 
The true melting point of the pure material To can be derived from the slope of 
the van't Hoff plot. One problem is that the van't Hoff equation is based on the 
sample being in equilibrium. This is not true since the sample is being heated. 
This is compensated by, but not entirely corrected for, by scanning at slow 
speeds, preferably less than 1 ~ min-l. 

Figure 13 demonstrates the technique for estimating the purity of 
indomethacin. Pharmaceutically, however the method has a large number of 
limitations. The pre-requisite is that the impurity should be known: it itself may 
possess pharmacological or toxicological side effects. The thermal method of 
purity determination does not identify the impurity. Since the method relies on 
depression of melting point via eutectic formation, materials that form solid 
solutions do not obey the van't Hoff predictions and corrections are needed that 
are only partly quantitative. It is axiomatic that many impurities will have 
similar chemical structures to the drug molecule and are therefore likely to form 
solid solutions. Additionally, materials that do not form eutectics are not 
detected by the method. Glass particles or fumed silica are examples of 
materials that, in the normal scanning ranges for a drug, do not melt, and if 
present as impurities, would not cause a change in endotherm shape. Thus their 
presence will go undetected, apart from when the heats of fusion of the drug are 
known. Values for this enthalpy will be reduced by the impurity, but at low 
contaminating levels, not by a level sufficient to produce an enthalpy 
significantly different to that of the drug. 

The slow scanning rates required for establishment of quasi-equilibrium may 
also cause decomposition during the scanning process, thus lowering the 
apparent purity of the drug. Since such decomposition may be particle size 
dependent, further complications to purity determination are obvious. It is 
probable that although DSC can lead to a rapidly determined estimate of 
impurity, it should only be used as an impromptu estimate during stages of 
chemical synthesis. Reliance on the method for a final quality measurement is 
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Figure 13. DSC plot of  indomethacin (A), obtained at I~ min -l showing the 
melting transition and representative areas. The peak was from 158.72 ~ to 
170.81 ~ and the peak area from 162.76 ~ to 164.92~ was used to produce the 
van ' t  Hoff  plot (B) which gave a heat of  fusion of  46216.87 J mol -~. The T m 
and To values were 163.51 and 163.7~ respectively. An x-correction of  
11.77% gave a purity value of  99.44%. The van ' t  Hoff  plot of  temperature 
against reciprocal of  the fraction melted ( l /F)  shows corrected (*) and 
uncorrected () j ' )  data. 
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uncertain. Giron and Goldbron [48] highlighted the uses of DSC purity 
determinations and suggested that: 
1. The method was attractive because the low sample size meant the technique 

could be used when small amounts of material were available, as in early 
development. 

2. A very fast analysis time could be used. 
3. The method should not replace chromatographic methods that determined 

levels of specific impurities. 
Attempts have regularly been described that are developed on standards. For 

instance, Yamamoto et al [49] used a test material based on ethyl-9- 
aminobenzoate and n-butyl-9-hydroxybenzoate. The authors derived the 
solubility curve and showed that the phenomenon in which 9-aminobenzoate 
dissolved in the melted eutectic mixture was close to ideal solutions based on 
Raoult's law. The heat of mixing, at infinite dilution was given a value of 

-1.9 J g- l .  Therefore, the heat of dissolution and heat of fusion coincided 
within the allowable error. 

Yamamoto et al [50] also considered that the stepwise method was more 
accurate than the dynamic method. Yoshii [51] noted a number of problems 
including lack of reproducibility between instruments. Additionally" 
(a) the analytical region in the linearisation of the van't Hoff plot influenced the 

purity result, 
(b) calibration of heat resistance with indium had little effect, and 
(c) a calculation without a eutectic peak area overestimated the purity. 

Yoshii [51] considered that appropriate conditions for purity determinations 
were 1 + 0.1 mg sample size, 2~ -~ as heating rate and linearisation of the 
van't Hoff plot in the 10-50% peak height. Paracetamol was considered to be an 
unsuitable drug for purity analysis because of other phase transitions [51]. The 
technique has been extended to examine the enantiomeric purity of chiral drugs 
[52,53]. 

3. C H E M I C A L  STABILITY STUDIES 

3.1. Chemical stability studies of solutions 
Traditionally chemical stability studies are performed using relatively long 

term studies that involve artificially stressing the material at elevated 
temperature and RH conditions. The degradation products formed are then 
measured using photospectroscopic techniques. These methods of analysis are 
very costly and time consuming and provide little information about the long- 
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term stability of the sample under ambient conditions. Isothermal 
microcalorimeters with nanoWatt technology provide the opportunity to 
measure extremely small enthalpy changes. The stability of the instrument 
allows such studies to be made over relatively long time periods with 
confidence that the drift in the signal is negligible [54]. The advent of nanoWatt 
technology (and picoWatt technology to be soon developed) allows a signal of 
about 10 nW to be measured [55]. If the instrument is carefully set-up and 
located, it is possible to observe a calorimetric response in the order of 5 nW, 
see Figure 14. In terms of a chemical degradation study, a 3 g sample with a 
reaction enthalpy change of 95 kJ mol -~, a molecular weight of 500 and a 
degradation rate of 0.08% per year (2207 year life time assuming first order 
kinetics) will produce a signal of 14 nW. This is well within the specified 
detection limit of the instrument. 

This capability for measuring chemical degradation over relatively short 
observation periods may prove to be an extremely powerful analytical 
technique that could greatly support conventional chemical stability studies or 
in some cases replace them altogether. The use of isothermal microcalorimetry 
in the study of chemical stability in the solution phase is relatively 
straightforward. The sample is placed in the reaction ampoule and 
measurements are made. However the difficulty arises in interpretation of the 
data and, in particular, with reaction kinetics. This is reflected in the literature 
where attempts to analyse reaction kinetics are normally reserved for first order 
reactions that are relatively easy to solve. However, there are some promising 
methods for data analysis which may be divided into three categories. The 
choice of method depends on the information required from the study. 

The first method is a simple approach where an observation of a calorimetric 
signal that is not at the baseline is indicative of a chemical reaction. Reactions 
in the solution phase are not complicated by morphological changes. However, 
care should be taken that the observed calorimetric signal is for a chemical 
reaction and not a physical change, such as precipitation. This non-quantitative 
method of analysis is useful as a screen for potentially unstable compounds. 

The second approach is slightly more useful in that a quantitative analysis 
can be made if the reaction rate is sufficiently fast so that the observation period 
captures a significant proportion of the overall reaction. The progress of a 
reaction can be determined by the ratio of area under the calorimetric curve at 
any time to the area at infinite time. 

The final method is a sophisticated analysis of the data that allows the 
calculation of the kinetic, thermodynamic and mechanistic parameters to 
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Figure 14. The response for an electrical impulse into the reaction chamber of 
an isothermal microcalorimeter of 50 nW. The analysis of this result provides a 
basis for a performance certification of the instrument. In this case for an 
instrument set up at 25~ fitted with a nano Watt detector, the overall noise 
level for raw data is 3.17 nW, and 12.2 nW over 24 h. The time response of the 
reaction chamber was found to be 97 sec. 

describe the chemical reaction. Having calculated these parameters accurate 
predictions on the reaction rate can be determined. Full details of this method of 
analysis are given by Willson and co-workers [54, 56]. The advantage of  this 
method of analysis is that the calculated reaction parameters are "real" kinetic, 
thermodynamic and mechanistic parameters. These give specific information 
about the chemical reaction. Secondly, only a small fraction of the total reaction 
need be observed. From this observation period, the reaction parameters 
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calculated apply for the whole of the reaction and accurate predictions about the 
total reaction time can be made. Examples of application include: 

3.1.1. Simple observation of the calorimetric signal 
This is a non quantitative method of analysis. The method of analysis is to 

place a compound into the calorimeter and observe the resulting signal. A signal 
that remains at the baseline is indicative of a non reacting system. For example 
see Figure 15. 
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Figure 15. The gas perfusion device coupled with an isothermal 
microcalorimeter provides an opportunity to assess chemical interactions with 
reactive gases. Here an antibiotic drug was perfused with nitrogen (-o-), air 
(-II-), ammonia (-A-) or oxygen (-V-). A calorimetric response displaced from 
the baseline can be ascribed to a reaction between the gas and the drug. 
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3.1.2. The determination of  reaction extent using fractions 
This method of analysis only gives reasonable results if the observation 

period forms a significant percentage of the total reaction time. The analysis 
requires a polynomial-type fit to the data that can be extrapolated to infinite 
time, i.e. when the reaction has gone to completion. The extent of  reaction at 
any time can then be found by integration of the curve to that time and 
proportioning the area to the total area at infinite time, an example being 
Figure 16. 
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Figure 16. A isothermal microcalorimetric study for the degradation of 
Cimetidine at 40~ and in 1M HCI. The analysis of the data was made by fitting 
a second order exponential decay curve (Chi 2 = 0.09869). The resulting curve 
can then be extrapolated from t = 0 to t = oo. The integration of this curve 
provides the enthalpy change for the reaction (Q). The percentage reacted at any 
time can then be expressed by integrating to a defined time point (q) and 
calculating q/Q • 100 to give the percentage of reaction at any time. 
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3.1.3. The calculation o f  the kinetic and thermodynamic parameters that 
specifically describe the reaction 

This method of analysis can be applied to reactions of any order. The theory 
for the analysis is to calculate the kinetic, thermodynamic and mechanistic 
parameters that will describe the reaction. For example a mono molecular 
reaction (for simplicity) can be described by Equation (2). 

dx 

dt 
= k. (A-x)  n (2) 

where A is the initial quantity of reactant, x is the quantity reacted at time t, k is 
the rate constant and n is the reaction order. Equation (2) can be transformed to 
describe calorimetric data by substitution because" 

q = x  x A H  (3) 

The enthalpy change at time t, (q) is equal to the quantity reacted at time t 
multiplied by the total enthalpy change for the reaction. Substitution for (x) in 
equation (2) gives Equation (4): 

dq 

dt 
- ~ =  k. AHl-n . (Q-q)  n (4) 

The rate constant in Equation (4) is, in fact, dependent on volume. In the 
majority of publications concerning solution phase reactions, the rate constant 
is not corrected for volume and different results for different concentrations are 
obtained. A volume term can be added to Equation (4) to give Equation (5): 

dq = k x AHl_n(~__q)nO- (5) 
dt V 

In Equation (5), Q is the enthalpy change for the reaction and V is the volume 
of the solution. Integration of Equation (5) gives Equation (6) and shows the 
relationship between the calorimetric signal and time, for solution phase 
reactions. 
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n-I 

V dq k x 

k x t x n - k x t +  x A  

(6) 

The strategy for the analysis of the data is calculation of the reaction order 
(n), calculation of the enthalpy change (AH) and calculation of the rate constant 
(k). 

3.1.4. Calculation o f  the reaction order (n) 
The order of a reaction can be determined from the ratio of two time points 

corresponding to two values of dq/dt selected from the power-time calorimetric 
data [54]. It has been found that for two values of dq/dt that are a given 
percentage of the initial calorimetric signal (ie dq/dt when time = 0), the ratio of 
the corresponding times t~ and t2 is a constant. This constant is dependent only 
on the reaction order [54]. There is no dependency on rate constant, enthalpy 
change or quantity of material involved in the reaction. There is also no 
constraint on where the initial calorimetric signal is taken. In practice, a point 
near the start of the observation period is selected as the initial signal. The 
principle of the analysis is to simulate calorimetric data as a function of reaction 
order. The tz/t~ constant from the simulated data can then be compared to the 
t2/t~ constant derived from the experimental data and the reaction order 
determined (Table 1). 

The values for t~ and t 2 c a n  then be normalised to t = 0 by subtraction of the 
time value that corresponds to this initial power value. For example, if dq/dt~ is 
94% of the initial calorimetric signal and dq/dt2 is 4% of the initial calorimetric 
signal then the t2/fi constant will be about 52 for a first order reaction, 127 for a 
second order reaction and 156 for a 2.5 order reaction, etc. In practice, the 
analysis should be performed using a mathematical algorithm in a spread sheet, 
such as MathcadTM[57]. The analysis can be set up to perform a calculation for 
every data point in the data set and the statistical evaluation made. 

3.1.5. The calculation of  the enthalpy change and rate constant 
From Equation 6, the initial quantity of material (A) loaded into the 

calorimeter, the sample volume (V) and the reaction order (n) are known, k and 
AH can be solved by a simultaneous equation using different values of dq/dt 
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Table 1. 
The reaction order can be determined directly from the data by choosing two 
data points from separate regions of the reaction signal. Here, for example, data 
points were chosen at 94% and 4% of the initial signal. The corresponding t2t ~ 
are 52 for a first order reaction, 127 for a second order reaction and 156 for a 
2.5 order reaction, etc. 

Reaction order (n) t21fi 

0.8 36 

0.9 44 

1.0 52 

1.1 60 

1.2 68 

1.3 76 

1.4 84 

1.5 92 

1.6 100 

1.7 107 

1.8 114 

1.9 121 

2.0 127 

2.1 133 

2.2 139 

2.3 145 

2.4 150 

2.5 156 

with the associated time values. This can be accomplished using a suitable 
graphic-fitting program such as Origin TM [58] or a mathematical type spread 
sheet such as Mathcad TM [57]. 
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Having found the values for k, AH and n, a simulated calorimetric signal can 
be constructed for the reaction over any time interval and the extent of reaction 
determined. The reaction half life (t~/2) can be found from Equation (7)" 

2 n-1 - 1  
tl -- (7) 
_ ( n _ l ) . k .  An-I  
2 

A standard test reaction can be performed in the calorimeter and analysed 
using the above method. This should provide confidence for the application of 
the method. The imidazole catalysed hydrolysis of triacetin [54,59] may be used 
as such a standard reaction because of the extensive characterisation it has 
received. Not only would this provide an opportunity to test the ability to 
recover the reaction parameters from the data but also to provide information 
about the performance of the calorimeter being used. Using the reaction 
conditions of 0.18 g triacetin mixed with 3 ml imidazole buffer (the imidazole 
buffer consists of 1.6 g ethanoic acid plus 2.72 g imidazole in 10 ml water), the 
solutions were thoroughly mixed in 3 ml glass ampoules and loaded into the 
calorimeter at 25~ [59]. This reaction can be studied over long time periods 
(weeks) so that the long-term performance of the calorimeter can be 
determined. An observation period at about 120 h is recommended for an initial 
study where confidence may be gained in the experimental results for a good 
separation on the y axis of the initial and final data points. The analysis of the 
data yields the reaction parameters; reaction order (n) of 2, an enthalpy change 
of 95.2 kJ mol -~ and a rate constant of 4.73 xl0 -5 dm 3 mol -~ s -~. Willson et al 
[54] gave the rate constant is given as 8.64x10 -4 dm 3 mol -~ s -~. This is a rate 
constant that is dependent on concentration. For solution phase reactions, in 
general, the concentration dependent rate constant (the rate constant that is 
normally erroneously stated) can be converted to the concentration independent 
rate constant by use of Equation (8): 

k - kobs V n-1 (8) 

In equation (8), V is the volume of reaction sample and (n) is the reaction 
order. Figure 17 shows an observation period of 50 days for the hydrolysis of 
triacetin. Fifty days represent 70% of reaction completion (~8% in time). The 
analysis of this data shows that the isothermal microcalorimeter has sufficiently 
long term baseline stability to allow observations over this time period. This is 
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Figure 17. The imidizole catalysed hydrolysis of triacetin as followed in an 
isothermal microcalorimeter at 25~ The study was performed over a 50 day 
period to assess the performance of the instrument over long time periods of 
continuous use. The analysis of the calorimetric data gives values for the rate 
constant of 8.64 x 10 -4 • 1.5 x 10 -5 dm 3 mol -~ s -~, enthalpy change of 
95.2 + 1.6 kJ mol --~ and a reaction order of 2. Using these parameters the 
reaction signal from time = 0 to time = oo can be simulated. 

essential for studying slow reactions (Table 2) where baseline noise 
increasingly contributes to the error associated with the calculation of the 
reaction parameters. 

Other examples for the application of this analytical method to other types of 
solution phase reactions can be found elsewhere [60,61]. 

As a purely academic exercise, calorimetric data can be simulated using 
Equation (6). To this, different degrees of error can be added representing noise 
in the calorimetric signal. An investigation can then be made as to the degree of 
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Table 2. 
A rational nomenclature suggested for the classification of reaction rates. 

First Order Rate Percent reaction 
Half life 

Constant completed 

1 x 10 -2 69 s < 1 %  s -1  

1 x 10 -3 693 s 1% s -1 

1 x 10  -4 1.9 h 30% h-l 

{ Fast 
reaction 

1 x 10 -5 19.25 h 3.5% h -1 

1 x 10 -6 8 days 8% day -l 

t 1 x 10 -7 11.5 weeks 5.8% week -l 

1 • 10 -8 2.2 years 2.4% month -1 

Medium 
reaction 

1 x 10 -9 22 years 3% year-I ( 

1 • 10 -10 222 years 0.3% year-l 

1 • 10 - l l  2207 years 0.03% year-1 

Slow 
reactions 

error in the simulated calorimetric signal that will still allow the correct reaction 
parameters to be recovered. This provides the basis of a validation for the data 
analysis where the lowest quality of the calorimetric data acceptable for 
analysis can be defined. Figure 18 shows simulated data for a reaction with a 
rate constant of 3.7x10 -4, an enthalpy change of 33.3 kJ mol -~, a reaction 
quantity of 0.00116 mol and a reaction order (n) of 1.6. To this simulated data, 
a random error of between 1 and 6 TW was added. 

The analysis of the data for a 48 h observation time period returned a reaction 
order of 1.6. Figure 19 shows the distribution of the calculated reaction order 
for each data point in the analysis. The calculation of reaction rate constant and 
enthalpy change gave good agreement with the initial values chosen. By 
progressively adding different degrees of error to the simulated data, it was 
found that there is a relationship between the signal to noise ratio and the 
required duration of the observation period. Although purely empirical, 
Equation (9) predicts this relationship. 
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Ln( NSR .l x O.O73 5 = % signal chang e (9) 
0.00016 

where NSR is the error amplitude divided by the initial calorimetric signal. The 
% signal change is the difference between the signal at time = 0 and the signal 
at the end of the observation period. The results become more accurate with 
increase in this separation. 

An equation such as Equation (9) may be useful in determining quickly how 
long a reaction should be left to run to ensure the successful calculation of  the 
reaction parameters. Because the noise to signal ratio is determined at the start 
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Figure 18. A simulated calorimetric signal was constructed using the reaction 
parameters of; k=3.7 x 10 -4, AH=33.3 kJ mol -~, A = 0.00116 mols and n=l.6.  
To this a random error of between 1 and 6 gW was added. The resulting data 
was analysed to determine if the original reaction parameters could be 
recovered. The results shown in the above graph are reassuringly close to the 
initial reaction parameters. 
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Figure 19. A distribution plot for the calculation of reaction order. The number 
of calculations made relate to pairs of data points from the simulated data set, 
with added error as seen in Figure 18. The initial reaction order of 1.6, used to 
simulate the data set, is confidently recovered in the analysis. 

of  the reaction, the % signal change that is required for an accurate analysis of 
the data, may be calculated at the onset of the experiment. The experiment can 
then be run until this point is reached. 

3.2. Chemical stability study of the solid state 
There have been many attempts to derive a comprehensive model for solid 

state reactions, however, no completely satisfactory method has been applied 
universally. This probably reflects the complex nature of a solid state reaction. 
This problem must be addressed if general predictions are to be made about the 
long-term stability of drugs in the solid state. 
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Solid state reactions have, in the main, been modelled on the bases of areas of 
stress or points of damage to the crystal lattice that propagate solid state 
degradation. Mathematical models describing such mechanisms of solid state 
degradation have been suggested [62,63,64] where the fraction of reacted 
material in three dimensional space is calculated as a function of time. These 
models are based on thermal decomposition where at least one product is a gas. 
Such reactions give sigmoidal curves when the fraction of material that has 
reacted is plotted against time (Figure 20). The shape of the sigmoidal-type 
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Figure 20. A typical solid state fractional degradation curve. The curve is 
characterised by three areas; (I) the induction phase, where there is growth of 
reactive sites; (ii) the acceleration phase where the rate of reaction reaches a 
maximum; (iii) the lag phase where the reaction finally terminates, ot~/2 
corresponds to the reaction half life. 

curve is dependent on three phases of the reaction; induction, acceleration and 
decline. The relationship between the three phases can provide information 
about the mechanism of the solid state reaction. Table 3 shows the derived 
mathematical models for various combinations of the three phases. 
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Table 3. 
The equations for various solid state degradation models. (p) and (q) are fitting 
parameters related to the mechanism of reaction, ot~/2 is the half life of the 
reaction. 

p q ot~/2 

1 1 - dot/dt = k Linear 

0 1 1 dc~/dt = k. c~ Exponential 

1/2 1 1 dcJd t  k.~ 1/2 Square 

1 0 0 d a / d t  = k (1-or) Unimolecular decay 

1 1/n 0 dot/dt = k(1-ot) l-l/n Contracting envelope 

1 1/2 0 dc~/dt = k.(1-ot) 1/2 Contracting surface 

1 1/3 0 dc~/dt = k. (1 _a)2/3 Contracting sphere 

0 0 0.5 dot/dt = k. c~.(1-ct) Prout-Tompkins 

1/3 1/3 0.5 dot/dt = k. ~2/3 ( 1 _~)2/3 Roginskii-Shultz 

0.2 0.36 0.56 dc~/dt = k.ot 0.8 (1 -~)  0.64 Erofeev 

Equations such as the general Ng equation (Equation (10)) are commonly 
used to model solid state reactions, where the rate of reaction is plotted against 
the fraction of degradation. 

d~ 
= k • c~P x (1-c~) r (10) 

dt 

where k is the solid state rate constant, c~ is the fraction reacted and p, r are 
reaction parameters relating to the reaction model. Equation (10) can be applied 
to calorimetric data by substitution for ot to give Equation (11): 

q = or• Q (11) 

which gives Equation (12): 

( ~ - k . Q .  . 1 - q  (12) 
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In equation (12), dq/dt is the calorimetric signal, q is the enthalpy change at 
time t and Q is the total enthalpy for the reaction. At present p and r can not be 
determined independently of the other reaction parameters. Therefore this 
method of analysis is restricted to reactions where (Q) can be found 
experimentally. The observation period must therefore be sufficiently long so 
that (Q) can be determined directly. This is a severe limitation for the analysis 
of solid state reactions that must be resolved. Progress is, however, being made. 
Having found (Q) by integration of the calorimetric data, the other reaction 
parameters, k, p and r can be determined by iteration. A plot of dq/dt vs. q is 
made using a graphics fitting computer program such as Origin TM [58]. 
Equation (12) is then applied in the iterative procedure to solve for k, p and r. 

Isothermal microcalorimetry has proved useful for the study of solid state 
reactions giving rise to information about the reaction model and hence the 
reaction mechanism [65,66]. Additional studies have been performed where a 
satisfactory outcome of the data analysis was achieved [67-71 ]. 

Reaction kinetics from DSC, DTA or TGA, have been used to examine the 
stability of a limited number of pharmaceutical materials. Various models have 
been used including the Power Law, Avarami-Erofeev and Prout-Tomkins 
models [72]. These methods are also based on the Kissinger [73], ASTME 698 
[74] or Ozawa [75] methods [8]. Most frequently, they have been applied to the 
dehydration of various materials such as theophylline monohydrate [76], 
phenobarbitone monohydrate or hemihydrate [77], phenylbutazone [78], 
oxazepam [23] and trazodone tetrahydrate [79]. The uses are limited for 
pharmaceutical systems, not least because dehydration is particle size 
dependent. Thermal analysis, especially DSC, DTA and TG, has been used 
outside the pharmaceutical area in the prediction of reaction kinetics as 
described elsewhere in this handbook. Methods used include those by Borchart 
and Daniels [80], Kissinger [73], Freeman and Carroll [81] and Flynn and Wall 
[82]. Although these techniques are well established and, if used properly, can 
give pertinent information, their use in pharmaceutical arenas is restricted to 
dehydration and decomposition. 

3.3. Compatibility studies 
Since the 1969, when Jacobson and Rieir [83] demonstrated that the stability 

of penicillins with various tablet lubricants could be predicted from thermal 
analysis, many attempts have been made to use both DSC and DTA as the basis 
of compatibility prediction. The basis of the method is to blend the drug under 
investigation and the excipient at the l ' l  level and to scan through major 
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transitions such as melting, dehydration and re-crystallisation. The scans are 
compared with the scans of the individual components. In an ideal world, 
compatibility would be demonstrated by the appearance of a scan whose 
transitions would correspond to those of the two pure components overlapped 
onto each other. Incompatibility would be shown by different scans. This 
presupposes that the two materials are not miscible in each other's melt which 
would give scans that correspond to the simple eutectic or other phase 
interactions. When one considers that the DSC scans are also particle size 
dependent, the reader should realise that accurate interpretation is not easily 
achieved. 

3.3.1. Compatibility studies using thermal analytical techniques 
The use of DSC or DTA in compatibility testing is, or should be, falling out 

of favour. The concept of any stress test is that a formulation may be stored in 
conditions that stress the sample and subject it to a likelihood of accelerated 
decomposition. DSC or DTA have been used, occasionally to examine the final 
formulation but more usually to examine incompatibility between any two 
ingredients in a formulation. Thus, in its simplest terms the drug and a chosen 
excipient are scanned individually from ambient through their dehydration, 
melting or decomposition events. Then the materials are scanned as their 1:1 
physical mix. The stress is thus provided by an increase in scanning temperature 
and no contribution of, for instance, humidity to instability can be assessed. 

The assessment of compatibility in such systems is very much an art rather 
than a science. It is axiomatic that the mixing of two materials will lead to a 
melting point depression unless the materials are so immiscible in both the 
liquid and solid states that neither can depress each other's melting point. 
However most materials, when mixed, will demonstrate a partial miscibility, if 
only in the liquid state leading to a depression of melting/freezing points. This 
automatically leads to consideration of phase equilibria and the experienced 
formulator must consider if complex formation, eutectic formation, solid 
solution formation etc. are a true incompatibility or acceptable or a problem. 
The researcher is thus directed to establish a phase diagram for the system, and 
assess its implications to the final formulation. This is in direct opposition to the 
original reason proposed for the technique, of a rapid prediction of 
incompatibility. 

The choice of a 1:1 mixture is dubious. Originally intended to maximise the 
detection of incompatibility between two ingredients, it does not represent the 
compositions or ratios found in the final formulation. A particular example of 
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this problem is the use of 1"1 blends with drug-lubricant mixtures. The ratio in 
the formulation of drug:lubricant could be, for a 100 mg dose, in the order of 
200" 1. Such low levels of lubricant are unlikely to cause major decomposition. 
However, the use of the 1:1 blend for DSC or DTA studies produces problems 
such as loss of moisture, melting of different fatty acid fractions in magnesium 
stearate since it is not a single chemical entity, and dissolution of the drug in the 
melt as the temperature is increased. Again, a full analysis across the whole 
composition range is desirable, for instance ibuprofen-magnesium stearate [84]. 
By using a 1:1 blend with lubricants, an erroneous impression of 
incompatibility can be created because the ratios found in the final formulation 
do not lead to significant incompatibility. Therefore a broad statement may be 
that DSC and DTA lead to, on the one hand, an over-exaggeration of the 
problem because incompatibility is artificially induced, and secondly do not 
provide a realistic impression because hydrolysis is a major determinant of 
stability. 

The criterion for accepting reasonable compatibility or stability is very much 
an educated guess. Several factors should be considered including that already 
suggested concerning a realistic drug-excipient, or indeed excipient-excipient 
ratio. Firstly the melting depression may indeed be due to eutectic formation, or 
similar physico-chemical phenomena, which may not be deemed 
incompatibility. However it may also represent instability. A rule of thumb 
might suggest that a decrease in peak temperature of more than 10~ may be 
important. If this were due to degradation during the heating scan, a slower 
heating rate might result in more degradation and therefore a greater lowering 
of melting point. For expediency and speed, a standard heating rate of 
10~ min -~ is usually recommended. Clearly degradation will be more easily 
detected at slower heating rates, although adding time to the experimental 
procedure. 

Dehydration, especially of hydrates like c~-lactose monohydrate or calcium 
phosphate dihydrate, leads to spurious data because of the experimental set up. 
Lactose would lose its water at-~145~ leading to possible warping of the 
sample pan if hermetically sealed pans are used. This moisture accelerates the 
degradation of materials, especially where hydrochloride salts are concerned. It 
should be remembered that lactose melts with decomposition at---220~ 
Slowing the scan speed decreases the temperature at which this decomposition 
occurs. Where hydrochloride salts are present, this decomposition is accelerated 
lowering the apparent melting points. Additionally, trituration during mixing 
will lead to particle size changes in the drug and lactose, further accelerating the 
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decomposition during scanning and lowering the temperature at which 
dehydration occurs, probably because of crack propagation within the lactose 
crystals. The question that a formulator should ask is if degradation occurs at 
elevated temperatures (>190~ and if the temperature at which dehydration 
occurs is reduced by, for example, 5~ is this indicative of significant 
incompatibility? The probable answer is no. This brings into question the whole 
technique because if degradation/decomposition/physical changes occur at 
temperatures considerably in excess of ambient temperature, are they relevant 
to normal storage conditions? 

Given these criticisms of the technique, it is pertinent to ask when does that 
technique give reliable usable data? The answer would seem to be when one of 
the components does not melt in the temperature range of the scan. Then 
changes due to the second material are almost certainly due to incompatibility 
between the two materials. Thus materials such as talc and silicon dioxide are 
easily assessed with drugs. Changes in melting point are easily detected; the 
heat of fusion (or indeed dehydration) also gives a quantitative assessment of 
change. Examples in the literature of interactions between materials are 
numerous. Although many papers describing the compatibility or stability by 
DSC or DTA were reported in the 1970's and 1980's, their frequency has 
decreased. Examples of recent publications are the studies on ketoprofen [85] 
carteolol hydrochloride where DSC was complemented by hot stage 
microscopy [86], nefazodone where DSC studies were complemented by UV, 
IR and HPLC analysis [87], Ibuprofen [88] and albendazole [89]. 

In conclusion the technique gives ambiguous data that may indicate that 
interactions and or incompatibility occur. The techniques over-estimate the risk 
of this incompatibility. 

3.3.2. Compatibility studies using isothermal calorimetry 
More recently isothermal microcalorimetry has proved a valuable asset for 

compatibility studies where an observation of a chemical reaction between two 
or more materials can be rapidly recorded. The principle of a calorimetric 
investigation for the compatibility of a drug substance and associated excipients 
is to make 1:1 mixtures of the drug substance and each of the other components 
that make up the final formulation, in turn. If a chemical reaction occurs 
between two materials, the observed calorimetric signal will be displaced from 
the baseline. If there is no interaction between the two materials the calorimetric 
signal will remain at the base line. The magnitude of displacement from the 
baseline for two reacting materials is proportional to the rate, enthalpy change 
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and the quantity of material involved in the reaction. In the solid state, the 
quantity of material involved in the reaction is determined by the reactive 
surface area of the two materials. The chemistry at the interface of the reactive 
surface is complex [90] and is related to particle size and solvent quantity. A 
solvent, often water, is required at the interface to facilitate the reaction. To 
optimise the calorimetric signal the experiment can be performed using 1"1 
binary mixtures of the active drug substance and excipient in an aqueous slurry. 
This will give the maximum reactive surface contact in an environment 
favourable for a reaction. Care should be taken to ensure that the solute, e.g., 
water, is not itself a cause of a chemical reaction with the drug or excipient. 

Compatibility testing using isothermal microcalorimetry is used mainly as a 
screen for drug/excipient chemical interactions and not as a quantitative means 
of analysis. This is because, at present, it is not possible to obtain information 
about the quantity of material at the active surface in the solid state (see 
chemical stability in the solid state section 3.2). 

Compatibility testing using this method has a drawback in that the formation 
of 1" 1 aqueous slurries may not be a good representation of the real system. For 
example a potential compatibility problem between a drug substance and a 
lubricant such as magnesium stearate may not materialise into a problem in the 
real system where the proportion of magnesium stearate is relatively small. It 
may be difficult, therefore, to assess the impact of a positive result between two 
materials on the stability of the final product. However, the choice of an 
excipient can at least be made with knowledge about the possibility of stability 
problems in mind. As an example, Figure 21 shows an investigation of 
compatibility for an antibiotic with various lubricants. The aim of the study was 
to rapidly determine a chemically compatible lubricant for a tablet formulation. 
The study was performed by mixing dry powders of drug substance and each 
excipient in turn in a 1"1 blend. This was then loaded into the calorimeter at 
75% RH and 50~ During this study, an interaction was found between the 
sterol based lubricant in the formulation and the drug substance. Figure 21 
shows that a rapid screen of the drug with various lubricants provides the 
opportunity to select other lubricants that may be more appropriate for the final 
product. 

Compatibility studies for drug and gas phase components can also be studied 
using a perfusion type device in the isothermal microcalorimeter. For example, 
gases that the drug substance may come into contact with during processing or 
storage through packaging, etc., can be perfused over the drug substance in the 
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Figure 21. A isothermal calorimetric study for the compatibility of an antibiotic 
drug with a stearol excipient used as a lubricant during tabletting. The study 
shows that there is an interaction when stearol type lubricants are used, but not 
with other lubricant types. 

perfusion chamber and any interaction recorded. For example, compatibility 
studies using gases such as formaldehyde, ammonia and oxygen can be made. 

3.4. Bomb calorimetry 
Bomb calorimetry is generally used to measure the heat of combustion for 

organic materials. The principle of operation is to saturate the material with 
oxygen, within a sealed container (the bomb) and ignite using a hot wire. 
During the rapid combustion carbon molecules are converted to carbon dioxide, 
hydrogen to water and nitrogen to gaseous nitrogen. The recorded enthalpy 
change is thus a sum of all bonds broken and bonds made converting the 
organic solid into simple gaseous molecules. The measured enthalpy change for 
this type of analysis is often referred to as the enthalpy of formation. Note that, 
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in fact, this type of calorimeter operates at constant volume. As such, the energy 
measured is internal energy change (A U) and not enthalpy change (AH). 

Within the pharmaceutical industry, bomb calorimetry is used mainly for 
safety testing of materials. From a calculation of A U an assessment can be made 
for the explosive force that could be produced if the material was to detonate 
during rough treatment. During a safety test, the material is shocked under 
varying conditions of temperature and relative humidity to determine if 
detonation would take place. During one such study a compound was found to 
be about 5 times more explosive than nitro-glycerine (AH = 1809 kJ / mol). 

3.5. Heat capacity 
Heat capacity studies are important for safety reasons where bulk storage of 

products, especially liquids, is necessary. The main concern is thermal run- 
away reactions. A small degradation reaction of the drug in a container may 
cause an accelerating heating rate if the rate of heating is greater than the 
dissipation of the heat from the container. A violent outcome is inevitable under 
these conditions. As a preventative measure, the reaction rate and associated 
enthalpy change for a material under storage is determined as well as the heat 
capacity. From Equation (13), where C o is the heat capacity and has the units 
kJ mol -~ K -~, the net temperature change of the material can be determined for a 
given time period. This is then related to the rate of heat efflux from the 
container. 

AH 
Co= T (13) 

Differences between the heating rate from the drug material and the cooling 
rate from the container will then allow predictions about the heat build up over 
time. A thermal run-away reaction can then be avoided. The heat capacity of a 
material is defined as the energy required to raise 1 g of the material by 1 K. 

In practice the heat capacity of a material can be found by DSC either by 
reference to known calibrants as sapphire or by the use of modulated methods 
of thermal analysis [91]. It should be remembered that the best results are for 
non-reacting systems where the observed calorimetric signal is not complicated 
by the enthalpy change associated with a chemical reaction. 
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3.6. Biological stability studies 
Protein-based drugs are increasingly being considered as medicinal agents. 

Such products will present an interesting challenge to the pharmaceutical 
industry where conventional stability studies using elevated temperatures may 
not be possible because of protein denaturation. There are several techniques 
available for structural and general characterisation of protein based drugs. 
However, techniques for functional analysis and stability studies remain 
limited. The technological advances made in isothermal microcalorimetry and 
isothermal titration calorimetry now provide a powerful technique for such 
studies [92]. A concise publication detailing applications of calorimetric 
techniques and thermal analysis to the study of biological systems is given in 
Reference [93]. 

Isothermal titration calorimetry provides the ability to make direct 
measurements of the enthalpy change for interactions such as protein-ligand 
binding. The sensitivity of the technique allows such measurements to be made 
under ambient conditions and for relatively dilute solutions, representing real 
systems. From a single titration experiment it is possible to determine the 
enthalpy change for a protein ligand interaction, the equilibrium constant, the 
Gibbs free energy and the entropy change. In addition it is possible to determine 
the stoichiometry of the ligand-protein interaction. It is also possible, by 
performing additional experiments using different buffer systems, to determine 
the number of protons lost from the protein when it interacts with the ligand. 
This gives an indication of the reaction mechanism [94]. 

Conventional methods for data analysis are to plot the change in 
macromolecule-ligand concentration as a function of free |igand concentration. 
Examples of data analysis using conventional methods have been developed 
[95]. The analysis of calorimetric data using these conventional methods has 
significant limitations. The equations are structured so that a measurement of 
the complex quantity formed is determined as a function of free ligand added to 
the system. This is not a convenient manipulation, especially as the quantity of 
free ligand may not be easily determined. However it is possible to re-arrange 
these equations to the total quantity of ligand added to the system so avoiding 
this potential problem. Given the reaction scheme, Equation (14): 

[M] + [L] ~ [ML] (14) 
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where [M] is the quantity of free macromolecule, [L] the quantity of free ligand 
and [ML] is the quantity of macromolecule bound to ligand, the equilibrium 
constant (K) is defined as in Equation (15): 

K = [ML] 
[M]• [L] (15) 

The total quantity of ligand and macromolecule [Lo] and [Mo] is the sum of 
the free and bound ligand and macromolecule, respectively. Therefore Equation 
(15) can be re-written in terms of [ML], [Mo] and [Lo], as Equation (16). 

( ML ) = X. (Mo - ML) . (L o - ML) (16) 

Both [Mo] and [Lo] are known as [Mo] is the start concentration of the 
macromolecule and [Lo] is the sum of ligand added at each aliquot. It is 
possible, therefore, to plot [ML] as a function of [Lo], the total concentration of 
ligand, using Equation (7): 

2 K 

where B = K. [Mo] and C -  K.[Lo]. 

2 x K 2 x  Mo x Lo+ C2)] 

(17) 

From Equation (17) an analysis can be made if the quantity of ML can be 
determined as a function of ligand added at each aliquot. However considerable 
errors may arise as this quantity must be assayed, after each aliquot of ligand is 
added. However non-invasive techniques such as isothermal microcalorimetry 
calorimetry can be used to directly determine the quantity of ML without 
disturbing the system. For a calorimetric analysis an estimation of the enthalpy 
change for the macromolecule-ligand interaction must be made. An assumption 
can be made that at the start of the study, the initial aliquot of ligand added to 
the system, if sufficiently small, will completely bind to the macromolecule (as 
initially the macromolecule will be in excess). The enthalpy change associated 
with this interaction can then be used to calculate the AH for the interaction 
(Equation (3)). 

Knowing AH, Equation (17) can be modified to Equation (18) so that the 
calorimetric response (q) can be plotted as a function of ligand concentration 
(Lo): 
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q -  l x  K x ~  

(18) 

A typical titration experiment is performed by titrating small quantities of 
ligand into a solution of the macro-molecule. The data can then be interrogated 
by plotting q, the calorimetric signal against the total ligand concentration (Lo)  

at each aliquot, using a suitable graphic software program [58]. By iteration, the 
equilibrium constant (K) can be found. Specific equations such as the single site 
binding, Equation (17), as well as multiple site binding models can be applied. 
From the equilibrium constant, the Gibbs free energy (AG) can be determined 
from Equation (19): 

A G  = - R  x T x L n ( K )  (19) 

Knowing the value of AG, and AH, the entropy change (AS) can be found, as 
in Equation (20): 

AG = AH - T • AS (20) 

Another important application of isothermal titration calorimetry includes the 
study of the activity coefficient of a drug in aqueous solutions. The solute- 
solute interaction is an important parameter to measure as it has implications to 
solubility parameters [47]. In practice, the activity coefficient can be 
conveniently measured by isothermal titration calorimetry by simply titrating 
aliquots of drug solute in solvent into the pure solvent. If the activity coefficient 
of a drug is one (that is, there is no molecular interaction between solute 
particles in the solvent) then the resulting calorimetric signal will record a AH 
of zero. If, however there is a deviation from ideality, the calorimetric signal 
would record an endothermic or exothermic signal depending on a positive or 
negative deviation form ideality [96,97]. 

3.7. Photo-stability 
The application of isothermal microcalorimetry to photo-degradation studies, 

especially in relation to chemical stability, is gaining considerable interest 
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within the pharmaceutical industry. Guidelines governing the stability testing of 
materials (The International Conference on Harmonisation Tripartite Guideline, 
1996) suggest that photo-stability testing of drugs and compounds should be an 
integral part of stability-testing. At present, conventional methods for the study 
of photo-stability can be difficult to implement and may be of limited 
usefulness for a proper understanding of photo-stability issues. The difficulty 
arises because of uncertainties about how to generate "normal daylight" 
conditions and the validation of actinometers for the interpretation of the 
results. Isothermal microcalorimetry offers an advantage for photo-stability 
testing over conventional techniques; the calorimeter has such high sensitivity 
for monitoring change that the input light source can be of relatively low 
energy. Technology now provides the ability to feed light of specific 
wavelengths and defined intensity through fibre optics. This can be focused on 
the material within the calorimeter so that photo-degradation can be studied. 

There have been several successful attempts to construct photo-calorimeters, 
mainly to study rapid photo reactions, for example the rearrangement of 
rhodopsin [98]. The development of photo-calorimetry is progressing towards a 
differential instrument capable of studying relatively slow degradation reactions 
[99,100]. 

4. MISCELLANEOUS USES 

A number of miscellaneous uses for thermal analysis within the 
pharmaceutical sciences exist. The following sub-sections illustrate examples of 
such uses. By their nature, only selected examples are given. 

4.1. Phase diagrams 
The interactions between drugs and excipients or polymers or between 

excipients are of vital importance to formulation. Under the assessment of 
compatibility by DSC or DTA it was suggested that 1:1 blends may be used to 
maximise any interaction between two materials. This is one of the major 
limitations of the technique. It does not seek to establish true equlibrium 
between the materials. A combination of DSC or DTA with HSM provides the 
best way of establishing the phase diagram. 

On first sight it might seem sensible to scan, by whichever method, physical 
mixes of the two materials. The initial melt on a DSC or DTA scan represents 
the solidus temperature of the phase diagram. The initial melt should be taken, 
not as the extrapolated onset temperature, but as the true onset. This creates 
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problems because this may be very subjective. The liquidus temperature can be 
taken as the peak temperature of the melting endotherm. Generally, two melting 
endotherms will be seen for the melting of a physical mixture corresponding to 
the melting of, in its simplest terms, the eutectic component, and the second to 
the component in excess. It is the peak temperature of the second melting 
endotherm that is used for the liquidus temperature. Hot stage microscopy may 
be used to follow the melting events. However, the use of physical mixes may 
lead to misinterpretations of the phase diagrams, especially when complex 
formation occurs giving rise to peritectics or discrete complexes. Therefore the 
experiments should be repeated on pre-heated materials to confirm the changes. 
The classic example of complex formation is probably the paracetamol- 
phenazone system [101]. The most used examples of phase equilibrium are in 
the field of solid dispersions, either in polyvinylpyrrolidone (PVP) or 
polyethylene glycol (PEG) [102]. 

The technique of determining phase equilibria is to carefully prepare physical 
mixes at different ratios by trituration and scan, by DSC or DTA, at moderate 
heating rates, say 5~ min -~. Poor mixing of the samples may result in poor 
estimates of solidus and liquidus temperatures. Consequently, the sample 
should then be rescanned. The advantage of this is that the second scan will 
produce more reproducible scans. However, decomposition may be induced in 
the sample AND a tendency of polymers to undercool without crystallisation 
may cause misinterpretation of the data since throughout the cooling process 
and subsequent reheating the drug and/or carrier may remain in the molecularly 
dispersed state or as a glass. This causes a problem in attributing liquidus or 
solid temperatures to the system [103]. Consequently, the use of hot stage 
microscopy to supplement the studies is highly recommended. Again care has 
to be taken with sample preparation since the powders on the first scan may be 
too finely separated giving poor reproducibility. The added advantage, 
however, of second scanning, whether by DSC, DTA or HSM, is that complex 
formation with resultant recrystallisation exotherms, can be demonstrated and 
the stoichiometric ratios determined for the complex or peritectic point. 

The reheating method presupposes that both drug and polymer melt within 
the temperature of the scan. This is acceptable for polyethylene glycols whose 
molecular weight analogue of ~6,000 melts at ~66~ However, for 
polyvinylpyrrolidone (PVP), which does not melt and decomposes at 
temperatures in excess of 250~ other approaches have to be sought. One is to 
disperse the drug and polymer in a solvent prior to the analysis. This naturally 
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occurs for solid dispersions where drug and carrier are recovered frequently by 
evaporation from an organic solvent. 

Thus for PVP dispersions, rather than both drug and PVP melting during the 
scan, only the drug will melt. This gives some practical importance because 
DSC can then be used to determine the solubility of the drug in the polymer. 
The study of Theeuves et al. [104] was pivotal to the development of the 
technique. By scanning films containing various levels of the drug, a phase 
diagram can be produced, not of melting temperatures against composition but 
of heats of fusion against composition (Figure 22). Where the drug is 
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Figure 22. Cholesterol concentration of film samples as a function of the 
observed heat. Key: -, observed heats at first melting; A, observed heats at 
second m e l t i n g ; - - ,  average line through experimental data; and - ,  
calculated line from drug solubility intercept and heat of melting of the pure 
drug. From reference [104]; copyright permission requested. 

molecularly dispersed, or present as a solid solution, no melting is observed. 
Once crystallites are present, they will melt during the DSC scan and display as 
an endotherm. By plotting this heat of fusion against composition a straight line 
is obtained that can be extrapolated to zero heat of fusion. This represents the 
solubility of the drug in this carrier. This technique needs minor correction for 
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heat of mixing [104] but an estimate of the solubility, at least at this melting 
point, can be quantified. In addition, any polymorphic transformation of the 
drug will also be detected. 

The phase equilibria produced with polyethylene glycol may be quite 
complicated because of the ability of drugs to disperse molecularly within the 
polymer chains [105]. Thus, the systems may display solid solution and glass 
formation [ 103] due to a relatively high solubility of the drug in polymer, e.g. 
indomethacin, or a virtual monotectic due to a very limited solubility of the 
drug in the polymer, e.g. the triamterene- PEG system [ 106]. 

In a method analogous to the determination of drug solubility in a polymer, 
the heats of fusion may be used to further characterise a system. Again the heats 
of fusion of the eutectic and excess components can be plotted as a function of 
composition. There are straight line relationships between the heats of fusion 
attributable to the excess components which decrease with addition of the 
second component [107]. Each should intersect zero enthalpy at the eutectic 
composition. Concomitantly, the heats of fusion of the eutectic components 
increase directly from zero at the pure components to intersect at the eutectic 
composition. Such a technique was used to evaluate the sulphamethoxazole- 
mannitol system. [107]. The technique can be further extended when 
complexation occurs, as for example with the dapsone-dilauryldapsone system 
[108]. 

It should always be remembered that the actual heating of a sample moves 
the system equilibrium. What is apparently stable at room temperature ceases to 
be stable on heating and changes may therefore occur during scanning. 
DSC/DTA will detect this as fusion or recrystallisation but phase equilibria 
studies should always be collaborated with microscopic studies. However, 
Craig [105] cautioned against the prediction of simple eutectics with polymers 
such as PEG, since the melting behaviour of a drug in molten PEG may not be 
the same as that of a pure drug. Indeed, peak broadening of the endotherm 
corresponding to the drug was noted at low drug contents [ 109]. 

In many ways pharmaceutical dosage forms can be regarded as dispersions of 
drugs in carriers. Whereas this is utilised in solid dispersions, it is equally 
applicable to suppositories or pessaries, or indeed any system where heat (or 
solvent and subsequent evaporation) is used to produce a dispersion of a drug in 
a carrier. Thermal analysis, and especially DSC, can be used to measure the 
development of structure or subsequent storage. This can be reflected as an 
increase in fusion enthalpy on storage [110, 111] of solid dispersions, or 
conversion of the crystalline form, whether polyethylene glycol [110] or as a 
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change in the polymorphic nature of glycerides used in suppository or pessary 
bases [ 112]. 

4.2. Polymers of Pharmaceutical Interest 
Thermal analysis of polymers is one of the broadest topics for thermal 

analysis. General thermal analysis of polymers has been dealt with elsewhere 
within this Handbook. This section restricts itself to a limited number of 
examples of interest to the pharmaceutical scientist. Some reference to drug- 
polymer systems has been made in the previous section. 

4.2.1. Polyethylene glycols 
Polyethylene glycols vary in molecular weight from ~200 to up to 

>1,000,000 Da. Their nature changes from liquids through semi-crystalline 
materials to resinous solids. Their general structure is H-[-O-CHz-CH2]nOH. 
The structure of PEGs has been comprehensively reviewed by Craig [105] and 
clearly IR, Raman and NMR studies are fundamental to elucidating their 
structure. Thermal analysis does, however, play roles in examining the 
crystallinity and types of crystals present in the crystalline and semi-crystalline 
material. Undoubtedly, in the crystal lattice, PEGs are arranged as lamellae. The 
polymer chains exist as either extended or folded forms. The proportion of 
crystals in the folded or extended form is very much dependent on molecular 
weight. Buckley and Kovacs [113] showed that in PEG 6000 one- and two- 
folded crystals were apparent. In PEG 10000, one-, two-, three- and four-folded 
crystals were apparent. Thermal analysis, especially DSC may be used to 
resolve the structure. Scanning a sample of PEG, cooling and immediately re- 
scanning, results in the production of unstable forms manifesting as a number of 
endotherm peaks or inflections on the DSC scan. Additionally on second 
scanning, the heats of fusion will be lower, indicative of an introduction of 
amorphousness, or less crystallinity, in the sample (Figure 23). For PEG 4000, 
Kovacs and Buckley [113] found evidence for instability of the folded crystal 
form. As the scanning rate increased from 0.5~ min -~ to 8~ min -~, the melting 
endotherm for the unstable form increased since the lower rates allowed 
unfolding to occur during the heating process. 

The scans of PEG are also much dependent on prior recrystallisation. Craig 
and Newton [114] demonstrated that ambient cooling conditions altered both 
the melting point and heat of fusion. Additionally, the heat of fusion, 
determined as kJmol -~ increased as the molecular weight of PEG increased. 
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Figure 23. DSC scans of a sample of PEG 6000, each was scanned at 
2~ min -~. Scan A was the sample as supplied. It was subsequently cooled to 
20~ to allow recrystallisation and re-scanned to give Scan B. Scans are 
displaced for clarity. 

Both DMA [1 15] and dielectric spectroscopy [116] may be used as these 
techniques are sensitive to changes in crystal structure. 

4. 2. 2. Poly-lactic acids 
Poly-ortho-esters are one, among many polymer types that include 

biological-based polymers such as alginates, gelatin and albumin, that have 
been incorporated into microspheres for drug targeting. The poly-ortho-esters 
possess the advantages that they are synthesised, and therefore contain no 
antigenic structures, whilst retaining their biodegradability. The two commonly 
used poly-ortho-esters are poly-glycolic acid and poly-lactic acids, which apart 
from finding applications as surgical sutures, are used in drug delivery. 
Microspheres, are made by a number of processes including coacervation, spray 
congealing and emulsification and have provided a rich vein of pharmaceutical 
research, and especially thermal analysis. For the sake of brevity this section 
will concentrate on poly-d,l-lactic acid, known for its amorphousness and glass 
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transition and generally synthesised from the dimer of lactic acid, dilactide, 
which also gives rise to the other name for the polymer, polylactide. 

Like many polymers poly-d,l-lactide is available in a great range of 
molecular weights. Rak et al [117] were amongst the first authors to describe 
the effects of molecular weight on the glass transition of poly-d,l-lactic acid. 
Values were found between 51.0 and 54.6~ for molecular weights between 
44.7 to 68.8 x 103. A relaxation enthalpy was found which correspondingly 
varied from 5.7 to 6.4 J g-~. However, the molecular weights of 2.6 and 6.4 x 
103 had lower values of Tg, indicating a molecular weight dependence of Tg at 
low molecular weights. The relaxation enthalpies cause a problem in 
determining the precise location of the Tg, which has only been recently 
resolved by using modulated methods of thermal analysis. 

Figure 24 shows a typical scan of poly-d,l-lactic acid in which the heat flow 
curve demonstrates a relaxation endotherm around the glass transition. The 
glass transition is resolved in the storage curve or reversing curve of DDSC or 
MDSC. The extension of TMDSC to formulated microspheres is best 
exemplified by the study of Hill et al [118]. Although many studies had 
examined the thermal analysis of microspheres using conventional DSC or 
DTA, this study examined microspheres containing 0-50% w/w progesterone 
and poly(d,l-lactide). The glass transition of the polymer was identified by a 
step change in the MTDSC-measured heat capacity. Conclusions were made 
that the drug plasticised the polymer at contents up to 20%. At the 30% level 
recrystallisation of progesterone was noted indicating that the drug was present 
in an amorphous state. TMDSC suggested that in samples containing 50% 
progesterone, the drug was mainly present in the crystalline state. As with all 
good thermal analytical studies, the conclusions were supported by results from 
other techniques, in this case SEM and PXRD data. 

In many ways the analysis of polymer-based delivery systems, especially 
microspheres, illustrates a fundamental problem of the use of thermal analysis 
in pharmaceutical-based systems. In normal evaluation of polymers, prior 
history is removed by thermal treatment. Whereas for PEG this can be 
accomplished by melting giving a more amorphous, less crystalline system 
which gradually on storage returns to a more crystalline system, this alters the 
structure of the material. For amorphous materials this can be used to allow 
evaluation of the glass transition temperature. This has benefits for examination 
of the polymer alone since prior treatment will probably remove any relaxation 
endotherm associated with the glass transition. As seen with the work of Hill et 
al [118] a 'without prior knowledge' heat treatment could result in the loss of 
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Figure 24. (a) Total heat flow, complex heat capacity and phase lag, 0, 
measured by TMDSC for poly(d,l-lactide) as supplied. (b) Results of phase 
correction of the complex heat capacity, where C v = complex heat capacity, 

r fr  C v = reversing heat capacity and Cp - kinetic heat capacity. From reference 

[1 18]; copyright permission requested. 

important information. It is well known that relaxation endotherms develop on 
storage. Indeed many early workers, without corroboration of these scans with 
other observations, stated that poly-d,l-lactic acid melted at ~55~ its glass 
transition temperature. There are, however, more important reasons why 
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preliminary heat treatment, known as annealing, should not be used in a 
formulated system. Armstrong et al [119] clearly demonstrated that there was 
residual solvent remaining in microspheres following their preparation. This 
was detected, partly, as a result of a lowering of the Tg. The lowering would not 
have been apparent had the microspheres been annealed prior to their DSC. 
Used alone, thermal analysis cannot provide unequivocal proof of residual 
solvent. Indeed even TGA would probably be insensitive to the amount of 
solvent entrapped in the microspheres. Proof of its presence would require, 
perhaps, head space analysis. DSC or DTA gives a clue, by lowering of the 
glass transition, that some residue was possibly present. 

4.2.3. Cellulose Ethers 
A review of the thermal analysis of cellulose ethers, especially HPMC 

(hydroxypropylmethylcellulose) has been published [25]. DSC of untreated 
samples of HPMC, and indeed many polymers based on celluloses or starch, is 
relatively uncomplicated in the absence of large quantities of water. The 
materials demonstrate a broad endotherm, corresponding to the loss of adsorbed 
water generally in the range 50 ~ to 120~ Clearly encapsulation affects this 
process. Open pans would lose their water quickly, moving the endotherm to 
lower temperatures. Hermetically-sealed pans would trap the vapour above the 
powder generating a partial pressure above the sample, moving the moisture 
loss endotherm to higher temperatures. Pans with pin-holed lids would 
demonstrate intermediate temperatures for the loss of water. 

One danger is that the build-up of pressure would distort sample pans giving 
irreproducible scans that were dependent on the contact between the pan and the 
temperature sensor. Although TGA could be used to quantify any weight loss, 
the results would still depend on the moisture content of the samples prior to 
treatment. On an 'as is' product, this could be quite variable. At elevated 
temperatures the sample would start to decompose and this would inevitably be 
detected as a weight loss. 

This moisture loss could however obscure the important glass transitions of 
these materials. For ethylcellulose, a hydrophobic cellulose ether, dissemination 
of a T~ is relatively straight forward. The general technique is to cast a film of 
the polymer on a flat surface (glass will suffice) and remove the residual solvent 
under vacuum. Velasco et al [120], casting films of ethylcellulose from 
dichloromethane, demonstrated the glass transition by both conventional DSC 
and MTDSC (Figure 25). Clearly, if the transition is evident, the latter 
technique is not required. Because HPMC is more hydrophilic, it has a greater 
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Figure 25. DDSC scan of ethylcellulose film cast at room temperature. 
reference [120]; copyright permission requested. 

From 

tendency for water to adsorb to its surface. This creates major problems in 
assessing its Tg which is frequently overlapped by the endothermic desorption 
of adsorbed water. In an ideal situation, the Tg could be determined from the 
powder. MTDSC is capable of resolving the glass transition from the 
dehydration [39]. It should be remembered, however, that this gives a transition 
temperature that in all probability is different to that of the starting material, 
which contains low levels of adsorbed water. Water, because of its strong 
interaction with HPMC, is difficult to remove. Porter and Ridgeway [121] 
utilised a technique in which the polymer solution was added dropwise to the 
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DSC sample pan. After each drop had been added, the solvent was evaporated. 
Repetitive addition of 20-30 drops produced a film suitable for analysis. Other 
techniques, including torsional braid analysis (TBA) and DSC were used to 
evaluate HPMC [122]. Not surprisingly, the techniques gave a wide range of 
values (157 ~ to 180~ which represents problems in producing a dry sample 
and possibly problems with conductivity caused by entrapped air. 

4.3. Polymer-hydration 
It was outlined in the previous section that the thermal analysis of polymers 

is not without problems caused by moisture. Pharmaceutically, the presence of 
moisture may be desirable, unavoidable or part of the functional aspects of the 
polymer. Thus the presence of low levels of moisture improves the compaction 
of HPMC by plasticisation [123], increases tablet strength by hydrogen 
bonding, is part of the function by which hydrophilic polymers perform in 
matrix tablets [123], or are used as water absorbents in wound dressings [125]. 
Finally, gels containing water, formed at the surface of a matrix tablet, or as 
gels for topical delivery contain defined quantities of water. Whichever system 
is examined, their use is controlled by their properties, some of which can be 
assessed by thermal analysis. 

In theory, water interacts with polymers in at least three ways. (1) Water may 
be tightly bound to the polymer (and is therefore incapable of freezing, certainly 
at temperatures >-50~ (2) Water may be loosely bound to the polymer, but 
if the temperature is low enough will freeze. This loosely bound water is 
generally assumed to freeze in the range-50 ~ to-20~ (3) Thirdly water may 
be present that has not interacted with the polymer. This behaves and freezes as 
bulk water. 

In many ways such a broad definition of types of water is difficult to sustain, 
not least because the types of polymer examined vary from water soluble (such 
as HPMC), virtually insoluble in water (such as ethylcellulose) or are 
hydrophilic polymers which are basically insoluble but are capable of 
sequestering water and incorporating it into side chains attached to an insoluble 
polymer back-bone. Given that water can penetrate pores in a polymer, the 
ability to freeze depends on the pore size. Since the resultant DSC/DTA scan is 
dependent on the particle size of the water crystals, it results in a very confusing 
situation regarding interpretation of DSC/DTA scans. However, this section 
reviews some of the existing methods of assessing water-polymer interactions. 
As ever, researchers are strongly advised to use adjunct techniques to confirm 
findings. ESR is one of those methods of choice. 



987 

In its simplest form, water-polymer samples may be allowed to equilibrate in 
hermetically-sealed simple pans. Following this period, the samples are 
examined, following cooling to sub-ambient temperatures, preferably less than 
-50~ by heating back up to ambient conditions. If the cooling scan is 
controlled and recorded, initially the so-called bulk water will freeze, followed 
by water loosely bound to the polymer. The difference in enthalpies between 
the sum of these two events, and the theoretical value corresponding to all the 
water weighed into the sample, represents the moisture allegedly strongly 
bound to the sample, although as indicated earlier, there may be alternative 
interpretations of the water distribution. It is unlikely on scanning that 
differences in melting of these two apparently frozen types of water will be 
detected. However, this does not rule out the occurrence of further 
recrystallisation during the warming scan, as observed for HPMC-water gels 
[126]. Typical DSC scans are shown in Figure 26. Data treatment is by plotting 
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Figure 26. DSC scan of HPMC K15M gel stored for 24 h at a heating rate of 
+ 1 ~ min -~ following cooling at -10~ min -~. Reprinted from reference [ 126] 
with permission from Elsevier Science. 
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the enthalpy of the melting endotherms as a function of water per g polymer. At 
low levels of water, theoretically all bound to the polymer, no melting 
enthalpies would be detected. At higher levels, where melting enthalpies are 
detected, there should be a straight line relation between the enthalpies and 
composition. Its intercept with the abscissas gives the maximum amount of 
water that can be bound to the polymer. The slope should be 334 J g-~ 
corresponding to the melting enthalpy of water. Lower values indicate a strong 
interaction between the polymer and water. The technique has been used for 
HPMC-water [127,128] and polyvinyl alcohol [129] systems. 

Alternatively the polymers may be exposed to different relative humidities 
and the samples scanned after storage. This requires careful treatment of 
samples since adsorbed water may be easily lost on transfer of samples from the 
humidity cabinet to the encapsulation device. Weight gain may be assessed by 
weight loss on TG analysis or by the enthalpy of dehydration during the DSC 
scan [125]. The technique has been used to study water distribution for HPMC 
[ 128] and in gelatin, pectin and sodium carboxymethylcellulose samples [ 125]. 

Clearly, the techniques of thermal analysis may also be used for systems in 
the gel from when the polymers may be regarded as already hydrated. Since 
these are effectively dissolved polymers, the thermal scans will be dominated 
by the endotherm corresponding to the melting of free water. However, other 
thermal events may be detected to the low temperature side of these major 
endotherms. These may be due to melting of different classes of water, or even 
a glass transition, followed by recrystallisation of phase-concentrated water 
[25]. Differentiation of the events by dielectric spectroscopy has at least 
allowed partial confirmation of the thermal data [130]. 

4.4. Liposomes 
Liposomes enhance drug solubility or provide a method of targeting delivery 

of drugs to specific organs. They enable drugs to be trapped centrally, or in their 
bimolecular layer [131], depending on the hydrophilicity of the drug molecules. 
The bilayer or multilayer of the liposomes is made of phospholipid. For 
homogenous phospholipid, the bilayer is relatively unstable, although 
concentrated dispersions of this bilayer, on thermal analysis heating, display 
two transitions, a smaller pre-transition followed by disaggregation of the 
phospholipid, a process frequently called melting and probably due to 
dehydration of the phospholipid. Such phospholipids include natural 
phospholipids such as phosphatidylcholine, phosphatidylserine or 
phosphatidylglycerol or synthetic phospholipids such as 
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distearoylphosphatidyl-choline (DSPC) and dimyristoylphosphatidylcholine. 
Traditionally liposomes are formed by adding an aqueous medium to a 
phospholipid film [131 ]. Agitation results in multilamellar vesicles (MLVs) that 
have more than one bilayer surrounding an aqueous core [131 ]. Generally, more 
stable liposomes are found when the vesicles consist of a mixture of 
phospholipids. 

Crude DTA of 1,2-diacyl-L-phosphatidylcholines suggest that they were 
isolated from organic solvents as the monohydrate form [132]; the water was 
lost on heating in open DTA pans. This corresponded to a large endothermic 
transformation below the melting point. Addition of water to DSPC lowered the 
temperature of the gel to liquid crystalline phase transition, a limiting value was 
reached at approximately 20% w/w water content [133]. Ice melting was not 
detected until endotherms were present in samples containing ~25% w/w water. 
The 20% w/w concentration corresponds to a phospholipid:water ratio of 1 
molecule ofphospholipid to 10 molecules of water [133]. 

However, researchers are well advised not to rely on DSC or DTA but to use 
high sensitivity DSC or isoperibol calorimetry, since this will resolve the 
melting processes into a number of transitions. Prolonged incubation at low 
temperatures produces fully hydrated long chain phosphatidylcholines which 
exist in an ordered, condensed crystalline subgel state. On heating a transition, 
commonly referred to as the subtransition, demonstrates the conversion from a 
subgel to another state where the phospholipids have increased mobility and 
further penetration of water into the bilayers [134, 135]. These subtransitions 
may be further classified as Type I and Type II transitions, depending on the 
type of phospholipid [131]. Even sub-subtransitions have been described [136]. 

Many mixtures of phospholipids, especially phosphatidylcholines, do not 
demonstrate these subtransitions. The pretransition is thought to be associated 
with a structural change from a one dimensional lamellar to a two dimensional 
system [131]. The temperature of this gel to liquid-crystalline phase transition 
increases with molecular weight (chain length) of the fatty acid. Because 
naturally occurring phospholipids have a broader distribution of the fatty acids, 
the transition also tends to be broader. 

Biological membranes and liposomes contain a mixture of phospholipids 
which results in a broadening of the temperature range over which they melt. 
When the hydrocarbon chains differ by two carbon atoms ideal mixing of 
phases occurs. Increasing the difference results in deviation from ideality with 
gel phase immiscibility and possibly peritectic behaviour [137]. Where the 
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hydrocarbon chains differ by six carbon atoms, monotectic behaviour is 
observed. 

In the formulation of liposomes, cholesterol is frequently added to control the 
release of entrapped drug or to increase their stability. Addition of cholesterol 
eliminates the pretransition and decreases the mass transition temperature, with 
a reduction in the heat of transition until the transition apparently disappears. 
Raman studies demonstrate that a transition does take place but over a wide 
temperature range [138]. The condition of liposomes is fundamental to the 
release of the entrapped drugs. Greater fluidity of the liposomes should result in 
faster drug release. The interactions of a number of drugs with liposomes have 
been studied. The drugs include steroids [139] when measurement of the 
transition peak at half of its width was utilised as a measurement of the 
interaction between compounds and the phospholipid bilayers. Its evaluation 
allows an estimate of how much drug has been included into liposomes [140]. 
However, where the drug might be included in a liposome can only be proved 
by other methods of analysis. 

Zingel et al [141] prepared iopromide-carrying liposomes by lypophilisation. 
DSC and resistance temperature measurements were used to determine the 
maximum allowable temperature during primary drying. Melting was detected 
a t -21~ by DSC but conductivity changes down to-40~ were detected. The 
use of DSC and modulated methods of thermal analysis has been extended to 
freeze dried liposomal preparations [ 142,143 ]. 

Liposomes have also been used as models for the prediction of drug activity 
ranging from disruption of bilayers by antimicrobials [144] and the ability of 
anaesthetics to increase the fluidity of nerve cell membranes [145]. 

4.5. Thermal analysis and industrial processes 
A number of pharmaceutical processes may result in a change of state of the 

processed material. Both spray drying and freeze-drying (lyophilisation) may 
result in a change in the solid state of a material, with a high possibility that 
amorphousness will be induced into a sample. Obviously thermal analysis is 
one of the fundamental techniques that may be used to characterise these 
products. Similarly coating by polymers, whether onto microspheres or tablets, 
involves solubilising the polymer and its consequent deposition may result in 
changes in polymer structure. This section examines the thermal analysis of 
spray-dried products, lyophilised products and of polymer films that might be 
used to coat dosage forms. 
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4. 5.1. Spray-dried products 
Spray-dried products are usually recognised for an increase in 

amorphousness. The technique offers a variety of operative conditions such as 
inlet and outlet temperatures, drug concentration and solvent, each of which 
may vary the crystallinity of the final product. Thermal analysis is thus used as 
one of the techniques to evaluate the final product, for example phenylbutazone 
and lactose. 

Matsuda et al [146] provided evidence, via DTA, of the polymorphic 
transformation in spray dried phenylbutazone encouraged by varying the inlet 
temperature from 30 ~ to 120~ Importantly and indicative of its use, TGA was 
utilised to confirm that there was no residual solvent in the sample, in the form 
of a solvate. Two or three crystal forms were present. At 120~ the 6-form was 
produced, at 80 ~ and 100~ a mixture of two forms was formed and a third 
form was apparent at 70~ [ 146]. Mixtures containing two forms contained the 
13- and 6-form, and when three forms were present, they corresponded to the [3-, 
5- and e-forms. A single DTA endotherm was found in samples prepared at 
100 ~ and 120~ with an endothermic peak at 103~ equivalent to the 6-form. 
Melting endotherms at 91-92~ were found for samples obtained at 70~ and 
80~ In these samples a recrystallisation exotherm at 93~ corresponding to 
the 6-form was found; again the 6-form subsequently melted as an endotherm at 
103~ [146]. 

Therapeutically (and for reasons of stability) it is best if only one polymorph 
is present in the final product. Similarly, if amorphousness is produced in a 
sample, it should not be lost on storage, due to crystallisation. The likelihood of 
this transformation may be partly assessed by thermal analysis. Spray-drying 
caused amorphousness in spray dried hydroflumethiazide [147] which was 
demonstrated as an exotherm corresponding to recrystallisation of an 
amorphous sample (Figure 27), even when spray-dried in the presence of 1% to 
20% w/w PVP. Its peak temperature increased with increasing levels of PVP, 
suggesting that PVP enhanced the stability of the system. The introduction of 
polymers, such as polyvinylpyrrolidone into the atomising solvent will favour, 
because of the induced high viscosity, the production of amorphousness. 

The quality of a product may depend on the amorphousness within a sample. 
Spray-dried lactose is a term that embraces several types of products, depending 
on how the product was manufactured. If a suspension of a-lactose 
monohydrate is spray dried, the lactose in solution acts as a binder during the 
spraying process to bind the crystals of lactose together as aggregates. Thus, the 
predominant nature of (x-lactose is maintained. The amorphousness of the 
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Figure 27. DSC scan of hydroflumethiazide spray-dried with PVP. I, crystalline 
drug; II, spray-dried drug. % values represent the per cent of PVP present in the 
final spray-dried material. From reference [147]; copyright permission 
requested. 

bridges accounts for improvement of compressibility and its precise content is 
difficult to quantify. 

Angberg [148] reviewed the manufacture of lactose products. 
Recrystallisation from a supersaturated lactose solution below 93.5~ yields 
almost exclusively a-lactose monohydrate. Crystalline lactose powders with a 
high content of anhydrous forms are manufactured for direct compression. 
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These are mixtures of anhydrous ~- and 13 lactose, frequently containing a small 
amount of a-lactose monohydrate. DSC, DTA and TG have been used to 
characterise many of the forms of lactose. Some of these uses were reviewed 
previously [8]. However, isothermal microcalorimetry has the potential to 
quantify the amount of amorphousness in a sample. Exposure to moisture in a 
microcalorimeter will convert an amorphous form to a crystalline form. The 
energy of this transformation will be representative of the amorphous content 
[148]. Indeed the technique also allows the transformation of crystalline 
anhydrous a- and 13-lactose to a-lactose monohydrate to be followed. Angberg 
[148] suggested that although dehydration could be followed by DSC, the 
equivalent process of rehydration via exposure of anhydrous materials to 
selected relative humidities, could be followed by microcalorimetry and the 
results of the two processes compared. Angberg [148] was able to demonstrate 
the hydration of anhydrous (x-lactose in 13-1actose that was roller dried. Also, 13- 
lactose, at high humidities, could mutarotate to a-lactose which could 
subsequently hydrate [148]. This explanation was used to explain high heat 
flow signals at 94% RH. At lower humidities than 94% the hydration of c~- 
lactose anhydrate could be followed. Following the DSC of the lactose 
derivatives, it was considered that a-lactose may mutarotate to [3-lactose due to 
the increasing heat flow during a DSC measurement [149], especially in closed 
DSC sample pans. The 13-lactose to a-lactose conversion is also possible in 
closed DSC sample pans [150]. 

Generally, DSC can be used to monitor increased hydration, by following the 
DSC dehydration. Angberg [148] also described a miniature humidity chamber 
technique at 100% RH, to monitor changes in lactose samples, since much of 
the heat evolution in conventional microcalorimetry took place in the early 
stages of the experiment and the data were therefore lost. The technique showed 
clearly the biphasic nature of water uptake in systems containing both 
anhydrous c~- and 13-1actose. However, again data were lost at the start of 
experimentation causing a problem in estimating a-lactose anhydrate content. 
Humidities lower than 100% RH slowed down the reaction rate [148]. 

However, as described earlier, amorphousness in lactose samples depends on 
the method of preparation. The amorphous portions are in a high energy state 
and should easily absorb water vapour. The amorphous portions will crystallise 
when the glass temperature has been decreased by the increased water content 
to below the experimental temperature [151 ]. Angberg [ 148] considered that in 
a sorption isotherm, crystallisation will be shown as a rapid drop in the curve, 
since the freed crystalline parts desorb the superfluous water. The amount of 
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water vapour absorbed before crystallisation provides an estimate of the small 
amounts of amorphous material [152]. When DSC is used, the amorphous 
material can be detected as subsequent recrystallisation. However at least a 10% 
amorphous content must be entrapped to produce a reliable result [152]. The 
miniature humidity chamber technique enables the amorphous content to be 
evaluated. A 100% amorphous sample, stored at 57% RH, showed three, 
endothermic heat flow phases, the first two phases representing the absorption 
of water by the amorphous content and the actual crystallisation process [ 152]. 
Integration of this second peak is a measure of the amorphous content. 
Microcalorimetry could probably be used down to an amorphous content of 1% 
[148]. Correlation with DSC and XRD data was achieved at 20% amorphous 
content. Below this level microcalorimetry was the more sensitive technique. 

The position of the glass transition is difficult to prove by microcalorimetric 
techniques. Hill et al [38] specifically examined the glass transition temperature 
of spray-dried lactose using modulated temperature DSC. They prepared 
anhydrous lactose from its 10% w/v aqueous solution via spray drying with an 
inlet temperature of 130~ and an outlet temperature of 80~ This produced a 
spray-dried material that was totally amorphous. The MTSCD raw data and 
converted curves were obtained at an overall heating rate of 2~ min -~. Three 
peaks were generated with maxima at 117 ~ 171 ~ and 206~ The MTDSC 
deconvoluted heat flow compared well with the DSC conventional curve. Broad 
endotherms from 10 ~ to I10~ corresponded to water loss, confirmed by TG 
analysis. A second small endotherm was apparent in both curves at 116~ This 
was shown, via deconvoluted heat flow signals, to be equivalent to a glass 
transition temperature seen in the reversing heat flow curve [38]. The second 
change at 170~ was due to recrystallisation, followed by melting at >200~ 
Hermetic pans, where water could not be released, did not show dehydration 
and the glass transition temperature was lowered to 75~ (by DSC) but 83~ 
for MTDSC [ 138]. 

4.5.2. Freeze-drying (lyophilisation) 
The production of freeze-dried pharmaceuticals (and other products) is of 

paramount importance since many drugs, used in parenteral products, are 
freeze-dried powders intended for reconstitution in aqueous solvent prior to 
administration. Control of the freeze-drying conditions is important in 
producing a usable product and to allow drying of the sample. Residual water 
may result in drug degradation and conversion of a glassy state to a crystalline 
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state. Indeed the glassy state may be the least physico-chemically stable state 
and the crystalline state is the preferred status. 

Thermal analysis has found a whole host of applications from determining 
cyclic conditions to characterisation of the final product. Ford and Timmins [8] 
reviewed the use of thermal analysis in lyophilisation up to 1988. Under simple 
conditions, freeze-drying consists of initially freezing the samples, often under 
rotation and/or quickly, to produce a shell of small ice crystals. A vacuum is 
applied to reduce the pressure to below the triple point. With the careful 
application of heat, large volumes of water vapour are produced, giving a 
porous solid. This is known as primary drying giving a solid of low moisture 
(~0.5%) that must be removed on secondary drying, often raising the 
temperature up to 50 ~ to 60~ to produce a stable product [8]. Care has to be 
taken, however, to optimise the cycle. The heat added should not produce 
melting; to avoid foaming or puffing during freeze-drying the temperature 
should not exceed the eutectic temperature for a crystalline solute, or the 
collapse temperature for an amorphous state. Additionally on cooling the 
solute/eutectic might not recrystallise giving a glassy deposit in an ice matrix. 
This would give a long drying time and difficulty in removing solvent. Raising 
the temperature may induce crystallinity. Clearly it is not just a solution (or 
suspension) of the drug that is freeze dried. Buffers would also be entrapped 
giving a phase diagram type of eutectic reaction [153]. Once again, thermal 
analysis can be used to assess this phase equilibrium. Thermal analysis of a 
drug-sodium citrate-lactose system, in water, in the presence of 9.8% sodium 
chloride was undertaken to show a simple eutectic diagram [154]. In 
comparison, a drug-sodium citrate-lactose-sodium acetate (10.5:75:10) system 
did not show a melting endotherm corresponding to the eutectic, indicating that 
on cooling part of the system could be amorphous and difficult to freeze-dry 
[154]. The phase diagrams produced from thermal analysis may be used to 
determine the fraction melted at given temperatures. Patel and Hurwitz [154] 
considered that a high eutectic temperature and a low percentage melted at 
temperatures near the eutectic were desirable for freeze-drying vehicles. 

The position of the glass transition temperature and its determination are vital 
to successful freeze-drying. Unfortunately, thermal analysis may not yield 
transitions equivalent to changes in electrical resistance. A study on nafcillin- 
sodium-water systems demonstrated that liquid crystal formation could take 
place [155]. Figure 28 shows that for a 15% drug content a small endotherm 
occurred a t -5~ on the endotherm corresponding to water melting. On cooling, 
a single recrystallisation exotherm was visible but on rewarming the small 
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Figure 28. DSC scans for 15% nafcillin sodium-water mixtures. Scans 1 and 2 
were run at 2.5~ while scan 3 was obtained at 0.625~ Prior to scan 
1 the samples were cooled from ambient temperature to -20~ at 2.5~ 
From reference [155]; copyright permission requested. 

endotherm was still apparent but the major melting endotherm was narrower. A 
lack of melting point depression was attributed to micelle formation. A small 
endotherm present in the initial run but not in the re-warming run for the 35% 
drug system [155] was postulated to be caused by a metastable eutectic 
formation. Hot stage microscopy was required to relate the transitions to the 
presence of three crystalline phases and a lamellar mesophase. 
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Thermogravimetry may be used to determine the water content of products 
that have been freeze-dried, ideally using a coupled method of analysis to 
confirm the nature of the volatile(s) associated with the loss. 

The optimisation of the process is best illustrated with reference to the 
studies of Gatlin and De Luca [156]. Rapid cooling, prior to primary drying, 
may result in a glassy state being produced. Thermal analysis can predict the 
temperature at which the glassy transition occurs. Above this temperature, 
recrystallisation can be induced in a sample. The DSC scans of a typical 
solution of cefazolin sodium solution depicted a glass transition temperature at 
-20~ as an endothermic shift, a recrystallisation endotherm a t -11  ~ and ice 
melting starting at -4~ A similar composition was pre-treated following 
cooling by warming t o - 6 ~  This allowed recrystallisation to occur. 
Re-cooling to -25~  showed only the melting of ice on the subsequent DSC 
scan [156]. This indicated a conversion of the amorphous form to a crystalline 
drug. This suggested that rewarming and cooling should be incorporated into 
the manufacturing cycle to produce a crystalline product. 

One other point of interest of thermal analysis in freeze drying is the use in 
examining phase concentration. Frequently, inert sugars or polyhydric alcohols 
such as mannitol or sucrose are included in solutions to be freeze dried. Roos 
[157] reviewed the frozen state transitions in relation to freeze-drying. It is 
these conditions that should be used to derive a proper freeze-drying condition. 
Freeze-dried products should be porous and easy to hydrate. However if 
collapse occurs during dehydration a product may exhibit poor dehydration 
properties. Collapse occurs if the temperature of ice is higher than the collapse 
temperature, T~, of a material. 

The state diagram (Figure 29) of sucrose displays the problems to freeze- 
drying induced by highly viscous materials which do not readily recrystallise on 
cooling. DSC or DTA may be used to establish the state diagram of the system. 
Rapid cooling to a temperature below the Tg of the solution followed by 
analysis produces scans that will demonstrate the Tg of the solution, followed by 
recrystallisation and melting processes. Slow cooling, depending on 
composition, allows crystallisation of ice particles that continues initially 
increasingly as the temperature is lowered. However, the remaining solution 
will become increasingly viscous which eventually retards further 
recrystallisation. This solution is said to be freeze concentrated; the proportion 
of water decreases in the non-crystallised material [157]. This material passes 
through its own transition temperature Tg" which is said to be the glass 
transition temperature of the maximally freeze-concentrated solution. The Tg" is 
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Figure 29. State diagram for sucrose showing experimental and predicted data 
for equilibrium ice melting temperature, Tm, onset temperature for ice melting 
within the maximally freeze-concentrated solute matrix, Tm, glass transition 
temperature of the maximally freeze-concentrated solute matrix, Tg, with 
concentration, Csg, and glass transition temperature, Tg, as a function of solute 
concentration. From reference [157]; copyright permission requested. 

relatively independent of the initial solute concentration (Figure 29). DSC of 
these treated solutions will display a Tg' followed by a Tin', which may be 
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defined as the onset temperature of ice melting. DSC (or DTA) of these 
solutions will, in the case of a rapidly cooled solution, demonstrate a Tg that can 
be predicted by the Gordon-Taylor equation, followed by recrystallisation of 
ice, known as devitrification, before final melting occurs. In the temperature 
range between Tg" and Tm" maximum recrystallisation can occur. Therefore 
annealing the sample at temperatures intermediate to Tg" and Tin" will allow 
recrystallisation. Subsequent DSC will show the Tg" (not the Tg) and the Tm', 
characteristic of the initial melting. 

Figure 30 demonstrates a typical example. Knowledge of these temperatures 
is indispensable to optimising freeze-drying [157]. It is essential to the 
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Figure 30. Schematic representation of scans of rapidly cooled, nonannealed 
sugar solutions and annealed sugar solutions with maximum ice formation after 
proper annealing at T~ < T <  T m.  From reference [157]; copyright permission 

requested. 
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successful freeze drying of sugars (and proteins) that collapse does not occur (at 
or above the collapse temperature, T~), and that amorphousness is maintained in 
the samples, at least in the freeze-concentrated portion. DSC and DTA 
demonstrate that annealing the sample at temperatures between Tg" and T m" 
allows successful freeze-drying. Thus, according to Roos [ 157], temperatures 
below Tg" allow removal of ice from within the solid, glassy solutes with no 
change in volume. At temperatures above Tm" unfrozen material exists that 
means sublimation is not occurring. Therefore collapse can result, preventing 
effective water removal since the material can flow, collapse and/or foam. 
These events are composition dependent, hence the need to produce an accurate 
state diagram. Additionally, if the samples are stored above their Tg (of the 
solid) reabsorption of water will depress the Tg, plasticise the material and cause 
collapse on storage. 

Incidentally, knowledge of the state diagram also explains why low 
molecular weight sugars are difficult to freeze-dry. The Tg" values for pentoses 
are-65~ to-67~ hexoses-57~ to-62~ but disaccharides are -40~ t o -  
46~ Similarly the 7"8" increases in the order pentoses < hexoses < 
disaccharides [ 157]. Values for high molecular weight carbohydrates of Tg" and 
7'8 merge at around 0~ Therefore, high molecular weight materials may be 
added to biological materials to prevent collapse and loss of quality on freeze- 
drying and subsequent storage [157]. 

Finally, on two points. Most maximally freeze-concentrated carbohydrates 
contain ~80% w/w solids and 20% w/w unfrozen water [158] and that for ionic 
materials, crystalline freeze-dried materials are easily obtained when the T~ is at 
temperatures above the eutectic melting temperature [159]. 

4.5.3. Polymeric films and film coating 
Thermal analysis of polymeric blends has proved an indispensable method of 

improving the quality of films used to film coat tablets. An earlier section 
described how the Tg of polymers produced from films can be determined. It is 
appropriate to coat pharmaceuticals for taste masking, to protect against 
moisture-induced and light-induced degradation and to modify the release of 
drug from the coated dosage forms. Whichever its purpose, it is imperative that 
the coat be intact to avoid penetration or rapid drug release. The coat should 
also be capable of stretching and contracting during the coating and storage. In 
the broadest sense, therefore, the coat should possess a glass transition 
temperature that is below the coating temperature to allow stretching. Drug 
release, via diffusion through a coating membrane, is more rapid when the film 
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is in its rubbery state above the Tg. Because of the increased polymer flexibility, 
diffusion is facilitated. Drug release may also occur via diffusion through pores 
in the membrane. This may be facilitated by using polymers which are deemed 
to be incompatible or immiscible. Each phase will display a separate glass 
transition. 

It should be borne in mind that to reduce the Tg of a polymer, a plasticiser 
may be added, for example polyethylene glycol, glycerol or triethylcitrate. No 
matter what the proposed function of the polymer film, thermal analyses 
provides an excellent means of determining phase compatibility and the glass 
transition temperature. It should not be forgotten that one of the best plasticisers 
is water and indeed the effects of water can be easily determined from a 
knowledge of the glass transition across the polymer:water composition range. 
Such studies have been performed with polyvinylpyrrolidone-water [ 160]. 

Plasticisation of a polymer results in a lowering of the glass transition 
temperature, with a broadening of the range over which the transition occurs 
[161]. The determination of the thermal properties utilises the full gambit of 
thermal analytic techniques. 

Hydrophilic cellulose ethers, such as HPMC, are plasticized by water but also 
by the addition of specific plasticisers. Okamafe and York [161] demonstrated 
that the glass transition temperature of HPMC was reduced by the addition of 
triethyl citrate. This was detected by both a lowering of the glass transition 
temperature and a broadening and lowering of a softening point as detected by 
thermomechanical analysis [161]. The glass transition could be obscured 
because the transition broadened to a range in excess of 30~ Such transitions 
may be detected by modulated methods of thermal analysis, as seen for instance 
in the DDSC of the films of Surelease| a commercial latex formulation of 
ethylcellulose [ 120]. 

In situations where complete miscibility occurs between polymer and 
polymer or polymer and plasticiser throughout the composition range, only one 
glass transition temperature will be detected. This can be predicted from the 
glass transition of the individual components by use of, for instance, the 
Gordon-Taylor equation. Where complete miscibility does not occur, the 
incorporation of a plasticiser will lower the Tg to a level where the solubility of 
the plasticiser is exceeded. At higher plasticiser levels, transitions due to both 
the plasticiser and the plasticised polymer will be detected. The former, in the 
case of PEG as a plasticiser, will be a melting transition. In the case of the latter, 
the transition will be a glass transition. Such examples are the plasticisation of 
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HPMC by PEG which has been followed by both DSC [ 162] and torsional braid 
analysis (TBA) [ 163]. 

In polymer-polymer systems where there is limited mutual solubility, and 
therefore immiscibility at intermediate compositions, an even more complicated 
situation arises whereby the polymers are said to be incompatible. Such an 
example is provided by admixtures of ethylcellulose and HPMC [ 164]. In films 
containing low levels of EC, two transitions were apparent. One is equivalent to 
ethylcellulose-rich HPMC phase, the other is due to an HPMC-rich phase. 
These two phases are immiscible. Similarly to the ethylcellulose rich side of the 
composition, low levels of HPMC resulted in two phases. Such changes may be 
too subtle to be detected by DSC or DTA. They are picked up in the mechanical 
spectra of DMA curves or by TBA. The studies of Sakellariou and other 
workers [163-166] confirm these findings. Figure 31 displays a typical 
spectrum determined by torsional braid analysis. Clearly, TBA and DMA 
provide more than useful techniques in determining both glass transitions and 
phase miscibility. Sakellariou et al [166] also examined the interactions and 
partitioning of PEG 400 in HPMC and PVA blends by TBA, showing PEG 400 
to be the better plasticiser for HPMC than PVA. The polymer films, by 
necessity, are prepared by casting from their solutions. These may be cast 
directly onto glass surfaces or by dipping the braid (a series of glass spindles) 
into the other polymeric solution. The former technique may also be used to 
produce films that may be cut and prepared for DSC, giving a means of 
providing good thermal contact with the sample pans. 

The separation into two phases of aqueous mixed polymers can be detected 
by DMA and DSC. Sakellariou et al [167] showed that these techniques proved 
separation in PVA/HPMC blends where each phase excluded the other polymer. 
The HPMC rich phase was amorphous with a constant 7"8. The PVA phase 
showed a limited degree of crystallinity but a constant Tg for the amorphous 
part. 

4.6. Thermal analysis of transdermals and semi-solids 
This is a broad area of thermal analysis, samples ranging from the 

triglycerides and polyethylene glycols that are the basis of pessaries and 
suppositories, through to formulated creams and ointments. 

Typical studies on suppository bases were demonstrated by Liversidge et al 
[112]. Melting triglycerides on an initial DSC scan shows the material as 
supplied by the manufacturer. It would be expected that this would represent the 
most stable polymorphic form. The scan would show only one peak if one solid 
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Figure 31. The thermomechanical spectra (logarithmic decrement curves) for 
ethylcellulose/hydroxypropylmethylcellulose blends. Percentages are of 
ethylcellulose by weight. Reprinted from reference [164] with permission from 
Elsevier Science. 

state had formed and that corresponded to the stable polymorph. Obviously if 
more than one melting endotherm or exotherms are present the solid has more 
than one structural form. Indeed, recrystallisation between the melting 
endotherm indicates an ease of conversion [112]. However, the shape of the 
DSC scan is very much heating rate dependent. A faster speed may not allow 
solid-solid or solid-liquid-solid conversions to occur. A slow speed, if the 
enthalpies are low, may not allow detection of certain transitions. Figure 32 
shows the effect of scanning speed on the DSC of a tristearin. DSC can be used 
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Figure 32. The effect of heating rate on the DTA curve of tristearin (6 mg). 
The assignment of the peaks is as follows: a, melting of ot-polymorph; b, 
crystallisation of [3'-polymorph; c, melting of 13'-polymorph; d, crystallisation of 
13-polymorph; e, melting of [3-polymorph. Reprinted from reference [112] with 
permission from Elsevier Science and The Royal Society of Chemistry. 

to assess the form of a solidified formulation. Additionally knowledge of 
potential changes may also give cognisance of potential storage and formulation 
problems. 

Similar changes may be seen for ointment bases such as polyethylene glycol 
(e.g. PEG 6000; Figure 23). The lower enthalpies of the second scan are due to 
an increased amorphousness in the samples. Certainly for PEG this suggests 
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that a gradual increase of structure, indeed of crystallinity, may occur on 
storage. Again, such knowledge can be used to optimise formulation. 

Formulated creams, whether they are either oil in water (o/w) or water in oil 
(w/o) emulsions, provide a complicated structure [168]. An o/w cream is a 
mixture of a basic continuous aqueous phase, hydrated ingredients, and liquid 
crystals. Each of these contribute to peaks shown on a DSC scan. The 
proportion of each peak alters according to the formulation of the product and is 
altered by the manufacturing conditions. Thermal analysis provides a means of 
optimising formulation, manufacture and storage problems [168]. Even TGA 
may be used to assess the physical properties of creams. TGA showed two main 
peaks in the first derivative curves of Aqueous Cream BP corresponding to free 
and lamellar water [ 169]. The profiles varied to the manufacturing source of the 
creams although there appeared poor correlation with rheological 
measurements. 

A typical study by Simon and Suverkrup [170] compared techniques used to 
characterise the crystallisation behaviour of fatty acid bases. In addition to 
DSC, isothermal DSC, NMR, oscillation rheometry and thermorheography were 
used. The crystallisation of hard fats was a biphasic process [170]. The 
formation of crystal nuclei was controlled by the partial glyceride content; the 
degree of super-cooling determined the formation of crystal nuclei; the final 
solidification level depended on the crystallisation temperature. Similar studies 
[171] showed that the recrystallisation rates and the degree of supercooling 
before crystallisation occurred depended on the molecular weight of PEG. 

Many suppositories are composed of triglyceride bases. Thermal analysis was 
used [172] to determine the influence of monoglycerides, a fatty acid - fatty 
acid methyl ester blend, fatty acid polyethylene glycol esters and indomethacin 
on the melting behaviour and hardening of triglyceride suppository bases. 
Incorporation of indomethacin resulted in higher melting temperatures but no 
important influence of the additives or the drug were seen on the hardening 
behaviour of the suppository bases [172]. 

Pryce-Jones et al [173] used DSC to investigate decomposition of 
aminophylline suppositories as a rapid and sensitive detection method for the 
appearance of decomposition products. The DSC scans indicated that 
ethylenediamine interacted with the suppository base. The decomposition 
product of the aminolysis of the triglycerides were responsible for the observed 
changes in the DSC scans. 

The thermal analysis of creams is more complicated. Pasaleevan and 
Nurnberg [174] examined binary macrogol stearate 400 - water systems. 
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Lamellar arrangements were detected by polarised light microscopy. DSC and 
XRD confirmed that chains of emulsifier were in the crystalline state. Ternary 
systems with liquid paraffin were isotropic, homogenous o/w creams for a wide 
composition range. Incorporation of 50 mol % cholesterol lead to the separation 
of a gel-liquid crystalline phase within the layer [ 174]. The transition energies, 
derived from DSC, decreased linearly with increasing cholesterol concentration. 
Optical microscopy should be used to confirm phase separation in creams [ 175]. 

Lashmar et al [176] examined process variables for the manufacture of a 
semi-solid paraffin in water emulsion. The total DSC enthalpy change was used 
as an important indicator of the stability of an o/w emulsion together with the 
appearance under polarised light. On this basis, homogenisation speed was 
identified as the single most important factor or the production of a stable 
emulsion. 

4.7. Transdermal delivery of drugs 
The use of penetrants to increase the passage of drugs through the skin to 

allow for systemic delivery has become an area of major research which is at 
the interface of the biological and pharmaceutical disciplines. The use of 
penetrants, such as azone, increases drug passage by increasing the permeability 
of the skin. The theory is that the penetrants actually modify the biochemical 
nature of the stratum corneum. Such modifications can be detected by a number 
of techniques including thermoelectric measurements [ 177], FTIR spectroscopy 
[ 178,179] and thermal methods such as DSC [ 180,181 ]. 

These events such as those shown in Figure 33 which displays an alleged 
change in skin structure can be attributed to plasticisation and a consequent 
change in the second-order structure of the skin. A variety of skins has been 
used to examine penetrants varying from human cadaver skin to porcine skin. It 
is well understood that the passage of drugs is modified by the hydration status 
of the skin. 

A number of enhancers has been shown to alter skin structure. Kaplun- 
Frischoff and Touitou [182] used DSC to show that menthol decreased the 
melting point of cholesterol oleate and ceramides and modified the DSC scan of 
isolated stratum corneum. This partly accounted for an eight-fold enhancement 
of the skin flux of testosterone. 

Moghimi et al [183] recognised that the principal barrier to transdermal 
delivery of many drugs is the lamellar intracellular lipid matrix of the stratum 
corneum. A model matrix was prepared containing 20% cholesterol, 25% water 
and 55% stratum corneum free fatty acids and their soaps. DSC of the matrix 
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Figure 33. Typical DSC scans for human stratum comeum after pretreatment 
with different vehicles. From reference [185]; copyright permission requested. 

showed seven endothermic peaks in the r a n g e - 3 0 ~  to 120~ These 
corroborated studies using hot stage polarised light microscopy that showed a 
lamellar mesomorphic structure from ambient to ~100~ a hexagonal 
mesomorphic phase at 105~ and an isotropic liquid at 140~ [183]. DSC also 
showed that 20% of the water was bound in the matrix. 

The destruction of the intercellular lipid lamellar structure is important to 
increasing the permeation of drugs such as 5-fluorouracil. DSC has been used to 
probe the mechanisms by which enhancers exert their effects [184]. The 
enhancement effects of d-limonene and oleic acid are saturable within 6 h 
[184]. 

Leopold and Lippold [185] used DSC of isolated human stratum comeum to 
determine which materials were penetration enhancers. The stratum corneum 
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was treated with isopropylmyristate, light mineral oil, caprylic/capric acid 
triglycerides containing phospholipids, dibutyl adipate, dimethicone 100 and 
triglycerides [185]. Most vehicles altered the phase transition temperatures and 
the enthalpies of the stratum comeum lipids. Mineral oil and isopropyl 
myristate reduced the enthalpy and decreased the phase transition temperatures 
suggesting that these vehicles fluidised the lamellar-gel phase of the stratum 
corneum lipids and that they partially dissolved the lipids. Dibutyl adipate and 
caprylic/capric acid triglycerides containing 5% phospholipids decreased the 
enthalpy only, possibly due to extraction or dissolution of the stratum corneum 
lipids [185]. 

Recently A1-Saiden et al [ 181 ] examined the thermal transitions in desiccated 
stratum corneum membranes of neonatal rats, rabbits and adult abdominal 
human skin. Four endothermic transitions were observed at 39-45~ 55-58~ 
68-74~ and 77-86~ The transitions at 39-45 ~ 68-74 ~ and 77-86~ were 
attributed to phase charges in the intercellular lipid bilayers. A fifth transition at 
48 ~ was seen only in the neonatal rabbit stratum corneum and was attributed to 
lipid melting. 

Numerous studies have attempted to elucidate the effect of skin penetrants by 
thermal analysis. Kaplun-Frischoff and Touitou [182] showed that methanol 
decreased the melting peaks of cholesteryl oleate and ceramides and modified 
the DSC of isolated stratum corneum; this alters its barrier properties. Similarly 
a soybean-lecithin micro-emulsion gel was shown to affect the stratum corneum 
lipid organisation by FTIR and DSC [186] and hydroxypropyl-i3-cyclodextrin 
can increase the permeability of the stratum corneum, possibly as a result of 
lipid extraction that induced modest changes in the stratum corneum lipid 
transition temperature [ 179]. 

The structure of stratum corneum lipids by DSC has been described in a 
series of papers [178,187,188]. Cornwall et al. [189] examined the modes of 
action of terpene penetration enhancers. DSC identified two major lipid 
transitions at 72~ and 83~ in stratum corneum, d-Limonene reduced the 
temperatures of both transitions by ~20~ without effecting the transition 
enthalpies. 1-8-Cineole reduced the temperatures similarly but the enthalpy for 
the first transition was reduced, d-Limonene increased the combined entropy 
change of both transitions by 11%, whereas 1-8-cineole decreased the entropy 
by 32%. This suggested that 1-8-cineole is lipid disruptive at skin temperature. 
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Gaussian behaviour 812 
gel electrophoresis 14, 31 
gel phase 115 
gel phase immiscibility, 140 
gel-gel phase transition 122 
gel-liquid-crystalline phase transition 121 
gels 987 
gemmules 497 
gene control 8 
generalised degree of reduction 284, 292, 
295 
genetic engineering 757 
gentamycin 663,668 
giant sequoia 750, 771 
Gibbs energy 320, 560, 582, 585,944 
Gibbs energy change 558 
Gibbs energy dissipation 327, 329, 333 
Gibbs energy flow rate 579 
Gibbs energy of reaction 268 
Gibbs free energy 14, 15, 36, 39, 66, 179, 
237, 238, 252, 973 
Gibbs free energy equation 238, 241,252, 
263 



Gibbs function 868 
Gibbs-Donnan effect 222 
Gibbs-Helmholtz equation 31 
Giese equation 177 
gills 483,500 
glass transition 812, 820, 835, 837, 885, 
942, 981,994, 1001 
glass transition temperature 816 
glassy state 994 
gliadin 844, 883,887 
globular protains 48 
glucocerebrosides 112 
gluconeogenesis 472 
glucose 279, 282, 312, 332, 334, 336, 355, 
368, 381, 381,384, 570, 598, 605, 610, 
621,622, 644, 692 
glucose oxidation 576 
glucose pulse 341,349, 357 
glucose-limited continuous culture 301 
glutamine 570, 575,598, 605,610, 614, 
640 
glutaminolysis 571,605,640 
gluten 845, 848, 891 
gluten DTMA trace 891 
gluten storage and loss modulus 888, 890 
glutenin 844, 884 
gluten-starch interaction 887, 895 
glyceride 1005 
glycerol 369, 1001 
glycogen 488, 618 
glycolysis 381,574, 615,643 
glycolytic flux 383,470 
glycolytic oscillations 385 
glycyl group 78 
GM2 activator protein 143 
Gnuplot 101 
goldfish 480 
Gordon-Taylor equation 999 
Goutal equation 785 
Gouy-Chapman theory 126 
G-quartets 12, 33 
granulocyte 663,670, 703 
granulocyte activation 675 
grape 743 
graphite 803 
grasshoppers 428 
groove binder 16 
group effects 427 
growth 712 
growth limitation 379 
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growth process 220, 257 
growth process equation 223,228, 234 
growth rate 717, 730, 734, 752 
growth reaction 283,600 
growth stoichiometry 347 
guanine quarter structures 32 
gum 833 
gut fermentation 525, 547 
H 
haemodialysis 698 
hairpin structures 22, 33, 4 l, 49, 5 l, 53 
halothane 696 
Hamiltonian 82 
hammerhead ribozymes 29 
hamster 688 
H-bonds 4, 39, 40 
headgroup III 123, 127, 143 
heart rate 414, 514, 537 
heat 371 
heat accumulation calorimeter 270, 594 
heat capacity 64, 65, 76, 79, 84, 86, 92, 
100, 102, 156, 516, 728, 865, 906, 972 
heat capacity change I0, 15, 64, 67 
heat capacity of protein 64 
heat capacity of the native state 76 
heat capacity of the unfolded state 73, 74 
heat compensation calorimeters 270 
heat conduction calorimeter 269, 557 
heat conduction differential calorimetry 
726 
heat content 514, 516, 548 
heat dissipation 495,469 
heat dissipation rate 469, 477 
heat exchange 518, 547 
heat flow rate 597 
heat flux 399, 476, 488, 571,579, 589, 
598, 599, 608, 635 
heat loss, 512, 518, 523, 531,540, 548 
heat of anabolism 373 
heat of combustion 242, 244, 247, 248, 
755,792 
heat of dilution 30 
heat of dissociation 147, 149 
heat of fusion 978 
heat of ion binding 150 
heat of reaction 146, 149, 279 
heat production 514, 520, 531,536, 548, 
575,667 
heat production rate 659, 682 
heat rate 721,728, 749, 754 
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heat storage 514, 529, 548 
heat transfer 512, 531 
heat yield 375, 376, 594 
heating rate 64, 67, 95, 98, 830, 972 
hedgehog 689 
hemicellulose 766, 788 
Henry's Law 240 
hepatocytes 697 
herbicide 748 
Hess's Law 576, 603 
heterotrophic growth 228 
hexose monophosphate shunt 612 
hexoses 1000 
Hir:tdo medicinalis 479 
homeothermic 409 
honey 833 
honeybee 417, 437, 457 
hoogsteen 6, 7, 19, 20 
Hopkins optic 415 
hormones 571 
hornets 440, 797 
host-parasite system 200 
hot stage microscopy 969 
hot-stage microscopy 930 
HPMC 944, 984, 100 i 
HPMC-water gels 987 
human calorimetry 406 
human growth hormone 634 
humans 511,518, 522, 534, 539 
humidity 427 
hybernation 689 
hybridoma 595,614, 571,593 
hydrates 928 
hydrocolloids 848 
hydroflumethiazide 991 
hydrophobic drugs 166 
hydrophobic effect 163 
hydrophobicity 24 
hydroxypropylmethylcellulose 984 
hygroscopic materials 941 
hygroscopicity 940 
hyperchromicity 44 
hypertensive patients 683 
hyperthermia 668 
hyperthyroidism 676 
hypometabolic state 485 
hypothermia 689 
hypothyroidism 678 
hypoxia 423,430, 451,452, 457,485,567 
hypoxia tolerance 480 

hypoxic 445 
I 
ibuprofen 969 
ICCmol 226, 228 
ce 837, 1000 
llumination 415,434 
midazole 471 
midazole buffer 959 

Immune complexes 674 
lmmunoglobulin E 629 
Immunology 671 
~ndirect balancing 316 
ndirect calorimetry 405,406, 410 
ndium 951 

lndole 152 
lndomethacin 949, 1005 
~nitial state 220, 221 
lnosine 7 
insects 184, 196, 206, 426, 797 
nstantaneous rate 598 
ntegral membrane proteins 109 
ntercalators, 20 
nterdigitated phases 117 

Interferon-u 594, 647 
Intestinal mucus 389 
Intrinsic membrane proteins 109, 110, 143 
~ntumescents 775 
~nvertebrate larvae 585 
Ion binding 123 
Ion containing carbon mol (ICCmol) 226 
~on content 290 
Ion leakage 482 
~on pump 661,684 
~on transport 580 
ion-containing unit-carbon formula 
(ICUCF) 226 
~onic strength 125 
ions 150, 287, 289 
~opromide 990 
irreversible growth 559 
rreversible kinetics 66 

Irreversible thermodynamics 219 
irreversible transitions 94 
schaemia 590, 685, 697 
solated tissues 481 
soperibol calorimetry 989 
sothermal calorimetry 469, 721,767, 832, 

857, 923,933, 945 
isothermal titration calorimetry (ITC) 146 
isothermal titration calorimetry 973 



isotope dilution 514, 53 7 
isotopes 414 
ITC 146 
K 
ketoprofen 969 
Kharasch degree of reduction 284 
kidney 702 
kinetic approach 830 
kinetic parameters 953 
Kleiber's Rule 573 
Knudsen TGA 854 
Kohlrausch-Williams-Watts equation 812 
Kraft lignin 776 
kyr 832 
L 
lactate 488, 571,575, 610, 617, 633,640, 
644, 673 
lactic acid 981 
lactose 968, 990, 991 
lactose monohydrate 968 
Langmuir adsorption isotherm 165 
Laplace transforms 99 
larch 749, 769, 776 
larvae 435 
Law of the Conservation of Mass 223 
Ldh-B locus 488 
lead 662 
leaves 715, 782 
lecithin 1008 
leech 450, 479 
lettuce 754 
leukocytes 658, 702 
lichens 192 
ligation effects 73 
light guide 620 
lignin 711,766, 770, 779, 786, 790, 801 
limiting substrate 370 
lipid 471,745,755,833,988, 1008 
lipid bilayers 109 
lipid degradation 833 
lipid immiscibility 129 
lipid mixtures 129 
lipid-peptide interactions 164 
lipid-protein interactions 143, 164 
lipids 113,395, 711 
lipid-surfactant mixtures 144 
liposomes 110, 988 
liquid crystal 995 
liquid paraffin 1005 
liquid-crystalline phase 114 

1025 

liquidus temperature 076 
liver 590. 696 
liver diseases 661 
lizard 408. 424 
l-lactose monohydrate 933 
local segmental motion 812 
locomotor activity 513. 526. 532. 540. 548 
Loc.sla migratoria 480 
locusts 480 
Luci.oma aeq.izo.ata 500 
Lmnbric.hts variegaltts 478 
Lumry-Eyring model 94. 877. 909 
lymphocytes 659. 663.667. 672 
lymphoma 666 
lyophilisation 994 
lyophilization 182. 183. 223. 287 
lyophobic mesomorphism 114 
lyotropic behavior 113 
lyotropic lamellar and hexagonal phases 
116 
lyotropic phases 114 
lyotropic series 879 
lyzozyme 444 
M 
macromolecule 974 
macronutrients 222 
macrophage 673 
magnesium stearate 970 
Maillard reaction 833 
maintenance energy 374, 386 
maize 740 
malignant hyperpyrexia 696 
mammalian brain 481 
mammalian cells 589 
manganese dioxide 673 
manometric determination 412, 413 
manometry 225,226 
mass 572 
mass balance 235,605 
mass fractions 291 
mass spectrorneter 525,537, 548 
mass spectroscopy 767 
MDSC 838 
melting temperatures, 35 
membrane reconstitution 144 
metabolic activity 386, 388, 561,608, 667 
metabolic body mass 523 
metabolic control analysis 382 
metabolic flux 380, 598, 602 
metabolic inhibitors 381 
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metabolic rate 470, 592, 660, 734 
metabolic uncoupling 374 
metabolic weight 408 
metabolism 511,529, 536, 767, 832 
metabolites 511, 538, 548 
metamorphosis 428, 434, 487 
meteorite 802 
Methanobacterium thermoatttolrophicmn 
289, 291 
methanol 747 
methotrexate 624 
methylated cytosine 19 
methylcytosine 19 
Mettler RC- 1 calorimeter 594 
msce 413 
micelle 114, 144, 156, 157, 161 
microbial degradation 779, 787, 798 
microbial ecology 219 
microbial growth 219, 832 
microbial metabolism 832 
microbial processes 367 
mlcrobomb 176 
mlcrocalorimeter 368 
mlcrocalorimetry 657 
mlcrocarriers 593 
inlcronutrients 222, 571,603 
microorganism 184, 187, 219, 267, 279, 
297, 319, 387, 672 
microphone 416, 434, 441 
mlcrotitre plates 558 
mlk831 
minerals 224 
mismatched complex 14 
mitochondria 484 
mixed micelles 144, 145 
model compound 72, 77, 109 
modified enthalpy of combustion 305 
modulated differential scanning 
calorimetry 829, 923 
modulated DSC 943 
moisture 180, 186, 209, 287, 774, 777 
molar balance 280 
molar enthalpy 560 
molar enthalpy of glucose oxidation 576 
molar mass 288 
molar reaction enthalpy 561,603, 615 
molar yield coefficient (MYC) 228 
mole balance 278, 312 
Mollusca 473 
molten globular state 17 

monoclonal antibodies 593 
monolayers 673 
monotropy 929 
monovalent cations 125 
morphological stability 926 
mosses 192 
moth 429, 433 
motion detectors 513,534, 544 
mRNA 35 
mucus 199, 390 
mulberry 793 
Mulinia ~a/era~is 477 
multilamellar vesicles 989 
multiple limited growth 333 
multistem DNA structures 27 
muscle 559, 577, 578, 699 
muscle thermogenesis 700 
music instruments 784 
musical instruments 765,788 
mussels 448 
MYC 228, 231,235 
myocardial infarction 687 
myocardial tissue 688 
myocardial tissue metabolism 679 
myoglobin 72, 73, 77 
M)'tihts ethtle 472,476, 487 
N 
Na'-K' pump, 694 
NAD(P)H 394 
NADH 376, 637 
NADPH 575,612 
nafcillin 995 
nanoWatt technology 952 
negentropy 329 
neoplastic drugs 669 
nerve 584 
nests 439, 441,797 
neutrophils 612 
newsprint 768, 796 
Ng equation 965 
nllnodipine 930 
nitrate 397 
nitrate respiration 500 
nitrite 397, 501 
nltrofurantoin 933 
nitrogen excretion 512, 520, 527 
nitrogen starved 382 
NMR 2, 862, 926 
non-conservative process 236 
non-equilibrium thermodynamics 238, 559 



non-growing state 380 
non-Hodgkin lymphoma 666 
non-ideality parameter 142, 161 
non-linear structures 1 
noradrenaline 640 
normoxia 477, 480, 483,578 
nucleic acids 570 
nutrient 713, 747 
nutrient feeding 610 
nutrition 511, 539, 545 
nystatin, 153 
O 
O2 732 
oak 770, 774 
obesity 511,536, 539, 545, 550, 633 690 
ointment 1004 
oleic acid 1007 
oligochaete 446, 451 
oligomeric proteins 85, 92 
oligopeptide 165 
oligosaccharide 78 
open system 220, 559, 596 
optical fluorescence microsensing 504 
order of reaction 957 
order-disorder transitions 13 
Oreohe#x 496 
organic cations 127 
organic product 232 
oscillations 383 
osmotic pressure 569, 607 
osmotic regulatory events 478 
Otala lactea 496 
ouabain 578 
OUR 578, 583,617, 635, 643 
oxazepam 933 
oxidation 511,519, 526,540, 570, 926 
oxidation-reduction process 229 
oxidative assimilation 222 
oxidative phosphorylation 575, 617, 637, 
733 
oxidized donor 322 
oxido-reductive metabolism 334, 339 
oxycaloric equivalent 305,306, 393,407, 
411,437, 472, 635, 639 
oxycaloric quotient 307 
oxygen 334, 407, 413,471,491,501,567, 
607, 766, 833,971 
oxygen consumption 360, 391, 411, 414, 
425,469, 477, 520, 522, 537, 575, 617, 
645,657, 672, 689, 697, 713 

1027 

oxygen debt 425 
oxygen diffusion 717 
oxygen electrode 228, 418, 419, 420, 504, 
713 
oxygen flux 573,635, 648 
oxygen limitation 476, 481 
oxygen metabolites 612 
oxygen sensors 419 
oxygen tension 566, 567 
oxygen uptake rate 578 
oxygen-limited continuous cultures 334 
Oxygraph 644 
oyster 485 
P 
P/O ratio 326, 372 
P:O ratios 484 
paper 765,788, 791 
papyri 792 
papyrus 793 
paracetamol 951,977 
Parr 185 
partial molar heat capacity 79 
particle collision 98 
partition coefficient 145, 158, 159, 161 
partition function 63, 83, 84, 86, 865, 871 
Pasteur effect 644 
peach 743 
pediveligers 486 
PEG 979, 1002 
Peltier 176 
Peltier battery 423 
Peltier elements 563 
Peltier sensors 446 
penetrants 1006 
penicillin 966 
pentachlorophenol 455 
pentosans 848 
pentose phosphate shunt 661 
pentoses 1000 
Percoll 593,620, 725 
perfusion calorimeter 713 
perfusion vessel 567, 700 
peripheral membrane proteins 109 
peritoneal macrophages 674 
permittivity 586 
peroxide 834 
pessary 979 
pH 491,567 
pH electrodes 504 
phagocytic cells 659 
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phagocytosis 671 
pharmaceuticals 924 
phase changes 727 
phase diagram 139, 163,836 
phase transitions 133, 137, 711 
phenol resin 777 
phenylbutazone 990 
pheromones 433,437 
Phillipson 176, 201,782 
phorbol 612, 614, 674 
phosphagen 471,578, 581 
phosphatidic acids (PA) 123 
phosphatidylcholine 989 
phosphatiylserine 988 
phospholipid-cholesterol mixtures 129, 
132 
phospholipids 110, 111, 164, 988, 1007 
phosphorus 289 
phosphorylation 578, 643 
phosphorylation efficiency 484 
photo calorimeter 976 
photocalorimetry 712 
photo-degradation 926, 975 
photosynthate 735 
photosynthesis 712 
piglet ileal mucus 390 
pine 754, 769, 771 
pK 127 
plant 184, 188 
plant calorimetry 720 
plant growth model 733 
plant growth rate 717 
plant tissue preparation 716 
plasma heat production 704 
plasma membrane 778 
plasmalogens 111 
plasticisers 822, 984 
platelet 658, 665, 680, 686, 695 
platelet aggregation 665 
p-loop 26 
PNA 16, 24 
poikilothermic 409 
pollen 189, 190, 755 
pollution 445,458 
poly(dimethylsiloxanes) 817 
poly(vinylethylene) 811 
polybutadiene 811 
polyene antibiotics 153 
polyethylene glycol 977, 980, 1001 
polyisoprene 824 

poly-lactic acid 981 
polymer 811,822, 1000 
polymer thermomechanical properties 901 
polymer-hydration 986 
polymorph 930 
polymorphism 925,928 
polynucleotides 151 
polysaccharides 833,839 
polyvinylpyrrolidone 977, 991, 1001 
Pompeii worm 458 
poplars 753,768 
Porifera 473,475 
postprandial thermogenesis 528, 540, 543 
potato 842 
potato tuber slices 716 
potential energy 399 
pressure 420, 458, 726 
pressure transducer 418,448 
progesterone 982 
propranolol 663., 684 
prosthetic heart valves 686 
protein 63,471,520, 527, 540, 588,692, 
858, 861,865, 869, 875, 880, 901 863,973 
protein aggregation 875,909, 
protein cold denaturation 869 
protein degradation 491 
protein denaturation 861 863,865,879, 
protein denaturation, effects of salts and 
sugars 879 
protein denaturation, ligand effect 873 
prote~n denaturation, pH effect 871 
protein energetics 63 
protein folding 81 
protein gels 880 
prote~n macrosystem 82 
protein microsystem 82 
protein population fraction test 904 
protein stability 66 
prote~n stability 858, 863 
prote~n synthesis 482 
proton leakage 484 
protozoan 444 
pseudo-binary phospholipid mixtures 133 
pseudoknots 2, 42, 45 
l'se.domonas.fhtoresce.s 396 
t~settdomonas lnttre/acie.s 396 
pseudopolymorphism 928 
pulse 272 
purine 640 
PVP 977 



pyrimidine 640 
pyrolysis 768, 774, 797 
pyruvate 617 
pyruvate carboxylase 648 

Q 
quail 422 
quartz 674 
quasi-crystalline lamellar phases 124 
quiescence 490 
R 
radish 747 
rafting 789 
Raman spectroscopy 927 
random coil 77 
Raoult's law 951 
rat 682, 689, 1008 
rate constant 94, 95,956, 965 
rate of dissolution 946 
RC- 1 calorimeter 273 
reaction enthalpy 10, 147 
reaction extent 955 
reaction flux 561,603 
reaction half life 959 
reaction kinetics 966 
reaction molar flux 561 
reaction order 957 
reaction rate 961 
redox process of growth 560 
reduced donor 322 
reductance degree 233 
redwood 749 
reference state 282, 305 
regulation 511, 531,540, 549 
relative humidity 927 
relative partition model 90 
relaxation 811,826 
relaxation time 98 
renal insufficiency 661,698 
reptiles 195,423 
resin 190, 205 
respiration 496, 583, 71 I, 748 
respiration ecotypes 756 
respiratory burst 612 
respiratory capacity 628 
respiratory exchange ratio 496 
respiratory quotient 347, 413,420, 437 
response time 515,524 
resting potential 578 
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restriction enzymes 39 
retained energy 513,545 
reversible unfolding 67 
RH 941,970, 994 
RH perfusion 927, 934 
RH value 939 
rhodopsin 976 
rhythms 428 
ribozymes 38, 40 
rice 843 
RNA 34, 53,297 
RNA polymerase 35 
RNA world 38 
RNase 876 
rotenone 630 
Rouse model 812 
RQ 350, 520, 526, 538 
rubber 777, 824, 826 
rubbery plateau 834 
rubbery plateau region 812 
rubbery state 1000 
S 
X. c'ere~'isiae 274, 302, 317, 338, 375 
Xaccharono'ces cere~,isi(.w 224, 235,246, 
251,256, 289, 291,343, 368, 606 
salinity 198, 714 
salt 714, 746 
saquinvir 944 
sarcolemma 578, 579 
sarcoplasmic reticulum 696 
scalar flux 572 
scanning calorimetry 713,728, 743 
Xchistocerca geregaria 480 
,~c'o/)/llh~lhlnlll3" I1RIXilIIIIS 488 
second law of thermodynamics 71 
secondary relaxation 811,819, 822 
secondary structure 42 
sediments 393 
Seebeck 176 
Seebeck effect 421 
Seebeck thermopiles 623 
seed germination 742 
seed storage 742 
seeds 189, 191,202, 203, 714 
segmental relaxation time 816 
sensors 517, 524 
serotonin 483 
serum 601,670 
shell 199 
shift-up in dilution rate 341 
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shrimp 449 
Sigmaplot 101 
signal to noise ratio 64 
silica 949 
simulation (of baking, cooking, etc.) 832 
Singer-Nicolson model 109 
Sipunculida 473,475 
Sipuncuhts mtdus 479 
skeletal muscle 580, 680, 695 
skin 1006, 1008 
skinned muscle 582 
skins 195, 196 
smooth muscle 581 
snail 415,420, 448, 449, 455, 495 
snake 423 
social insects 422 
social life 406 
sodium fluoride 677, 697 
sodium pump 684 
soil 205,391 
solid state degradation model 965 
solid state reactions 963 
solidus and liquidus curves 136 
solidus temperature 976 
solution calorimetry 946 
sorption isotherms 856 
sound 417, 440 
soybean 730 
specific growth rate 572, 599, 735 
specific heat capacity 590 
specific volume 65 
spectroscopic techniques 839 
spermatozoan 620 
sphingolipids 112 
sponge 497, 770, 790 
spray-dried products 990 
squid giant axon 587 
stability curve 68 
stability of the protein 68 
stacking 37, 44, 50, 52 
staling 856 
standard enthalpy 70 
standard entropy 245 
standard Gibbs energy 72 
standard Gibbs energy difference 68 
standard state 240 
staphylococcal nuclease 72 
starch 839, 858, 944 
starch gelatinization 840 
starch retrogradation 858 

starvation 386, 390 
starved 380 
state 4 respiration 484 
state diagram 997 
state of substrates for energy balance 282 
statistical physics 81 
statistical thermodynamical analysis 65 
steroids 232 
sterol 970 
stoichiometric coefficients 560, 602, 610 
stoichiometric equation 602 
stoichiometry 71, 76, 87, 88, 89, 91,283, 
512, 520, 578 
storage 531, 541 
Stradivari 790 
strand invasion 26 
stratum corneum 1006 
stress 713 
striated muscle 577 
structural biomass 738 
substrate 219, 220, 272, 512, 520, 529, 
539, 546, 578 
substrate carbon conversion efficiency 
718, 733 
substrate oxidation 512, 518, 527, 542 
substrate phosphorylation 617, 628 
succinate 47 l 
sugar 837 
sugar pucker 36 
sugar-phosphate backbone 34 
sulfur 288 
sulphide 452 
suppository 1002 
symbiosis 500 
system boundary 278 
systemic lupus erythematosis 675 
T 
tannins 776 
taxol 626 
Taylor series 75 
telomeric DNA 22 
telomeric sequences 32 
temperature cycling 722, 745 
temperature tolerance 745 
terbutaline 664, 684 
terfenadine 930 
terminal mode 811 
terminal relaxation 812, 814, 819 
tertiary structures 42, 44, 46, 
tetraloops, 47, 49, 51 



TGA 832,898 
TGA signal 898 
TGA-DSC combination 853 
7hais haemastoma 478 
theophylline 665 
theophylline monohydrate 966 
thermal advancement 560 
thermal conductivity 590 
thermal decomposition 964 
thermal imaging 630 
thermal melting 4 
thermal volume 566 
thermodielectric analysis 835 
thermodynamic approach 830 
thermodynamic boundary 279, 559, 596 
thermodynamic efficiency 639 
thermodynamic equilibrium constant 238 
thermodynamic properties 243,246, 249 
thermodynamic stability 34, 49, 50, 52, 54 
thermodynamic system 220 
thermodynamics 558 
thermoelectric device 628 
thermogenesis 427, 440 
thermogram 409, 799 
thermo-gravimetric analysis 829, 832 
thermogravimetry 767, 793,923,996 
thermomechanical analysis 899, 923 
thermomechanical properties 892, 894, 901 
thermomicroscopy 929 
thermophiles 45 
thermopile 577, 629 
thermoregulation 540, 547 
thermorheological complexity 820 
thermorheological simplicity 8 ! 8 
thermotropic behavior 113 
thermotropic mesomorphism 114 
third strand binding code 6 
Thornton regularity 604 
Thornton's Rule 250, 251,636, 715, 735 
three way junctions 27, 28, 29, 31 
three-state model 88, 90 
thrombo-embolism 686 
thyroid 700 
thyroid hormones 676 
thyroxine 701 
Tian equation 409 
Tikhonov functional 598 
time constant 274, 275,408 
time resolution 523,527, 534, 548 
time-temperature superposition 902 
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time-temperature superposition principle 
820, 902 
tissue/cell damage 562 
tissues 714 
titanium dioxide 674 
titration calorimetry 975 
titration pump 557 
T-lymphoma cells 567, 615,624, 666 
TMA 835, 842 
tomato 724, 737, 742, 754 
torsional braid analysis 986, 1002 
total heat 372, 728 
toxicity 455 
toxicology 924 
tracer techniques 413 
trans-gauche isomerization 115 
transition enthalpy 121 
transition temperature 65, 93, 118, 121 
trees 766 
trehalose 495 
triacetin 595,959 
tr~glyceride 1002, 1007 
tr~glycine 79 
trlnucleotide expansion 21 
trlpeptides 78 
triple helices 5 
triplet-to-duplex transition 13 
triplex formation 7, 9, 11, 12, 20, 26 
tr~sterin 1003 
TTT diagram 847 
"l'uh~fex tuhi./ex 478 
tumour 576, 588, 669 
tumour cells 666 
turbot 488 
turtle 480 
turtle brain 481 
two-state model 87, 88 
two-state transition 69, 75, 83, 135 
U 
uncoupled metabolism 374 
uncoupling 374, 637 
unfolding 88 
unstirred layers 484 
urea 496, 520, 527, 533,876, 906 
uremic plasma 704 
UV hypochromicity 22 
UV melting 21, 31 
V 
valvular heart disease 687 
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van't Hoff enthalpy 17, 31, 70, 82, 96, 97, 
909 
van't Hoff equation 948 
van't Hoff plot 3, 31,951 
van't Hoff test 903 
varnish 791 
ventilation 435,452, 495 
vernalization 743 
Veto cells 573 
vesicles 11 O, 161 
VFTH equation 812 
video 415,447 
viroids 45 
visco-elastic properties 834, 849 
viscoelasticity 811 
Vogel-Fulcher-Teymann-Hess equation 
815 
voodoo lily 715 
W 
warm-blooded animals 568 
wasps 797 
water 181, 194, 516, 536, 711,742, 766, 
792 
water 855, 927, 946, 987 
water activity 855 
water fern 732 
water vapour 939 
Watson-Crick double helix 5, 46 
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