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Abstract

A formal explanation of Mayer’s enthalpy balance method as applied to cell physiology is given
with particular reference to striated muscle tissue. The approach is then extended to animal cells
growing in a bioreactor, showing its use to optimise their growth and the production of therapeutic
proteins, as well as defining the correct physiological conditions. Attention is then drawn to the
value of the calorimetric-respirometric ratio in defining the anaerobic pathways operating simulta-
neously with respiration under fully aerobic conditions. An important field now is to resolve the met-
abolic costs of cell signalling cascades, an area that could demonstrate the coming importance of in-
tegrated circuit calorimetry.
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Introduction

The importance of calorimetry to the study of animal physiology was recognised over
200 years ago by the founder of modern chemistry and one of the earliest pioneers in
calorimetry, Lavoisier [1]. With the mathematician Laplace, he calculated the total
heat produced by a guinea pig in a given period of time by applying the formula for
the latent heat of melting to the quantity of melted water collected in the ice calorime-
ter. He also showed that oxygen was vital to animals in the experiment in which a
perched bird sharing a bell jar with a lighted candle expired (keeled over) at the same
time as the candle went out. The conclusion was that ‘respiration is a combustion, a
slow one to be precise’.

The physician Mayer first became interested in heat some 60 years after these
experiments when he noted that the venous blood taken from European patients
newly arrived in Java was a brighter red colour than that from people in Germany [2].
He was aware of Lavoisier’s theory and regarded the changes in colour of the blood
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as a ‘sensible sign’ that there was an oxidation in it (actually, we now know most of
the oxidative processes are in tissues other than blood, such as muscle). Since the
temperature of man is constant, he reasoned that the heat produced must bear a quan-
titative relation to the heat loss — a relation, that is, to the temperature of the surround-
ing medium that explains the difference in blood colour. In 1842, following experi-
ments with a horse that drove a machine, he deduced a value for the mechanical
equivalent of heat and presented his theory of the conservation of energy. Mayer [2]
developed a physiological theory of combustion in which there is a general balance
between the amount of matter consumed and the evolution of heat, ‘so as to occasion
growth and the renewal of worn-out parts.” In this way, he first introduced the con-
cept of the enthalpy balance method in terms of ‘receipts and expenditure’ that has
proved so useful in determining several mechanisms in physiology.

The first successful proof of the application of the first law of thermodynamics
to living systems was by Rubner [3] another 60 years later. He showed that a dog liv-
ing for 45 days in a respiration calorimeter produced 72 588 kJ (18.7 W) of heat en-
ergy at the same time as it utilised 72 827 kJ of (net) chemical energy from nutrients,
as calculated from the dog’s respiratory metabolism (‘slow combustion’) and faecal
and nitrogenous excretion. From this pioneering research, the enthalpy balance ap-
proach has been extended to tissues, especially striated muscle, and to cells originat-
ing in the body but adapted to grow in vitro. In the latter case, it is now possible to en-
visage an account being made of the cell signalling mechanisms that are so important
in the homeostasis of cells in tissues and organs. The aim of this paper is to illustrate
how the extraordinary advances made by Lavoisier, Mayer and others over the past
two centuries will serve us well in the study of cell physiology into the next
millenium. In so doing, I hope to convince the reader that the aptly named, famous
Scottish poet Burns, who was a contemporary of Lavoisier, unintentionally made a
prophetic excursion into science.

Thermodynamics of the enthalpy balance method

Most scientists are familiar with the principles of classical thermodynamics, but liv-
ing systems undertake an irreversible process of growth that can only be adequately
described by non-equilibrium (irreversible) thermodynamics. Growth requires en-
ergy, a relatively small amount of which is stored in the accumulation and structuring
of matter [4]. The rest of it is expended on maintaining the physiological state of the
cell [5] and in the energy transformations concerned with the functions of the cyto-
skeleton [6]. For these processes, cells consume substrates in a series of redox reac-
tions that possess high quality, useful energy known as Gibbs energy, dG. In the en-
ergy transformations required for maintenance and cytoskeletal activity, the quality is
decreased and the remaining energy is dissipated as heat. The amount of internal
work (d/) during the growth process is generally small and the energy conservation
in biomass accumulation is modest. For these reasons, in the strict terms of irrevers-
ible thermodynamics [7], the growth of animal cells can be described as a dissipative
rather than as a completely irreversible process, dD [8],
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dG=dW+dD (1)
In this case, the dissipated energy is related to the change in heat by,
dQ=dD+dB 2)

where dB is the change in the bound energy, which is the change in entropy (dS) times
the absolute temperature (dB=7 dS). Equation (2) is recognised in the following form
in relation to the change in enthalpy, dH [8],

dH=dG+dB 3)

From the foregoing, it can be seen that the metabolism of a living system can be mea-
sured by the heat-flux, using calorimetry, when the absolute magnitude of the molar
bound energy is negligible.

There are several types of calorimeter (consult for instance [9]), but those based
on the heat conduction principle [10] have the greatest value in terms of assessing
metabolism because they directly measure the heat-flow rate, ® (®=dQ/dt, where Q
is heat). Thus, they convey information about the kinetics, as well as the thermody-
namics, of the biochemical processes taking place in living matter. Calorimetric de-
terminations are made at constant temperature and, because the living material is nor-
mally in excess physiological solution with a gaseous phase, there is no change in
pressure. Thus, according to the first law of thermodynamics, the sum of the enthal-
pies of the specific metabolic reactions in the living material, the enthalpic flux (J,,),
should balance the heat produced by those reactions in size-specific (X) terms,
Jy/Jox=1; this ratio is known as the enthalpy recovery. Care has to be taken to ac-
count for all the side reactions that occur in complex systems bathed in a physiologi-
cally buffered aqueous phase with dissolved gases. It should be noted that, by defini-
tion, the reaction system does not exchange energy in the form of work within the
boundary of the thermodynamic system (internal work).

The enthalpic flux is a general term that could be regarded as being terminologi-
cally equivalent to the biochemical phrase, metabolic flux [11], that is often loosely
called ‘metabolic activity’ [12]. It is defined as,

JH:ArHBJB,r (4)

where A Hy, is the molar reaction enthalpy and J,, is the reaction (r) flux in which the
subscript B indicates that any given reaction stoichiometry is divided by v, such that
the stoichiometric form is obtained with |v,[=1.

The first term on the right-hand side of Eq. (4) is the sum of the molar enthalpies
of species i under the cell culture conditions,

A H, =Y (V,H,) 5)
where H, is the partial molar enthalpy of species, i. However, this quantity is concen-

tration-dependent and thus it is not possible to assign to it a value in a dynamic sys-
tem, such as a living cell [11]. In practice, it is replaced by the concentration-indepen-
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dent standard molar enthalpy, A, to give the aggregate standard molar enthalpy in

Eq. (5).
The second term on the right-hand side of Eq. (4) is,
d.g
= 6
B,r th ( )
where X is the biomass and & is the advancement or extent of the reaction,
d. n
dg=—— (7)

where n, is the amount of species, i. It is Eq. (6) that reveals the kinetic meaning to the
term enthalpy flux.

It may seem to be an impossible task to summate the many thousands of reac-
tions that take place in the cells of living material, but in practice it would appear that
the enthalpy of anabolism is negligible [13]. Thus, only the catabolic reactions need
to be considered and it would appear that there is only a very limited number of sig-
nificant substrates that, while they participate in many reaction pathways, give only a
few products. Thus, advantage can be taken of Hess’s law of constant heat summa-
tion in making the calculations. Since there is a constant process of, in Mayer’s terms,
growth and renewal in living systems, the overall process can be described by a
chemical equation, known as the growth reaction [14, 15]. The enthalpy balance
method validates the description of such reactions.

When considering the reasons for the values of the enthalpy recovery that are
other than unity, there are two possible causes in terms of enthalpy flux. If the yield is
less than unity, then the thermochemical analysis of the energy transformations has
failed fully to account for the calorimetric measured heat-flux. A value for the
enthalpy recovery greater than unity indicates that there remained some undetected
endothermic reactions. These are not the only reasons, however, for there can be
changes in bound energy that would be detected as changes in enthalpy (Eq. (3)). As
stated earlier, living matter constitutes an irreversible system in which there is no net
work. Since the calorimetric measurements are at constant temperature and effec-
tively at constant pressure, then the changes in enthalpy would be detected as heat,
AH=Q, ;. The importance of this effect is illustrated by a brief account of the calori-
metric studies of muscle.

The classical system of striated muscle

It is remarkable to consider that a century ago, the prevalent view among physiolo-
gists was that cells were tiny Carnot engines, converting the energy stored in a tem-
perature gradient into a form of work. It was Hill in 1912 [16] who unequivocally es-
tablished that the force, as it is now known in non-equilibrium thermodynamics, is
due to the molar Gibbs energy. Over the next 50 years [17], he proceeded to elaborate
on this theme using striated muscle as his experimental system.
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A muscle consists of many large, syncytial cells called fibres. It was found that
the heat-flow rate of striated muscle was 100 to 1000 times greater than when it was
at rest. The initial heat lasts for a few seconds and is followed by a recovery period of
up to an hour during which there is a continuous production of heat [18]. Unlike in
‘non-muscle’ cells, there is a considerable amount of external work done by this con-
tractile system and an additional term, /4, must be added to Eq. (4) to allow for the
measured work. This component was held to account in the initial phase of heat pro-
duction. By assays of the substrates and products, with calculation of the attendant
aggregate enthalpy flux, 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. The same method indicated that the second, longer
phase of lesser heat production was due to the restoration of the normal level of
creatine phosphate, using ATP synthesised by the catabolic pathways.

Making an account of the chemical reactions by the enthalpy balance approach
during the contraction-relaxation cycle gave an enthalpy recovery that failed to ex-
plain all the sources of the heat [18]. In the frog sartorius muscle, for instance, the un-
explained heat was 21% of the total produced during the isometric tetanic contrac-
tions at 0°C [19] (Fig. 1). In order to consider the source(s) of this heat, it must be re-
membered that contraction is initiated by the depolarisation at the synapse spreading
to the T-tubule system. This change causes the Ca’* bound to the calsequestrin in the
sarcoplasmic reticulum to be released into the sarcoplasm and bind to the troponin C
[20]. It is the change in bound energy (Eq. (3)) caused by the movement of the ions
that accounts for the majority of the unexplained heat [19]. In this respect, it has been
shown that the majority of the heat produced by isolated neurons is also due to
changes in bound energy caused by the ion movements that generate the action poten-
tial [21].
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Fig. 1 This shows the heat+work produced (¢) during a 15 s tetanus of a frog sartorius
muscle at 0°C and the heat+work that is due to the measured PCr splitting (o).
The bars show 1 SEM (Original data from [18]). (Reproduced from [19] with
permission)
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Growth of animal cells in culture

There is an increasing demand for the large-scale culture of animal cells in order to
produce recombinant glycoproteins, monoclonal antibodies and vaccines. The prob-
lem has been that these cells have complex nutritional requirements and are sensitive
to a deteriorating culture environment, a contributory cause of which is the catabolic
products, particularly lactate and ammonia [6, 11, 22]. These factors have limited the
cell growth and the production of the required macromolecules. In order to improve
the yield, it is necessary to know more about the metabolic state of the cells while
they are growing in batch culture. This has not been possible because there is a pau-
city of on-line biosensors [23].

Little attention has been paid to the possibility of heat-flux as a probe despite the
fact that, as shown in Eqs (3) and (4), this variable measures the metabolic flux. Guan
et al. [24] designed and assembled an on-line heat-flux probe. It consists of an ex situ
flow microcalorimeter, through which there is pumped a continuous stream of cell
suspension, and a radio frequency dielectric spectrometer to assay for the volume
fraction of viable cells by measuring the capacitance of the cell culture.
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Fig. 2 Comparison of the heat-flux (Jon) with the fluxes of glucose (Jc), glutamine
(Jgim) and IFN-y (Jipn), as well as the specific growth rate (U) during the batch
cultivation of CHO 320 cells in suspension. Heat-flux (o), glucose flux (o),
glutamine flux (4), 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 [24] with permission)

The new probe was used to monitor the growth of genetically engineered CHO 320
cells, producing recombinant interferon-y (IFN-y) in batch culture, and the results were
compared vs. changes in the concentrations of the major substrates and products [25]
(Fig. 2). As described earlier, the chemical events depicted in Fig. 2 can be described as a
generalised growth reaction (r) that relates the material fluxes of substrates and products
to the enthalpy flux:
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V, glucose+v ¢ glutamine+v ,0, -V (biomass+v IFN-y+v, lactate+v .CO,+

: (8)
+VNNH3+VHHZO+VXEJJHJdt E

in which there is the explicit use of the stoichiometric coefficients, v, for the ith spe-
cies. It will be noticed in Fig. 2 that the fluxes change with time, but the stoichio-
metric coefficients constitute a set of constant values only for a given metabolic state
and, thus, must change to reflect different such states [25]. This means that a given
stoichiometric reaction only applies as long as there are no alterations in the yield
[24], including that of heat (Y. Q'/). It formalises the biothermochemical events of the
batch culture shown in Fig. 2.

As established earlier, any given growth reaction can be validated by the
enthalpy balance approach. Bearing in mind the fact that the enthalpy of anabolism is
negligible [13, 14], the growth reaction depicted in Eq. (8) neglects the contribution
of the amino acids other than glutamine. This is oxidised principally to lactate
(glutaminolysis [26]), as well as being incorporated into the biomass, mainly in the
nucleic acids. Stoichiometric catabolic half-reactions can be written from the data de-
picted in Fig. 2 for each time period [27]. For instance, at 52—76 h the half-reaction
for the redox reaction of glucose and glutamine to form lactate, ammonia and carbon
dioxide was:

CecH12061+0.085C5H )N,0O510.640,=1.91C;H05+0.68CO,+0.71NH;+0.43H,0  (9)

The aggregated enthalpy flux for these half-reactions was determined from the differ-
ence between the standard enthalpies of formation (AfH®) of the products and the re-
actants, together with the reaction flux, J;, (Eq. (6)). From the data for the time period
used to construct Eq. (9), the heat-flux was 23.1 pW per cell and the calculated
enthalpy flux was 23.6 pW per cell, an enthalpy recovery of 1.02. On this firm basis,
it was possible to construct the growth reaction as follows:

C6H1206+O.3 77C5H10N203+O.4402:
3.52CH;,000 $2Np 151+1.3C3Hs05+0.46CO,+0.12NH;5+0.29H,0

The most obvious fact that emerges from Eq. (10) is that the cellular requirement for
glucose and glutamine at this particular stage in their growth (52-76 h) was 2.65:1,
whereas the medium contained these substrates in the ratio of 5.5:1. This obviously
explains why glutamine was exhausted before glucose and gave the first basis to the
design of an improved medium that extended to many of the other components in it,
particularly the amino acids [25]. The use of this new medium resulted in higher spe-
cific growth and an improved yield of IFN-y while the cells consumed markedly less
glucose (Table 1). There was also a 50% reduction in the lactate flux and this proba-
bly contributed to the improved cell growth and productivity. The decreased amount
of lactate produced was probably due to a reduced need for biosynthetic precursors
from glucose because more of these substrates were supplied in the medium. Thus,

(10)
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the physiology of the cells was maintained at a higher state for a longer period be-
cause the environmental conditions were better suited to the cells.

Table 1 Representative average material fluxes of the major metabolites and the specific growth
rate (n) for CHO 320 cells growing in the original and the improved media in the period
of 36 to 60 h during batch culture in a bioreactor (modified from data in [25])

Fluxes
Media .l Glucose/ Glutamine/ Lactate/ IFN-y/
wh mol s percell mols ' percell mols percell IUh™ per cell
Improved 0.05 4.1-107" 1.7:10°7 53107 6.1-10"
Original 0.03 5.8:10°"7 1.8-10"7 1.1-107'° 4.810*

The use of the growth reaction offered an opportunity to verify the reasonable as-
sumption in Eq. (8) that in one sense heat-flux can be considered as being equivalent
to a stoichiometric coefficient [24]. It will be seen from Eq. (8) that growth can be rep-
resented by the set of stoichiometric coefficients with that for IFN-y being included
with biomass because, as products of translation, they cannot be separated [25]:

V=(Vs Vg Vo l(cellv v v v, 0) (11)

where Q is the integral of the heat-flow rate. Since Eq. (3) emphasises that there is a
one-to-one corresponding relationship between the metabolic flux and the stoichio-
metry of the growth reaction, it follows that:

1d§ -

e Y 12

X dt e
Since it has already been shown in Eq. (4) that there is a first law equivalence be-
tween metabolic flux and heat-flux, J,,, Eq. (12) can be converted as:

VisfiJum) (13)

The strength of this relationship can be seen from data for the oxidation of the sub-
strates in relation to heat-flux for the following stoichiometric ratios in the period
0-120 h depicted in Fig. 2.

Vg Vo =00581J 5 20949, H19.663 (14)
ViV, =00279J 10457, 498561 (15)

From Eqs (14) and (15), Fig. 3 is drawn to illustrate that, for the specified range, heat-
flux is a monotonically increasing function of these ratios and therefore a valid probe
of metabolic flux.

Advantage could be taken of the heat-flux probe to maintain a batch culture for a
long period of time by a small decrease in the trace from the on-line biosensor trigger-
ing the software-controlled addition of more nutrients. Early intervention in such a fed
batch culture would ensure the continued production of target protein. The success of
this approach is shown in Fig. 4, depicting the addition of additional medium. On-line
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Fig. 3 The heat-flux over a specified set of values is compared vs. the stoichiometric
ratios for the consumption of glucose (¢) and glutamine (0) to oxygen
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Fig. 4 This shows a small section of the heat profile for a fed-batch culture (from 70 to
80 h) to illustrate that the medium feeding was triggered by the declining
heat-flux values over the 1-h assessment period. The heat-flux was restored, to a
varied extent, by this feeding strategy

data from continuously stirred tank reactors is noisy in electronic terms. Although this
means that smoothing of the combined calorimetric and dielectric signals by the mov-
ing average technique must be employed, it cannot be allowed that the trigger is so
sensitive to change in signal that the nutrient is added in a manner similar to that for
continuous cultures. The result is that the culture slowly deteriorates with time, as can
be seen by the declining heat flux measurement over a 10-h period (Fig. 4).

Signalling pathways

In just the same way as signal transduction in nerves was a primary concern in animal
physiology for 50 years, so the myriad of signal cascades in cells is an important topic

J. Therm. Anal. Cal., 60, 2000



840 KEMP: CELL PHYSIOLOGY AND CALORIMETRY

to cell physiologists at the dawn of the new millenium. The cell surface has receptors
for a range of different primary messengers, from hormones and growth factors to
steroids and cytokines. It is not possible to detect the enthalpy of binding of the mes-
senger to the receptor on the plasma membrane of living cells. The heat produced by
the triggered cascade should be capable of measurement, however, because the pro-
cess usually involves multiple phosphorylation steps that require the intracellular
synthesis of ATP from ADP by catabolic pathways.

Eftimiadi and Rialdi [28] mimicked the phagocytic respiratory burst in human
neutrophils with a phorbol ester and showed, by the enthalpy balance method, that the
increased heat-flux was due to a greater intensity in the hexose monophosphate shunt
for producing the necessary NADPH for the formation of the lethal oxygen species
that kill foreign organisms (and cause inflammation). The same explanation was
found for the phorbol-triggered respiratory burst in 2C11-12 mouse macrophage
hybridoma cells [29]. There were very considerable (tenfold) changes in heat-flux
due to the involvement of the complete cell.

The alteration to the heat-flow rate that occurs with the cellular interaction of
most primary messengers is likely to be much smaller, however, and not so amenable
to detection. Nevertheless, Schon and Walum [30] have shown that the human
growth hormone (hGH), at a physiologically valid concentration, increased the initial
heat-flow rate of the Ba/F3:6 lymphoid cells transfected with the hGH receptor, in or-
der to increase the number of them at the cell surface. The change in heat-flow rate
was ‘immediate, albeit rather slow,” and amounted to 10% within 1 h. It was not due
to increased cell numbers, because animal cells have doubling times of many hours,
rather than minutes. There was a later, second-phase rise in heat-flow rate, however,
that correlated with the hormone-induced increase in cell proliferation. It is necessary
now to make account of this change in terms of metabolism and verify it by the
enthalpy balance method. This will be a valuable contribution to cell physiology.

The way forward

As part of an increasing awareness that heat-flux measures the metabolic activity of
cells, it is to be hoped that the pharmaceutical industry will adopt the probe that uses
this property to monitor large-scale, animal cell cultures. Even better, it should be re-
cognised that the ideal solution to the problem would be to associate this probe with
one that estimates the oxygen uptake rate (OUR) of the cells, a powerful combined
tool first recognised 200 years ago by Lavoisier! The calorimetric-respirometric (CR)
ratio is the experimental equivalent of the calculated oxycaloric equivalent. It has a
value calculated from the heats of formation for carbohydrates, amino acids and fatty
acids of 450+5% kJ mol ' O, [31]. This similarity is due to Thornton’s established reg-
ularity [32] for the combustion of carbon compounds that gives an average of 115 kJ
per equivalent of the available electrons [33]. A CR ratio close to the oxycaloric
equivalent for a particular substrate or set of substrates indicates that only aerobic pro-
cesses are taking place but a significantly more negative (more exothermic) ratio indi-
cates that anaerobic processes are taking place in the cells. It has been shown that this
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is surprisingly frequent in animal cells in vitro [22] with the most common product be-
ing lactate (see earlier) from the Embden—Meyerhof—Parnes (glycolytic) pathway.
The intensity of this pathway appears to be due to the need by cells for biosynthetic
precursors not found, or at least present in inadequate amounts, in the medium [24].
Assays of the anaerobic substrates and products and calculations of the contributions
of the respective pathway will give the basis of an enthalpy balance [31].

As a diagnostic tool in the pharmaceutical industry, calorimetry suffers from
low throughput at a time when there is the robotic monitoring of the effects of com-
pounds on animal cells growing in 384—well, and even 1536—well, microtitre plates.
In this regard, GlaxoWellcome is already experimenting with infrared thermography
[34] for C3H10T1/2 adipocytes that produce considerable heat. It was found possible
to detect changes in the heat caused by the (3,-adrenergic agonists, CL316243 (anti-
obesity agent) and troglitazone (antidiabetic drug). However, the detection limit is
two to three orders of magnitude less than for microcalorimetry (not to mention nano-
calorimetry facilitated by improved amplifiers).

A small thermoelectric device [35] has been demonstrated to have a detection
limit 100-fold lower than that for thermography. It is a hybrid biosensor with the cells
attached to a highly sensitive, thin-film, thermopile transducer consisting of anti-
mony and bismuth metals in regular patterns to form pairs of thermocouple junctions
on a thin (38 pm) Mylar© support. In its initial form, it was envisaged as an immuno-
assay system and consisted of living mast cells with the IgE antigen recognition sys-
tem, bound by natural extracellular matrix proteins to the active sensing junctions.
However, a multiplexed version [35] has been promoted that would meet the require-
ments for the high throughput of physiological information.

It seems likely that recent developments in integrated circuit (IC) calorimetry
[36] will allow, in comparison to conventional microcalorimeters, (i) small sample
mass; (i1) a lower detection limit; (iii) high resolution for a succession of thermal
events; (iv) faster equilibration time; and (v) the probability of multiple-channel
equipment to match microtitre plates. As can be seen in Fig. 5, the integrated circuit
consists of a thin Si-chip with a rim for stabilisation, assembled in a massive chip car-
rier. The Si-chip is a planar structure with a self-supporting membrane. The sensitive
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Fig. 5 Scheme of a silicon chip with an integrated thermopile and calibration heater
(reproduced with permission from [37])
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sphere for heat detection is in the middle of the membrane that contains a Joule cali-
bration resistor. The thermopile is integrated between the sensitive sphere and the
rim. This measures the temperature difference given as a consequence of the
heat-flow through the membrane with the thermocouples. A number of different
types of IC calorimeter have been designed from a simple liquid-batch model to more
complex flow calorimeters and even a temperature scanning version [37]. Although
these have only been used to measure heat changes in chemical reactions until now,
there seems no reason why adaptations cannot be made for the IC calorimeter to be
employed for cellular physiological and pharmacological investigations. In this way,
it should be possible to extend and expand the application of calorimetry into the next
millenium. Then we shall truly reflect the contentment of Burns in the couplet of his
Epistle to Lapraik,

Gie me ae spark o’ Nature fire,
That’s a’ the learning [ desire.
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