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Abstract

The isothermal and temperature scanning calorimeters manufactured by Calorimetry Sciences Corporation are briefly described. Applications
of calorimetry to determine thermodynamics and kinetics of reactions of interest in biotechnology are described with illustrative examples.
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1. Introduction

Calorimetry plays an important role in biotechnology. Deter-
mination of the kinetics and thermodynamics of reactions of
biological molecules is necessary for understanding the struc-
tures and functions of these molecules, and in bioengineering
living systems (e.g. see [1-6]), and for making pharmaceutical
preparations (e.g. see [7-9]). This paper first gives a brief review
of the calorimeters manufactured by Calorimetry Sciences Cor-
poration (CSC), then describes some applications of differen-
tial temperature scanning calorimetry (DSC) and of isothermal
calorimetry in biotechnology.

2. Calorimeters manufactured by CSC

Table 1 lists the six standard calorimeters produced and their
characteristics. All of these calorimeters can be used to mea-
sure thermodynamics and kinetics of reactions of biological
systems. The calorimeters cover a range of sample sizes from
0.3 to 150 mL (a few micrograms to hundreds of grams of sam-
ple) and a range of detection limits on heat rate measurement
from microwatts to nanowatts. CSC also manufactures several
other specialized calorimeters and adaptations of the standard
calorimeters discussed here.
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The model 4400 IMC is a heat conduction calorimeter with a
detection limit <1 pW that accommodates samples up to 150 mL
in volume. This calorimeter is particularly useful for determina-
tion of kinetics of slow reactions where the amount of material
is not limiting (e.g. see [9-13]). The model 4500 INC is a heat
conduction calorimeter with a detection limit of <40 nW. This
calorimeter is particularly useful for determination of kinetics of
slow reactions, heats of solution of solids, and incremental titra-
tions for simultaneous determination of equilibrium constants
and enthalpy changes with limited amounts of material (e.g. see
[2,9,14,15]). The model 4300 ISC is an isoperibol, temperature-
rise, solution calorimeter [16,17]. The reaction vessels for this
calorimeter are special glass Dewars with equilibration times
of <1s [18]. This feature makes this calorimeter particularly
useful for determination of kinetics of reactions that are too
fast to study easily by heat conduction calorimetry. The rapid
equilibration allows rapid, continuous titrations, which makes
it possible to obtain data much faster with this calorimeter than
with heat conduction calorimeters [16,19]. A titration curve
with 50-100 data points only requires about 1 h for the entire
operation, including the initial equilibration. Obtaining many,
closely spaced, data points provides a significant advantage
in determination of equilibrium constants [20-23]. The model
4100 MC-DSC is a heat conduction, temperature scanning
calorimeter with three sample cells and one common reference
cell. Removable ampules make it easy to sterilize and load the
sample ampules. Sample sizes from a few microliters (or mg) up
to 1 mL (or 1-2 g) can be used in this calorimeter. This calorime-
ter can also be operated in an isothermal mode to determine
isothermal kinetics of slow reactions (e.g. see [24—-27]. The mod-
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Table 1
Calorimeters manufactured by Calorimetry Sciences Corporation

Specifications

Measurements

IMC Model 4400—isothermal heat conduction calorimeter

Sample size Up to 150 mL removable, solid or liquid
Temperature range (°C) —40 to 80, 0-100, 0-200

Detectable heat effect (J) 40

Baseline stability (W) 1

Noise level (uW) +0.1

INC Model 4500—isothermal heat conduction calorimeter

Sample size Up to 2 mL removable, solid or liquid
Temperature range (°C) 0-110

Detectable heat effect (w.J) 0.4

Baseline stability (nW) 40

Noise level (nW) +4

ISC Model 4300—isoperibol temperature-rise calorimeter

Sample size 25 or 50 mL Dewar, liquid
Temperature range (°C) 0-100

Detectable heat effect (mJ) 4

Temperature stability 100 w°C/24h
Temperature noise (u°C) +30

MC-DSC Model 4100—scanning and isothermal heat conduction calorimeter

Sample size Up to 1 mL removable, solid or liquid
Temperature range —40to0 110°C, —40to 200°C
Baseline stability (W) 2
Noise level (uW) +0.2
Scan rates Up to 2°C/min

Model 5300 Nano-ITC Ill—isothermal power compensation calorimeter
Sample size 1mL fixed in place, liquid
Temperature range (°C) 2-80
Detectable heat effect (p.J) 0.1
Baseline stability (nW) 80
Noise level (W) +4

Incremental titration, sealed ampule, liquid flow sorption, batch
(solid or liquid), gas sorption, flow mixing, water vapor sorption,
high pressure

Incremental titration, gas sorption, liquid flow sorption, batch (solid

or liquid), water vapor sorption, sealed ampule, high pressure

Continuous titration, incremental titration, batch (solid or liquid)

Batch (solid or liquid), sealed ampule, water vapor sorption, gas
sorption, high pressure

Incremental titration, continuous heat rate

Model 6100/6300 Nano-DSC II/lll—scanning and isothermal power compensation calorimeter

Sample size 0.3mL fixed in place, capillary or cylindrical
Temperature range (°C) —10to 130, —10 to 160

Scan rates Up to 2°C/min

Baseline stability (nW) 28

Noise level (W) +15

Temperature scanning (pressure perturbation model 6300 only)

els 6100/6300 DSC-II/111 are power compensation, temperature
scanning calorimeters with a heat rate detection limit of 15 nW.
The DSC-II/INI is available with either cylindrical or capillary
cells, both with cell volumes of 0.3mL of a liquid sample. A
pressure perturbation accessory is built into the DSC-III. Pres-
sure is generated by a programmable syringe that can be driven
at various rates to accommodate systems that equilibrate slowly.
The model 5300 ITC-I1 is an isothermal power compensation
calorimeter with a motor-driven syringe and a variable speed
stirrer for incremental titrations. The ITC-I1I has a heat rate
detection limit of 4nW in unstirred solutions. The detection
limit in stirred solutions depends on the stirring rate and sample
properties.

3. Examples of applications of differential temperature
scanning calorimetry to biotechnology

DSC can be used to study thermally induced conforma-
tional changes in biopolymers and lipid membranes and lig-

and binding to biopolymers and biomembranes (e.g. see [3,5]).
Changes in heat capacity, enthalpy, and entropy accompanying
changes in conformation or binding are commonly determined.
Free energies, compressibilities, and thermal expansion coeffi-
cients can also be determined by combining calorimetry with
pressure—volume changes, a method called transitiometry in the
physical chemistry literature (e.g. see [28-33]) and pressure per-
turbation in the polymer and biotechnology literature (e.g. see
[34,35]).

The initial data collected from a DSC temperature scan are in
microwatts (or pJs—1). An example of typical raw data for pro-
tein denaturation is shown in Fig. 1. This figure illustrates both
the small amount of protein required and the baseline repro-
ducibility available with current instruments. Integration of the
raw data peak in time gives the calorimetric enthalpy change
for the reaction. Alternately, raw data can be converted to heat
capacity by dividing the heat rate by the scan rate, i.e. C=¢
(wIs~1)/B (Ks™1), and integration of the heat capacity peak
over temperature gives the calorimetric enthalpy change. Note
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Fig. 1. Three baseline temperature scans and three temperature scans of 60 g
of barnase protein in 0.3mL of solution in a CSC model 6100 DSC-II. (Data
courtesy of Peter Privalov, Johns Hopkins University.)

that the scan rate is not necessarily a constant. Fig. 2 shows an
example of data plotted as heat capacity versus temperature for
a solution of lysozyme at conditions commonly used as a test
system. Note the shift in the baseline between 50 and 80 °C that
indicates a change in the heat capacity between the native and
denatured states. Partial molar heat capacities of the native and
denatured lysozyme and their temperature dependencies can be
read directly from the plot.

Fig. 3 shows data for uncoiling of the domains in double-
stranded DNA together with optical data on the same sample.
Note the general agreement between the two methods. Decon-
volution and integration of the peaks gives the total enthalpy
change for uncoiling of each domain. Division by the average
enthalpy change per base pair gives an estimate of the number
of base pairs in each domain. Fig. 4 shows determinations of
the enthalpy change per base pair with binding of oligomers of
poly-rA to poly-rU. Concentrations down to about 50 WM gave
results precise to <0.5%. Note that the calorimetric data extend
down to the same concentrations as the optical method.

Fig. 5 shows the transitions observed in vesicles of DPPC.
The pre-transition at about 35°C and the main gel to
liquid—crystal transition are readily apparent. Vesicle structure
(e.g. monolamellar versus multilamellar, pure DPPC versus mix-
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Fig. 2. Temperature scan, converted to heat capacity, and fitted baseline for
1mgmL~1 lysozyme solution in a CSC model 6100 DSC-II.
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Fig. 3. Optical scan compared with a thermal temperature scan of double-
stranded DNA in a CSC model 6100 DSC-II. (Data courtesy of Jens Volker
and Kenneth J. Breslauer, Rutgers University.)

tures with other lipids, ion binding to the surface) greatly affects
the data obtained from such scans, and thus DSC is a sensitive
method for studying the structures of lipid membranes.

Fig. 6 shows the effect of Ca2* binding on unfolding of rat
parvalbumin. The peaks can be integrated to obtain the enthalpy
change for the transition in each case. The difference in the
enthalpy changes is an estimate of the enthalpy of binding of
Ca?* ions to the native protein.
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Fig. 4. Temperature scans of poly-rA/poly-rU oligomers as a function of con-
centration in a CSC model 6100 DSC-II. (Data courtesy of Jens Volker and
Kenneth J. Breslauer, Rutgers University.)
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Fig. 5. Temperature scan of DPPC vesicles in a CSC model 6300 DSC-III.
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Fig. 6. Temperature scans of rat parvalbumin in the presence of 10mM EDTA
and of 0.5mM Ca?* in a CSC model 6100 DSC-II. (Data courtesy of Michael
T. Henzl, University of Missouri, Columbia.)

The thermally induced transitions in organelles in whole cells
can be seen in temperature scans of the cells as shown in Fig. 7
[36]. Such data can be used to determine the effects of various
contaminants and preservatives on the stabilities of the structures
in the organelles.
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Fig. 7. Temperature scans of Chinese hamster lung V79 cells in various media.
(Reproduced by permission from [36].)

4. Examples of applications of isothermal calorimetry
to biotechnology

Isothermal titration calorimetry can be used to study the
intermolecular interactions of both small and large molecules
(e.g. see [2]). Enthalpy changes, and under some conditions,
free energy and entropy changes [2,14,15,20-23,37,38], can
be determined by titration calorimetry. Titration calorimetry
can also be used to determine enthalpy changes for conforma-
tional changes in biopolymers and membranes that are induced
by changes in composition of the solvent. Isothermal batch
calorimetry is used to determine heats of reactions where the
reaction goes to completion and the amount of reaction is lim-
ited by one reagent, e.g. heats of solution of solids. Isothermal
calorimetry can also be used to determine the kinetics of reac-
tions such as enzyme catalyzed reactions and of metabolism of
cell cultures, tissues and whole organisms [1,4,5].

Determination of equilibrium constants by calorimetry has
been done for many years [39]. The method was fully developed
shortly after accurate, continuous titration, temperature-rise
calorimeters became available [14,18,20-22,37,38]. Early work
with this method was mostly done on systems where relatively
large amounts of reactants were available. When small volume
heat conduction calorimeters that required much less material
became available, the method was adapted for determination of
equilibrium constants for ligand binding to biomolecules such
as proteins and cell receptors [15].

Typical data for titration of a solution of ligand into a protein
are shown in Fig. 8. Each peak in Fig. 8a represents the heat
produced by addition of a fixed volume of titrant solution into
the protein solution. Integration of the peaks over time results
in the data shown in Fig. 8b where the number of microjoules in
each peak is plotted against the mole ratio of titrant to titrate. The
horizontal axis can also be plotted as volume or moles of titrant
added. Summing the heat from each injection and plotting the
sums against the volume of titrant produces titration curves in the
form commonly used to display data from continuous titration
curves obtained with isoperibol temperature-rise calorimeters
such as the CSC model 4300 ISC (e.g. see [14,16,18,19-22].
Either type of plot can be used to obtain equilibrium constants for
incomplete reactions. Titration curves such as shown in Fig. 8b
are typically used with data from incremental titrations done
in heat conduction calorimeters and plots of total heat are used
with data from continuous titrations done with temperature-rise
calorimeters. This choice is a consequence of the uncertainty
in the volume of titrant injected in the first injection in incre-
mental titrations, and other experimental errors such as bubbles
from inadequate degassing of solutions. These errors are not sig-
nificant in properly conducted continuous titrations with larger
volumes such as those used with the 4300 ISC.

Fig. 9 shows the effects of relative magnitudes of the enthalpy
change (AH) and the equilibrium constant (K) for a 1:1 reac-
tion on the shape of the titration curve. The curve obtained
also depends on the concentrations of the reactants. Therefore,
the lower the concentration, the larger the association constant
that can be determined. Obtaining a useable titration curve for
determining the equilibrium constant requires the product of
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Fig. 8. RNAaseA titrated with 2’-CMP in a CSC model 5300 ITC-III. Part (a)
shows the raw data. Part (b) shows the data after integration of each of the peaks
from each injection.

the titrate concentration in moles per liter and the association
constant to be between 10 and 1000. The calorimetric method
for simultaneous determination of K and AH obviously is only
applicable to reactions that are incomplete, but produce suffi-
cient heat for accurate measurements.

To understand the basis of this method, consider a reaction
described by

T (aq) + R (aq) = TR (aq) @)

where T is the titrant and R is the reactant. The equilibrium
constant expression for dissociation of 7R is then

K — 9TAR _ {[T][R]} {VTVR} @)
arg [TR] YTR

Constant Equilibrium Constant
with Varying Enthalpy

where a is the activity, y is the activity coefficient, and the
brackets indicate molar concentration, i.e. moles/liter. Activity
coefficients can be calculated from an extended Debye—Hiickel
equation or similar model if necessary. The total heat produced
to any point in the titration is related to the enthalpy change for
the reaction, AH, by

Qi = (n1r); AH = Vi[TR]; AH ©)

where (n7g); is the number of moles of TR at point i, V; the
total volume in the reaction vessel at point i, and [TR]; is the
concentration of 7R at point i. The mass balance equations for
T and R at point i are

[Ttot]: = [T]: + [TRI]; 4)
and
[Riotl; = [R]; + [TR]; ®)

Combining the above four equations gives

"= Qi \I[Roali—Qi/ViAH
K = ([Ttot]l VZAH> Qi/ViAH (6)
where
K = i @)
YTVR/ VTR
Rearranging gives
0= (MW) (AH)? + (~[Twotl:
/ Qi
—[Riotl: — K') AH + = @®)

1

which can be fit to the data by regression to evaluate K’ and
AH, or values for K’ and AH can be obtained by successive
approximation [40]. These equations are easily modified so they
can be fit to incremental titration curves such as that shown in
Fig. 8b.

Fig. 10a and b are included to show how different values of K
and AH affect the fit to the data. These curves make it clear that
the accuracy with which AH is determined depends primarily
on the accuracy of the heat measured in the early part of the
titration where the reaction is most nearly complete. The accu-
racy with which K can be determined depends on the number
and accuracy of the data points in the more curved portion of
the titration near the equivalence point. A common error made

Constant Enthalpy with
Varying Equilibrium Constant

AH = 4x
AH = 3x
AH =2x

- T
AH = 1x \
—\

\__

Incremental Heat Effect
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Moles Ligand Injected
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Fig. 9. The effects of the magnitudes of AH and K on the shape of a calorimetric titration curve for a reaction with 1:1 stoichiometry.
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Fig. 10. Effects of errors in fitting models to calorimetric titration curves. Part (a) shows the effects of incorrect K values with a correct AH value. Part (b) shows
the effects of incorrect AH values with a correct K value. Part (c) shows the effect of an incorrect blank or dilution correction, which causes oscillation of residual
errors. Part (d) shows the results of fitting a reaction system with two independent sites (2L + P = PL;) with different K values to a model with variable number of

sites, but only one K value, again causing oscillation of residual errors.

by practitioners of this method is collecting too few data points
in the curved portion around the equivalence point, which leads
to inaccurate K values. Fig. 10c illustrates the effects of some
procedural errors, such as an incorrect blank or wrong correc-
tion for dilution effects. Another common error is assuming that
all reactions have 1:1 stoichiometry. Systems with more than
one reaction can give titration curves that appear to be fit by
the equations for 1:1 stoichiometry, but close examination usu-
ally shows systematic errors in the fit to the experimental data,
see Fig. 10d. Plots of residuals should always be examined to
detect such systematic errors and can be used to guide determina-
tion of the actual stoichiometry of the system. The calorimetric
method can be expanded to solve for equilibrium constants and
enthalpy changes for multiple, simultaneous equilibria (e.g. see
[14,20-22].

Equilibrium constants for phase equilibria such as between
monomers and micelles or between a solid and a solution can
also be determined by titration calorimetry. For example, Fig. 11
shows the determination of the critical micelle concentration
(CMC) foratypical amphiphile. The enthalpy change for micelle
formation, which is dependent on the medium, is also available
from such a titration. Solubilities of moderately insoluble solids

can be determined by titration of a saturated solution containing
a slight excess of the solid with solvent. Miscibilities of liquids
can be determined by titration of one liquid into the other. When
the solubility or miscibility limit is reached, the reaction stops
and no further heat is produced.

The great advantage of heat conduction or power-
compensation calorimetry for measuring kinetics of very slow
reactionsis that rates are measured directly [11]. Suchameasure-
ment takes much less calendar time than measuring the change
in the amount of reactants or products after a period of time.
For this reason, calorimetry has become widely used for deter-
mination at ambient temperature of the kinetics of very slow
reactions such as hydrolysis of organic compounds and oxida-
tion and crystallization reactions. Fig. 12 shows a sample set of
data collected on hydrolysis of aspirin.

Data for reactions with only one reactant can be analyzed by
Eq. (9) [41-48]

0 _ianfa- (L) 0

where k is the rate constant, A the initial amount of reactant,
and n is the order of the reaction. For a first order reaction, the
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Reaction Calculated Calculated Calculated Calculated

order constant constant constant constant
(7200 /799%) (r10%/790%) (7259%/199%) (725%/190%)

0.1 16.04 2.264 11.55 1.631

0.3 42.93 4.564 41.44 4.405

0.5 89.96 8.996 74.96 7.496

0.7 145.8 14.20 104.1 10.14

0.9 202.2 19.39 127.8 12.26

11 254.6 24.18 146.8 13.94

1.3 301.9 28.48 162.3 15.31

15 343.9 32.29 175.0 16.43

1.7 381.0 35.63 185.5 17.35

19 414.1 38.61 194.5 18.13

2.1 443.0 41.23 202.0 18.80

2.3 469.6 43.57 208.8 19.38

25 493.0 45.67 2145 19.87

2.7 5135 47.53 219.4 20.31

2.9 532.9 49.21 224.1 20.69

integral form of Eq. (9) is

—1In {A — (Q)] = kt (10)

AH

Substitution of Eq. (9) into Eq. (10) to eliminate [A — (Q/AH)]
then gives

doy
In <dt> =In(k AH) — kt

which shows that a plot of In(heat rate) versus time is linear with
a slope equal to —k for a first order reaction. That this is the case
for hydrolysis of aspirin is shown by the plot in Fig. 12b. Once
k is known, AH can be estimated from the intercept of the plot.
This approach can be expanded to include any type of rate law
[41-48].
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Fig. 13. Baseline corrected data for three different concentrations of Micro-
coccus lysodeikticus culture diluted into water in a CSC model 5300 ITC-
I1l. The heat rates are approximately proportional to cell concentration. The
slopes of the lines (at 2000-4000s, 6.69 x 10~% pWs~1; at 5600-7400s,
2.59 x 10~4 wWs~1; and at 9000-10000s, 1.36 x 10~3 wWs~1) are directly
proportional to the number of cells, and thus, proportional to the growth rate.
Oxygen in the medium was depleted at about 10,000s.
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Fig. 14. Part (a) shows batch injections of 0.1 mgmL~! lysozyme into Micro-
coccus lysodeikticus culture in a CSC model 5300 ITC-III. Part (b) shows a
log-linear plot of the data in part a from the curve for the 5 L injection from
1600 to 2500 . [S]/[S]o is the ratio of the heat rates where [S]o is the heat rate at
1600s, i.e. time zero. Part (c) shows a Lineweaver—Burk double reciprocal plot
of the same data.

For reactions described by Eq. (9), the ratio of the times at
which the ratio of the rates reaches a particular value isa function
only of n [41-48]. For example, for a first order reaction, the ratio
of the times at which the rates are dQ/dr=0.25(dQ/dr),=¢ and
dQ/dr=0.90(dQ/df),=g is equal to 13.1. For the data in Fig. 12
(dQ/dr);=0 =6.56 W, and the times at which dQ/d¢ = 90 and 25%
of this value are, respectively, 2.28 and 30.2 h which gives aratio
0f 13.2. Table 2 gives values of the time ratios for various reaction
orders and four different pairs of fractions of the initial rate.

Metabolic rates of living organisms are also of particular
interest in biotechnology (e.g. see [1,4,5]. Fig. 13 shows the
heat rates produced by addition of a fresh culture of Micrococ-
cus lysodeikticus to water. The heat rates are proportional to the
concentration or number of live cells in the calorimeter. The
change in the heat rate with time (i.e. d(dQ/df)/dr) after an injec-
tion is also proportional to the number of cells injected, and is
apparently due to growth of the organism, that is, the slope of
the line is proportional to the growth rate.

Fig. 14 shows how one can take advantage of the easily mea-
sured metabolic heat rate to measure the toxicity and kinetics of
killing of an organism by a very dilute solution of a toxin (for
other examples, see [1,5,7]). In the example shown in Fig. 14a,
lysozyme lysis the cells by punching holes in the cell membrane.
Two effects are present in the curves shown, growth causes an
increase in the metabolic heat rate as seen in the early part of
the curves, and lysis causes the heat rate to decrease during the
latter part of the curve. This latter part can be analyzed with
Michaelis—Menten kinetics [49,50] as shown in Fig. 14b where
[S1:/[S]o is simply equal to the ratio of the heat rates at time=¢
and time=0 as required by first order kinetics. The data can
also be plotted as a Lineweaver—Burk double reciprocal plot as
shown in Fig. 14c. In this example, the heat rate actually mea-
sures the substrate concentration, i.e. the number of live cells in
the solution.
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