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This paper reviews the best-known differential scanning calorimetries (DSCs), such as conventional DSC,

microelectromechanical systems-DSC, infrared-heated DSC, modulated-temperature DSC, gas flow-modu-

lated DSC, parallel-nano DSC, pressure perturbation calorimetry, self-reference DSC, and high-performance

DSC. Also, we describe here the most extensive applications of DSC in biology and nanoscience.
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INTRODUCTION

Calorimetry is a primary technique for measuring the ther-
mal properties of materials to establish a connection be-
tween temperature and specific physical properties of sub-
stances and is the only method for direct determination of
the enthalpy associated with the process of interest.1,2

Calorimeters are used frequently in chemistry,3 biochem-
istry,4,5 cell biology,6 biotechnology,7 pharmacology,8 and
recently, in nanoscience9 to measure thermodynamic prop-
erties of the biomolecules and nano-sized materials.
Amongst various types of calorimeters, differential scan-
ning calorimeter (DSC) is a popular one. DSC is a thermal
analysis apparatus measuring how physical properties of a
sample change, along with temperature against time.10 In
other words, the device is a thermal analysis instrument
that determines the temperature and heat flow associated
with material transitions as a function of time and temper-
ature.11 During a change in temperature, DSC measures a
heat quantity, which is radiated or absorbed excessively by
the sample on the basis of a temperature difference between
the sample and the reference material.10,11

Based on the mechanism of operation, DSCs can be
classified into two types: heat-flux DSCs and power-com-
pensated DSCs.11 In a heat flux DSC, the sample material,
enclosed in a pan, and an empty reference pan are placed on
a thermoelectric disk surrounded by a furnace.11,12 The
furnace is heated at a linear heating rate, and the heat is

transferred to the sample and reference pan through the
thermoelectric disk.11,12 However, owing to the heat ca-
pacity (Cp) of the sample, there would be a temperature
difference between the sample and reference pans, which is
measured by area thermocouples, and the consequent heat
flow is determined by the thermal equivalent of Ohm’s law:

q � �T/R,

where q is “sample heat flow”, �T is “temperature differ-
ence between sample and reference”, and R is “resistance of
thermoelectric disk”.12

In a power-compensated DSC, the sample and refer-
ence pans are placed in separate furnaces heated by separate
heaters.11,13 The sample and reference are maintained at
the same temperature, and the difference in thermal power
required to maintain them at the same temperature is
measured and plotted as a function of temperature or
time.11

In the last decades, various DSC-based techniques
have been developed to improve the molecular measure-
ments of biomolecules. The best known of them are
conventional/basic DSC,14 microelectromechanical sys-
tems (MEMS)-DSC,15 infrared (IR)-heated DSC,16 modu-
lated-temperature DSC (MTDSC),17 gas flow-modulated
DSC (GFMDSC),18 parallel-nano DSC (PNDSC),19 pres-
sure perturbation calorimetry (PPC),20 self-reference DSC
(SRDSC),21 and high-performance (HPer) DSC.22 There are
several reports of DSC applications in the literature for deter-
mining structural-phase transition,23 melting point,24 heat of
fusion,25 percent of crystallinity,26 crystallization kinetics and
phase transitions,27 oxidative stability,28 thermodynamical
analysis of biomolecules,29–31 and curing kinetics of nonbio-
logical materials.32 In this review, we describe various kinds of

*ADDRESS CORRESPONDENCE TO: Dr. Bijan Ranjbar, Departments of
Nanobiotechnology and Biophysics, Faculty of Biological Sci-
ences, Tarbiat Modares University, P.O. Box 14115-175, Tehran,
Iran (Phone: �982182882005; Fax: �982188007598; E-mail:
ranjbarb@modares.ac.ir)

xxxxxx

xxxxxx
Journal of Biomolecular Techniques 21:167–193 © 2010 ABRF

http://www.ABRF.org
http://www.ABRF.org
http://www.ABRF.org


DSC techniques and their applications in biology and nano-
science.

DSC

Definition

DSC is a thermodynamical tool for direct assessment of the
heat energy uptake, which occurs in a sample within a
regulated increase or decrease in temperature. The calorim-
etry is particularly applied to monitor the changes of phase
transitions.33,34

DSC is commonly used for the study of biochemical
reactions, which is named as a single molecular transition of
a molecule from one conformation to another.33 Thermal
transition temperatures (Tt; melting points) of the samples
are also determined in solution, solid, or mixed phases such
as suspensions.34

In a basic DSC experiment, energy is introduced si-
multaneously into a sample cell (which contains a solution
with the molecule of interest) and a reference cell (contain-
ing only the solvent). Temperatures of both cells are raised
identically over time. The difference in the input energy
required to match the temperature of the sample to that of
the reference would be the amount of excess heat absorbed
or released by the molecule in the sample (during an
endothermic or exothermic process, respectively).35–38 As a
result of the presence of the molecule of interest, more
energy is required to bring the sample to the same temper-
ature as the reference; hence, the concept of heat excess
comes into the picture (Fig. 1).

As a powerful analytical tool, DSC is capable of eluci-
dating the factors that contribute to the folding and stabil-
ity of biomolecules.33 Changes in the Cp are believed to
originate from the disruption of the forces stabilizing native
protein structure. For example, this includes van der Waals,
hydrophobic, and electrostatic interactions, hydrogen
bonds, hydration of the exposed residues, conformational
entropy, and the physical environment (such as pH, buffer,

ionic strength, excipients).38 Therefore, thermodynamic
parameters obtained from DSC experiments are quite sen-
sitive to the structural state of the biomolecule. Any change
in the conformation would affect the position, sharpness,
and shape of transition(s) in DSC scans.

Thermodynamic Terms

In a DSC experiment, thermodynamic parameters are as-
sociated with heat-induced macromolecular transitions.
For a typical macromolecule, the molar Cp is measured as a
function of temperature, subsequently, yielding the follow-
ing thermodynamic parameters:

The partial Cp of a molecule

DSC measures the partial Cp of a sample. The Cp of the
solution containing a macromolecule is measured with
respect to the Cp of buffer in the absence of macromole-
cules. Hence, the instrument measures only part of what
could be actually measured, which is the difference between
sample and reference cells. The sample could be a protein,
tRNA, a protein-DNA complex, a protein-lipid complex,
or something else.10

The Cp at constant pressure is a temperature derivative
of the enthalpy function [Cp�(�H/�T)p], and thus, the
enthalpy function can be measured through integration of
the Cp [H(T)��T/T0 Cp(T)dT�H(T0)].2

�H, Change in Entropy (�S), �Cp of the Tm

For any biomolecule in aqueous solution, there would be
equilibrium between the native conformation (folded) and
its denatured state (unfolded). Stability of the native con-
formation is based on the extent of Gibbs free energy (�G)
of the system and thermodynamic relationships between
�H and �S.39 A negative magnitude of �G represents
higher stability of the native conformation than that of the
denatured state. The more negative �G, the greater the
stability. During the unfolding process of a protein, forces

FIGURE 1

Experimental setup for a DSC experi-
ment. The amount of heat required to
increase the temperature by the same
increment (�T) of a sample cell (qs) is
higher than that required for the refer-
ence cell (qr) by the excess heat ab-
sorbed by the molecules in the sample
(�q). The resulting DSC scans with the
reference subtracted from the sample
show how this excess heat changes as a
function of temperature.33, 35 T (K),
Temperature, kelvin; �Hd, change in en-
thalpy; �Cp,d, change in Cp; Tm, transi-
tion and melting point; d, denatured.
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that play a key role in stabilization need to be broken. At
temperatures where entropy is the dominant factor, con-
formational entropy overcomes the stabilizing forces, lead-
ing to unfolding of the protein.40,41

DSC measures �H of unfolding as a result of heat
denaturation. The transition midpoint Tm is considered as
the temperature, where 50% of the protein owns its native
conformation, and the rest remains denatured. Higher Tm

values would be representative of a more stable molecule.
During the same experiment, DSC is also capable of mea-
suring the �Cp. Associated with protein unfolding process,
�Cp occurs as a result of changes in hydration of side-
chains, which are buried in the native conformation but
become exposed to the solvent in a denatured state.40,41

Calorimetric enthalpy (�Hcal) means the total inte-
grated zone below the thermogram peak, which indicates
total heat energy uptake by the sample after suitable base-
line correction affecting the transition.34

van’t Hoff enthalpy (�HVH) is an independent mea-
surement of the transitional enthalpy according to the
model of the experiment.34 �HVH is determined
through the shape analysis of an experimental graph of
Cp

ex versus T.42– 44

The state of the transition is evaluated by comparing
�HVH with �Hcal.

42,44 If �HVH is equal to �Hcal, the
transition occurs in a two-state mode. In such processes,
meaningful thermodynamic results are determined
through van’t Hoff measurements of equilibrium results.
When �HVH is more than �Hcal, the intermolecular co-
operation is shown, which is exposed, for example, as
aggregation. Comparison between �HVH and �Hcal also
indicates the cooperative nature of the transition. Particu-
larly, the �HVH/�Hcal ratio gives an estimation from the
fraction of the structure, which is melted as a thermody-
namical value. The value is also named as the size of the
cooperative unit.42

Cp for the transitional state is obtained through the
difference between pretransitional and post-transitional
baselines of a DSC process.34 The curve of Cp against T can
be changed to Cp/T versus T through dividing the raw Cp

value by T and drawing the results as a function of T. By
integration, this curve results in the transition entropy
(�S), which is expressed as (�S) � �(Cp/T) dT. Hence,
an individual DSC thermogram can result in �H, �S,
and �Cp.42

After knowing the above data, transition-free energy
(�G) can be given at each temperature (T) through the
thermodynamic equation �G � �H � T�S.42–44 Al-
though �S and �G can be obtained by DSC results, the
values are more unreliable than the �H and �Cp values
determined directly because of coupling and propagating
of errors.42,45

Absolute Cp

Apparent Cp can be obtained by DSC results. It includes
the contribution of water displacement by the protein in
the sample cell, which could have a negative value. Correc-
tion for the water displacement effect and normalization to
a mole of protein offer the absolute Cp. The value is
obtained from doing a series of DSC measurements at
different protein concentrations.46

Determined absolute heat capacities by DSC could be
used to characterize long-range interactions and coopera-
tive phenomena, which have been shown to occur in dena-
tured proteins.47–49

DSC APPLICATIONS IN BIOLOGY

Analysis of Proteins

It is well known that formation of unique structures of
biological macromolecules, such as proteins and their spe-
cific complexes, is, in principle, reversible, and the reac-
tions are thermodynamically driven. Therefore, thermody-
namic investigations of these processes are of high priority.
To achieve this goal, direct measurements of the heat
effects associated with these intra- and intermacromolecu-
lar processes are required by the help of developed, super-
sensitive calorimetric techniques such as DSC,50 which is
considered one of the most frequently used techniques to
determine thermal stability of proteins51–61 and to mea-
sure the thermodynamic parameters of thermal protein
unfolding.31,51,62–64

DSC offers a variety of applications in the evaluation of
factors, which play the key role in protein stability. There-
fore, it is possible to determine the most ideal conditions for
stabilizing liquid formulations of proteins.51,65 In DSC stud-
ies, the temperature at the maximum point of the Cp curve
(Tm) represents the macromolecule stability.51,53,62,66–70

There are several reports about the use of protein samples,
which are reheated for evaluation of thermal reversibility of
protein degradation.51,53,68,70

Through the first calorimetric studies of the tempera-
ture-induced unfolding of compact globular proteins, it has
been noticed that the process is associated with extensive
heat absorption over a temperature range, which depends
on the solvent conditions, e.g., pH of the solution. Conse-
quently, a significant Cp increment would be noticed.50

Privalov et al.50,71,72 showed that changing pH to higher
values increases the stability of proteins, the heat effect of
unfolding, and its sharpness (Fig. 2).

DSC, as a direct method, can also provide information
about the real thermodynamic parameters of thermal tran-
sitions in proteins.5,73,74 As one of the great advantages of
DSC, it can detect fine-tuning of interactions between the
individual domains of a protein. For instance, Makarov
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and colleagues5 analyzed the thermodynamic parameters of
calcium ion-free synthetic calmodulin (apoSynCaM) and
three charge-reversal mutants by DSC. They demonstrated
that the heat denaturation of SynCaM8 and its mutants
was estimated by two, two-state transitions, and the lower
temperature transition was related to C-terminal lobe-
melting and the higher temperature one to N-terminal
lobe-melting. Also, they reported that the mutations mod-
ulate the thermodynamical parameters of SynCaM lobes in
a similar mode, as pH conditions change thermal transition
characteristics of multidomain proteins.5

Hydrophobic interactions and charged amino acid res-
idues are considered to be important in the formation of
calmodulin-peptide or calmodulin-drug complex forma-
tion.5,75 Differences in thermodynamic parameters of de-
naturation for apoSynCaM and its mutants would be a
reflection of the differences in their native states. DSC
shows that transition parameters such as Tt and transition
enthalpy (especially for the first transition) are quite differ-
ent for SynCaM and its mutants. This confirms the key role
of electrostatic interactions for stabilization of the native apo-
SynCam structure.5 Makarov and colleagues5 also reported
that the values for denaturation enthalpy of apoSynCaM8 and
apoSynCaM12A are near the corresponding values of apo-
SynCaM; whereas, in the case of apoSynCaM18A, they are
lower, especially in 50 mM buffer. This demonstrates that the
apoSynCaM18A molecule is less folded than others (Fig. 3).5

With their calorimetric analysis, Makarov and colleagues5

concluded that replacement of acidic clusters by basic ones in
the SynCaM structure demonstrates the role of electrostatic
interactions in the flexibility and stabilization of this protein.

DSC of Nucleic Acids

Application of calorimetric methods to study the ther-
modynamics of nucleic acid-folding transitions has
gradually been improved in recent years. These improve-
ments lead to the production of high-precision micro-
calorimeters. Hence, the amount of high-resolution

structural results about nucleic acids has grown and
clarified the physical– chemical interactions, which
drive the formation of nucleic acid structures.76

DSC monitors the excess Cp of a nucleic acid in
solution, and the temperature is increased or decreased
with a constant rate (Fig. 4).76 Measuring the differential
heat flow between the sample and a reference accomplishes
the excess Cp. When sample and reference are scanned
simultaneously, folding and unfolding reactions occur in
the nucleic acid as a consequence of absorbed or released
heat. This differential heat is gained with subtraction from
the reference thermal profile.76,77

Peaks obtained from types of DSC thermograms rep-
resent folding transitions, and melting points of the transi-
tion occur near the jump point of the curve.76 The melting
point (jump) corresponds to a single molecular transition,
where �Cp is equal to zero. Integrating a peak or jump to
temperature expresses the �H for the transition, and the
corresponding �Cp can be obtained via the difference
between pretransition and post-transition baselines.2,77

�G and �S are also extracted through DSC results; how-
ever, the values are calculated indirectly and less reliably
than DSC values. Melting points for short, double-
stranded nucleic acids may need fitting to multiple transi-
tions to account for a premelting transition, which has been
correlated with opening and closing of the duplex.77

Peak results are fitted in such ways that accommodate
limited �Cp or ignore them. The latter leads to �HVH. The
ratio of �Hcal to �HVH could be used for study of inter-
mediate folding states, which occur near the melting
point.42–44 Therefore, the DSC calorimeter is ideal for
determining �Cp, measuring Cp directly.76,78,79

There are several important parameters in performing
DSC on nucleic acids (DNA or RNA). The first is buffer;
its acid dissociation constant value should not exhibit large
temperature dependencies. Not only should a DSC buffer
depend on its buffering capacity at a special pH, but also, it

FIGURE 2

The partial molar Cp functions of (A)
barnase (MW�12.4 kDa) and (B) ubiq-
uitin (MW�8.4 kDa) in solutions with
different pH. The dashed lines represent
the partial molar Cp of native and un-
folded proteins.50
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should have minimal temperature dependence. Hence, the
most-known buffers for DSC of nucleic acids contain
phosphate, citrate, and acetate.42 Second is the choice of
salt or cation concentration in a DSC experiment. As the
thermal stability of a polyanionic nucleic acid molecule
depends on the concentration of salt in solution, a higher
cation concentration leads to greater thermal stability of
nucleic acids. The third important parameter in a DSC
experiment is the concentration of nucleic acids. Enthalpy
of a nucleic acid depends on its length and base sequence.
Generally, the enthalpy decreases with shortening the frag-
ment length. Hence, DSC of short nucleic acid fragments
needs higher concentrations than those on long nucleic
acids. Additionally, the minimum concentration of a given
nucleic acid depends on the sensitivity of the calorimeter
being used.42

In nucleic acids, the heat capacities of native and dena-
tured states do not differ significantly, and in any case, the
difference is not �0.06 Joules/Kelvin/gram (JK–1g–1).80

Analysis of Lipids

There are several reports about the use of DSC for analysis
of oil and lipids. This class of macromolecules belongs to a
vast number of molecules that merely share “a much better
solubility in organic solvents than in water”.81–84

The biomolecules offer a variety of functions, such as
participation as structural components of biological mem-
branes,85–87 energy storage,88 cell signaling,89–93 cell growth
and apoptosis,94 transportation across membranes,95–97 en-

zyme activation,98,99 and others. Lipids, edible oils, and fats
are abundant in many nutrition sources. Therefore, studies
about autoxidation and oxidative stability of these food
components are of high interest, as a result of having
important economical, nutritional, and health values. For
this purpose, conventional analytical methods are time-
and solvent-consuming. Instrumental methods, such as
electron spin resonance, IR, NMR, and chemilumines-
cence measurements, are sensitive to the noise and interfer-
ences that originate from autoxidation products and inter-
mediates.81 As heat is released in an autoxidation process,
thermal analysis is a simple, direct, analytical method to
follow the reaction by continuous monitoring of lipid
oxidation and its thermal effects. Moreover, nonisothermal
conditions of measurements (linear heating rate, �) offer
the possibility of determining kinetic parameters much
faster than the methods mentioned above.81,100–104

Litwinienko and co-workers81 showed that DSC can
be applied to study the oxidative stability of simple [linole-
nic acid (LNA)] and complex (lecithin) lipids. Comparison
of the kinetics of soy lecithin autoxidation with that of
LNA provides an opportunity to gain knowledge about the
differences in thermoxidative behaviors of simple and com-
plex lipids.81 Fig. 5 shows typical DSC curves of noniso-
thermal oxidation of LNA for different heating rates.81

According to Ulkowski et al.,81 DSC is a relatively fast
analytical method for determination of oxidative stability.
The kinetic parameters obtained by DSC allow the predic-

FIGURE 3

Temperature dependence of the partial
molar Cp of apoSynCaM mutants in 10
mM (dotted line) and 50 mM (solid line)
sodium cacodylate buffer at pH 7.5:
apoSynCaM8 (A), apoSynCaM12A (B),
and apoSynCaM18A (C). (D) Com-
puter deconvolution of the transition
excess Cp (Cp

exc) of apoSynCaM12A in
10 mM sodium cacodylate buffer at pH
7.5: experimental results (solid line), de-
convoluted peaks, and their sum (dot-
ted lines).5
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tion of oxidative behavior of lipids at lower temperatures,
characteristic for the thermal conditions of food, fat stor-
age, and handling. As an “ideal method”, analytical signals
of DSC can be connected directly with chemical changes
occurring in the oxidized sample, without being mislead-
ing.81

Analysis of Carbohydrates

Starch granules, when subjected to heat treatment in the
presence of water or other solvents, undergo a physico-
chemical transformation, famous as gelatinization.105–110

Probing the physicochemical changes will contribute to
better understanding of gelatinization processes. This phe-
nomenon induces several changes in the starch granules,
such as swelling, amylose exudation, loss of order, im-
proved solubility and digestibility, granule disruption, and
higher viscosity.106,110–112 Many different measurement
techniques have been reported for investigation of the
starch gelatinization process.106,108–115 Amongst all, DSC
seems to be the most applicable technique, by which, the
heat-flow changes associated with first- and second-order
transitions of polymeric materials can be studied over a
wide moisture and temperature range.107,110,116–121

Gelatinization in mixtures of sugars offers a promising
frontier in clarifying the process, as mixing of sugars phys-
ically or naturally may provide novel formulations for a

product with desired characteristics. From DSC studies,
this process is considered as an endothermic process, in-
volving two stages: cleavage of existing hydrogen bonds
(endothermic) and formation of new bonds to give a less-
ordered structure (exothermic).110,115

Sopade et al.110 investigated the effect of glucose and
fructose mixtures on starch gelatinization, using DSC.
Concentrations of fructose and glucose were varied in the
mixture of these monosaccharides at 0.86 g sugar/g dry
starch in a starch-water system of 1 g water/g dry starch
solution.

They also noticed that gelatinization temperatures of
the fructose-glucose mixtures are not dependent on the
mixture compositions, and the process occurs within the
same range as for sole sugars. Fig. 6 indicates that for
fructose-glucose mixtures, gelatinization proceeds in the
same manner, as compared with each sugar alone, but at a
slightly lower temperature with less energy.110

Reduction in the enthalpy of gelatinization (�Hgel) for
lower temperature endotherm represents changes of ther-
mal energy, which is required for the breakage and forma-
tion of hydrogen bonds within the starch granule. Further-
more, the resulting �Hgel from the mixture is compared
with that of water. It seems fructose and glucose modify the
characteristics of water, resulting in a higher �Hgel. This
might be a result of the interactions between the two sugars,
leaving the water chemically unaffected, thus having no
effect on the amount of energy required for gelatiniza-
tion.110

FIGURE 4

Example of DSC data for thermal melting of a 13-mer DNA duplex.
The melting data (solid line) have been corrected by subtraction of a
buffer blank data set and normalized for concentration of duplex.
The calorimetric �H for the melting transition is obtained by integrat-
ing the area under the melting peak. The data can be fit to a
thermodynamic model to extract the Tm and �Cp, as shown. �Cp,
obtained from fits to DSC data and incur uncertainty as a result of the
somewhat subjective process of assigning pre- and post-transition
baselines.76

FIGURE 5

DSC curves of nonisothermal oxidation of LNA with a defined
temperature of the extrapolated start of oxidation (te) and tempera-
ture of first peak (tp1). EXO, Exothermic. Numbers denote heating
rates in K/min.81
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Fructose and glucose exhibit opposite behavior in the
case of light polarization, and the influence of their chem-
ical differences and opposite behavior (in mixtures) on the
mechanism behind �Hgel has not been investigated so far.
Sopade et al.110 suggested that application of temperature-
modulated DSC (MDSC), coupled with polarimetry stud-
ies, would be a good candidate for understanding the
gelatinization process in sugar mixtures. This will also
contribute to separation and better quantification of revers-
ible and nonreversible reactions.110

Analysis of mAb

mAb have offered promising potential application as drugs
in the pharmaceutical industry.122 So far, �20 formula-
tions have been approved, and hundreds more are under
development.122,123 Being a therapeutic agent, antibodies
must be in the native, monomeric state to have a proper
function with good stability.124 It is also essential to mini-
mize the aggregation of antibodies for pharmaceutical ap-
plications. They can be readily purified by conventional
purification approaches, i.e., using affinity columns. The
bound antibody is then eluted from the column at a low
pH. Previously, it has been confirmed that at the time of
purification and viral clearance, the acidic environment
induces conformational changes in antibodies, particularly
in their Fc domain.124–132

Hence, the importance of understanding such confor-
mational changes, together with stability and aggregation
of antibodies at different pH values, comes into the picture.
Techniques such as near- and far-UV circular dichroism
spectroscopy and sedimentation velocity can be used for
this purpose.124 Ejima et al.124 studied the effect of acid

exposure on the conformation, stability, and aggregation of
humanized mAb (hIgG4-A). Using DSC, they evaluated
thermal stability of the native hIgG4-A and the hIgG4-A
samples at low pH.124 Nano DSC thermogram revealed a
biphasic thermal transition, which is typical for antibodies
(Fig. 7).124,133

For the native form of hIgG4-A (pH 6), Ejima et al.124

observed an endothermic PII at 78°C and a PI at 67°C,
whereas at pH 3.5, the Tm of both peaks was shifted to lower
temperatures, i.e., to 58°C for PII and to 35°C for PI. Such
decrease in melting temperature of the antibody can be attrib-
uted to general pH-induced destabilization. Lowering of pH
to 2.7 results in disappearance of the PI, which is observed at
pH 6.0 and pH 3.5. This might be a result of further destabi-
lization of protein structure and conformational changes, par-
ticularly for the domain responsible for the PI transition.
Moreover, the PII was split into two peaks, having Tm of 41°C
and 46°C, which indicates further destabilization of the do-
main with higher stability.124

Ejima et al.124 also noticed that the samples recovered
from the DSC showed turbidity, consistent with irreversible
thermal unfolding at pH 6.0 and pH 3.5, whereas at pH 2.7,
the unfolding process was partially reversible with a transpar-
ent-recovered solution. The research group continued their
DSC studies after storing the pH 3.5 sample at 4°C for 1, 3,
and 10 days and the pH 2.7 sample at 4°C for 3, 6, and 10

FIGURE 6

The gelatinization thermograms of the starch–fructose–glucose mix-
tures (from top/g dry starch; no sugars; 0.86 g glucose, 0.26 g
fructose; 0.60 g glucose, 0.43 g fructose; 0.43 g glucose, 0.60 g
fructose; 0.26 g glucose, 0.86 g fructose)110; TA Instruments (New
Castle, DE, USA).

FIGURE 7

pH and time dependence of hIgG4-A Cp in 0.1 M citrate. hIgG4-A,
adjusted to each pH by Protein A chromatography, was kept at 48°C
for up to 10 days and measured by nano DSC. Calorimetry condi-
tions are described in Materials and Methods. (A) At pH 2.7, imme-
diately after elution (solid line, top), 3 days (dotted line), 6 days
(dashed line), and 10 days (thin, dashed line, bottom). (B) At pH 3.5,
immediately after elution (solid line, top), 1 day (dotted line), 3 days
(dashed line), and 10 days (thin, dashed line, bottom). (C) At pH
6.0.124 PI, Minor peak; PII, major peak.
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days. Each scan was obtained immediately after elution, and
DSC profiles were identical at each pH. Therefore, they con-
cluded that when antibodies are stored at pH 3.5 or pH 2.7,
no conformational change occurs over time.124

In another study, Protasevich et al.134 used DSC to com-
pare thermal denaturation parameters of Fab and (Fc)5 frag-
ments of native and rheumatoid IgM. They showed a thermo-
dynamic similarity of (Fc)5 fragments of both IgMs, and their
Fab fragments had interaction differences between VL-CL and
VH-CH domains. Hence, DSC could give important informa-
tion about the thermodynamic characteristics of wild and
disordered Igs to develop valuable approaches to diagnosis and
treatment of some autoimmune diseases.134

DSC APPLICATIONS IN NANOSCIENCE

Quantification of Pharmaceutical Nanosolids

Regulatory aspects of the pharmaceutical nanosolids and an
increasing number of insoluble molecules in the developmen-
tal pipeline have encouraged scientists for conducting further
pharmaceutical researches and use of nanosolids.135–137

Among various analytical techniques, DSC has been used for
quantifying an amorphous or crystalline phase in nanosol-
ids.138 Several methodologies based on the calorimeter type
(conventional DSC or MTDSC), measured parameters, and
experimental conditions are used for monitoring the behavior
of pharmaceutical nanosolids.138–140

Glass transition endotherm, crystallization exotherm, and
fusion endotherm are the main parameters of an amorphous
or crystalline material to be assessed while using conventional
DSC.138,139 Glass transition endotherm is a result of the
presence of the amorphous phase, and the crystallization exo-
therm results from recrystallization of the amorphous content.
Subsequently, the obtained crystalline state and the pre-exist-
ing crystalline content fuse together to form a melting endo-
therm.138

There are two approaches for determining the crystal-
linity percent of a sample via DSC.138 The first one is
carried out by calibration, using 100% amorphous and
crystalline standards and physical mixing, which gives their
corresponding heats of crystallization or enthalpies of fu-
sion. Subsequently, the amorphous content of a certain
sample can be assessed by its heat of crystallization or
enthalpy of fusion through the following equation138,141:

Xc (%) � �H/�H0/100,

where, Xc is the percentage of crystallinity, �H is the
enthalpy of fusion of the sample, and �H0 is that of the
100% crystalline standard.141 However, the following
equation suggests another way to calculate the amorphous
content with no need for preparing a calibration
curve138,142:

Amorphous content � �Hf
amor /�Hf

cry,

where �Hf
amor is enthalpy of fusion for the amorphous frac-

tion, and �Hf
cry is the heat of fusion at the melting point for

the purely crystalline material.138,142 The amorphous content
can also be obtained from the equation138,143:

TDSC � �Hcr(Tcr)/�Hm
0 (Tcr) � 1/1 � 	,

where TDSC is the amorphous fraction of the sample,
�Hcr(Tcr) is the enthalpy of crystallization temperature,
�Hm

0 (Tcr) is the enthalpy of melting for pure crystallinity at
the crystallization temperature, and 	 is the percentage of
the amorphous content that does not crystallize as a result
of heating.138,143

The latter approach for determining the percentage of
crystallinity by DSC is without preparing calibration stan-
dards, which includes subtracting the heat of crystallization
from the heat of fusion. The result yields the heat as a result
of the primary crystallinity of the sample, and the percent-
age can be calculated by the following equation144,145:

%Crystallinity � �Hf � �Hc /�Hcry
f � m.

Here, �Hf is the fusion heat of the sample, �Hc is the heat
of crystallization of the sample, �Hcry

f is the enthalpy of
fusion of pure crystalline sample, and m is the sample
mass.138,144,145

MTDSC can also be used for quantifying the amor-
phous content of a sample by the measurement of the Cp

jump, which is corresponding to the amorphous phase glass
transition. The value is obtained via the following equation
and by preparing a calibration curve according to the Cp

peaks of physical mixtures (PMs) of a known crystalline
state (Fig. 8).138,140

FIGURE 8

Cp jumps, recorded on various known mixtures of amorphous and
crystalline forms of a developmental compound using MTDSC.140
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Cp � K (Cp) � AmpMHF/AmpMHR .

Here, K (Cp) is the Cp constant, and AmpMHF and Amp-

MHR are the amplitudes of modulated heat flow and mod-
ulated heat rate, respectively.138,140 Alternatively, several
parameters, such as thickness of the sample bed in the pan,
thermal contact resistance between the sample and the pan,
and thermal contact resistance between the sample and the
base plate of the system, could be considered for a more
precise measurement of the Cp.138,146

Recently, various reports have addressed the use of MTDSC
for characterization of drug-loaded nanosolids.147–149 For in-
stance, Yu et al.149 demonstrated that ibuprofen is dispersed in
PVP K30 fibers in the form of nanosolid dispersing, with an
amorphous physical state based on its content in the nanofi-
bers (Fig. 9). Additionally, it was shown that ibuprofen mol-
ecules serve as a plasticizer for the nanofibers, leading to a
reduction in their Tg.

149

Thermal Characteristics of Nanostructured Lipid Carriers

(NLCs)

Lipid nanospheres are considered as drug delivery carriers.
Having potential application in medicine, these nanoparticles
have been used extensively during the recent years. Lipid

nanospheres offer a variety of advantages, including enhance-
ment of the therapeutic effect,150 biodegradability,151 good
tolerability,152 bioavailability in case of ocular administra-
tion,153 and capability of brain targeting.154,155

Solid lipid nanoparticles (SLNs) and NLCs can be
categorized as two main types of lipid nanospheres.155

SLNs introduce a variety of advantages, such as controlled
drug delivery, development of emulsion, liposomes, and
fine particles,156 protection of active ingredients against
degradation by chemicals, and incorporating a high degree
of flexibility in the modulation of the drug release profiles.
Apart from all, it is possible to produce SNLs in an indus-
trial large scale by high-pressure homogenization.157,158

However, there exist some limitations while using SNLs,
i.e., low drug entrapment efficiency (EE) and drug expul-
sion.155,156

To overcome the limitations mentioned above, Yuan and
co-workers155 developed a solvent diffusion method in a drug-
saturated system and investigated the efficiency of drug encap-
sulation into lipid nanospheres by the help of DSC. NLC,
with its solid lipid matrix, is composed of certain liquid lipid
content [i.e., caprylic/capric triglycerides (CT)]; therefore, it
might be addressed as a new generation of lipid nanoparticles.
Incorporating liquid lipids into a solid matrix will create some
imperfections in the crystal lattice of nanoparticles. The
greater imperfections in the lattice structure, the more reduc-
tion in drug repulsion (during the storage) and higher drug-
loading capacity.155,159–161

Yuan and colleages155 compared the drug EE of lipid
nanospheres by two methods: conventional solvent diffusion
and solvent diffusion in a drug-saturated aqueous system.
They used nimodipine as a model drug for incorporation into
lipid nanospheres and investigated whether the drug-loading
capacity could be enhanced with DSC studies. Fig. 10 shows
the DSC curves of NLC and compares two methods of con-
ventional solvent diffusion and solvent diffusion in a drug-
saturated aqueous system, before and after washing with 0.2%
SDS solutions. For monostearin (MS) SNLs, the melting
temperature is 56–58°C, whereas it comes to 124–128°C for
the model drug (nimodipine). Therefore, any peak between
50°C and 60°C in DSC curves would be corresponding to the
mixed lipid matrix of MS and CT, and nimodipine can be
identified by its DSC peak position near 90°C. As shown in
Fig. 10, DSC analysis is done for NLC, prepared by both
techniques, before and after washing with 0.2% weight SDS
solution.155

Comparison of the curves A and C with curves B and D
indicates the appearance of the nimodipine peak before wash-
ing with SDS solution, and this peak disappears after the
washing treatment. This is a result of the presence of nimo-
dipine on the surface of the lipid nanoparticles, which is

FIGURE 9

DSC curves: (A) ibuprofen, (B) PVP, (C) PM of drug and PVP, (D) F1
fibers, (E) F2 fibers. DSC thermogram of pure ibuprofen exhibited a
single endothermic response corresponding to the melting of the
ibuprofen at 77.5°C. As an amorphous polymer, PVP K30 did not
show any fusion peak or phase transition, apart from a broad endo-
therm, as a result of dehydration, which lies between 80°C and
120°C. DSC curves of F1 fibers and F2 fibers (D and E) did not show
any melting peak of the drug but a broad endotherm ranging from
70°C to 110°C with the glass Tt (Tg) of F1 fibers higher than that of F2
fibers. For the PM, the endotherm broadened and was shifted slightly
to a lower temperature (76.8°C), reflecting a partial change of
ibuprofen crystal structure.149
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washed away after using SDS solution. Hence, the peak for
nimodipine vanishes.155

A glance at curves B and D shows that the peak area ratio
of nimodipine-to-lipid matrix for curve D is lower than that of
curve B. From the DSC graph, Yuan and co-workers155

concluded that the lower peak area ratio is a result of the
reduction of nimodipine content on the surface of NLC.
Thus, the drug EE of NLC is improved significantly by using
the second method, i.e., solvent diffusion in a drug-saturated
system.155

Thermoanalysis of Colloidal Nanoparticles

Colloidal nanoparticles are classified as inorganic nanopar-
ticles, organic nanoparticles, and organic/inorganic composite
nanoparticles that could be used in nanobiotechnologies.162

Inorganic nanoparticles generally include gold nanopar-
ticles,163 metal oxides (such as ferrofluids, super paramagnetic
particles),164 other metallic and bimetallic nanoparticles (such
as Pt, Pd, and Ru),165 silica nanotubes,166 and semiconductor
nanocrystals (quantum dots),167 which have known applica-
tions in colorimetric detection of DNA sequences,168,169

medical imaging,170 labeling for chip-based DNA detec-
tion,171 biological sensing,172 and quantification of biomol-
ecules.173

The best-known organic nanoparticles include carbon
nanotubes and fullerenes,174 dendrimers,175 polyelectrolyte
complexes in natural or synthetic forms,176 self-assembled

block copolymers of polyethylene oxide,177 SLNs,178 and
latexes.179 There are various reports about their applications in
DNA targeting,180 reservoirs of drugs,181 drug targeting and
vaccination,182,183 drug delivery systems,184,185 solid-phase
assays, and two-dimensional arrays.186,187

Organic or inorganic composite nanoparticles are catego-
rized in magnetic nanoparticles,188 fluorescent nanopar-
ticles,189 silica-based nanoparticles,190 and polymer-metal
nanocomposites (e.g., gold and polypyrrol),191 which com-
monly have been used in diagnostics,192 extraction of DNA,
cells, and viruses,193 time-resolved fluorescence assay,194 and
special bioanalyses195 and bioassays.196

There are various analytical techniques for physicochem-
ical analysis of colloidal nanoparticles.197,198 One of these
techniques is DSC, which could be used for stability measure-
ments.197 For example, thermal analysis of the SLNs by DSC
gives important information about the crystallization behav-
ior, the timing of polymorphic transitions, the fusion melting,
the enthalpy, and the crystallinity percentage of melt-homog-
enized glyceride nanoparticle dispersions.199,200

In another study, Hui et al.181 have used DSC for thermal
analysis of dendrimer derivatives polyamidoamine-g-poly(N,N-
dimethylaminoethyl methacrylate) (PAMAM-g-PDMA), while
feeding with different ratios of DMA components (Fig. 11) The
thermograms show that Tg gradually decreases as a result of the
increase in the feed ratio, and subsequently, the increasing feed
ratio can lead to a longer graft chain on the surface of dendrimers.
Hence, the longer graft in polymers results in a lower Tg in
practice.181

Glass Transition Measurement of Macromolecules in

Nanophases

Thermodynamically, a phase is defined as the physical
state of matter, which is uniform throughout.201 Differ-

FIGURE 10

DSC curves of NLCs. (A) NLC prepared by the conventional solvent
diffusion method after washing with 0.2 weight percent SDS solu-
tion; (B) NLC prepared by the conventional solvent diffusion method
before washing with 0.2 weight percent SDS solution; (C) NLC
prepared by the solvent diffusion method in a drug-saturated aque-
ous system after washing with 0.2 weight percent SDS solution; (D)
NLC prepared by the solvent diffusion method in a drug-saturated
aqueous system before washing with 0.2 weight percent SDS solu-
tion.155

FIGURE 11

DSC thermograms of dendrimer derivatives PAMAM-g-PDMA.181
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ent phases are considered as domains that differ in
chemical or physical states. According to the size, phases
are classified as macrophases (i.e., bulk phase), mi-
crophases (i.e., small phase with strong surface effects),
and nanophases (1–50 nm).201,202 There are various
experiments supporting the fact that macrophases have
only negligible surface effects and are usually limited in
size to dimensions larger than 1 
m.201–204 Microphases
are affected in their properties by the surface, as indi-
cated by the Gibbs-Thomson equation for the melting
of thin, lamellar crystals.202 Microphases still have a
bulk phase in the center of their volume. The
nanophases contain no bulk phase at all, and their
surface may cause a decrease in Tg when the mobility
increases at the interface.202 Also, the surface may con-
tribute to an increase in Tg when there is a stress transfer
at the interface, as in the rigid amorphous fraction
(RAF).202 Hence, the upper limit of size of a nanophase
is different for the different phase structures.201,202 For
measuring the change of heat Cp of various macromol-
ecules (e.g., polymers) in the glass transition region,
DSC could be used.205,206 Nanophase is the lower limit
of the usefulness of a thermodynamic phase description
because of atomic contents of matter, and hence, the
surface effects change the characteristics of the phase
significantly.201,202

Tg is one of the important thermodynamical parameter
changes in nanophases of matter, and it is practically mea-
surable using DSC.201–203 Glass transitions are also de-
fined as “brittle points” to mark a transition from the liquid
to the solid state.202 For instance, the value changes in
small spheres of polystyrene in nanophase dimensions in

comparison with the other phases of matter when measured
by DSC (Fig. 12).201,203

As illustrated by Gaur and Wunderlich203 about first
heating, the beginning of Tg in small spheres occurs at a lower
temperature, and the midpoint of Cp jump indicates minute
changes. This occurs lower than the beginning of the Tg for
the smallest spheres.201,203 The study shows the dependency
of glass transitions to size and surface of phases.201 In addition,
Gaur and Wunderlich203 explained about the dividing line
between the micro- and nanophases, as illustrated in
Fig. 13.202 The broadening of glass transition by nearly 50 K
is interpreted as caused by increased mobility at the surface. By
matching the heat capacities, the surface layer is about 5 nm
thick, which in turn, suggests that a sphere with a radius of
5 nm would only be surface material and contains no bulk
phase.202,203 The RAF in the semi-crystalline polymers is
then expressed as a nanophase of characteristics in compar-
ison with the bulk amorphous phase.202,203

Characterization of Ion-Chelating Nanocarriers

Chitosan is one polysaccharide-based nanocarrier,207

whose major application is based on its ability to entrap
strongly heavy and toxic metal ions (such as Cu, Co, Ni,
Cd, Zn, Pb, Mn, Cr, Pd, Pt, Au, Ag, Hg, U, Ga, and
In).208–210 Hence, one of the excellent applications of
these nanoparticles is for removing metallic impurities in
wastewaters.211 In addition, chitosan, as a natural polymer,
has potential applications in biomedical products, cosmet-
ics, and food processing.212

As reported, the polymer has the highest chelating
capability in comparison with other natural and synthetic
polymers that have been used in commercial chelating

FIGURE 12

Change of the glass transition of polystyrene with decreasing size of
the phase.201

FIGURE 13

Calculation of the surface volume of poly(styrene) to assess the
lowering of the glass transition at the surface of small spheres based
on DSC measurements. Note the �50 K shift of the beginning of the
glass transition when going from the solid to the dashed line.202
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ion-exchange resins.213,214 The binding capacity has been
estimated �1 mmol/g for heavy and toxic metals.211

The mechanism of the sorption can be determined
using various kinds of analytical techniques including
DSC. Importantly, DSC is an effective device for charac-
terization of chitosan and its metal chelates.211 Generally,
the DSC curve of chitosan–metal chelates indicates two
peaks: the endothermic peak (at 100°C) and the exother-
mic peak (at 310°C) (Fig. 14).215,216 Tg of chitosan was
seen at 203°C.216 The causes of the peaks include the
vaporization of water in the substance and the oxidative
degradation and deacetylation.211,216

In the other experiments, mercury ion (Hg2�), copper
ion (Cu2�), and ferric iron ion complexes of chitosan have
been characterized using DSC.217 The results indicated that
there was a minute elevation above the chitosan in the decom-
position temperature of the metal complexes.217 The phe-
nomenon was considered to be a result of two opposing
factors. The first factor is the conformational changes of chi-
tosan leading to thermal instability.211 The other is an addi-
tional bridging through the metal ion leading to enhanced
thermal stability.211 An additional observation was that the
Hg2� complex indicated three endothermic Tt at 206°C,
220°C, and 242°C.211 However, the Cu2� complex demon-
strated a single peak at 203°C, which may be a result of a new
crystalline-phase formation.211

Self-Assembly Study of Supramolecular Nanostructures

The self-assembly phenomenon is a bottom-up approach
(e.g., in nanoscience) to make supramolecular nanostruc-
tures function appropriately.218 The concept is based on
chemical, physical, and biological characteristics of mole-
cules to hold together and provide noncovalent intermo-
lecular-binding interactions.219 The main noncovalent

forces of self-assembly are van der Waals interactions, elec-
trostatic interactions, hydrogen binding, and molecular
complementary.220 The interactions have important roles
in biomolecular systems (such as DNA, RNA, proteins,
lipids, pharmaceuticals, nanostructures, etc.) to form and
do their functions properly.221,222

There are various techniques to use for investigation of
the self-assemblies.198,223 DSC, as a thermal analytical
tool, is carried out to gather more information about the
self-assembly behavior of the suprastructures.224,225 For
example, Ryu and Park226 investigated the thermal charac-
teristics of the amorphous peptide film and the peptide
nanowires (one of the solution-based approaches to peptide
nanofabrication), grown through high-temperature aniline
vapor-aging, by using DSC (Fig. 15).

The thermogram indicates a thermal decomposition of
diphenylalanine completed at 308°C.226 Endothermic and
exothermic peaks of the amorphous diphenylalanine were
seen at 175°C and 115°C, respectively.226 The peaks were
a result of the release of phenylalanine from diphenylala-
nine and phase transition, respectively.226 In addition, the
obtained results confirmed that the peptide nanowires
formed through high-temperature aniline aging, meaning
no phase-transitional behavior existed.226 Also, it seemed
that a negligible weight change occurred upon heating to
200°C, and scanning electron microscopy showed no
structural changing in the nanowires upon heating to that
temperature too.226

In another study, comparative structural and retro-
structural analysis of the dendritic peptides (as natural
porous proteins227–233), self-assembled from the com-
plexes of achiral dendritic alcohols234,235 and dendritic

FIGURE 14

DSC thermograms of chitosan and its derivatives.216 LA, Lactic acid;
CS, water-soluable chitosan; GA, glycolic acid.

FIGURE 15

Thermal analysis of amorphous diphenylalanine films before and
after high-temperature aniline vapor-aging at 150°C. Amorphous
and nanowire films were characterized by DSC.226
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dipeptides,234 has been performed using solid-state tech-
niques such as DSC (Figs. 16 and 17).236

The thermograms indicated that all solid samples
are already self-assembled into supramolecular columns
that have a circular cross-section in the case of various
hexagonal columnar lattices (�h) or in a slightly dis-
torted, avoidable situation, in their rectangular colum-
nar lattices (�r).

236 In addition, during the first DSC
scan, the dendritic alcohols with n � 4, 6, and 8 self-
assemble into circular columns that self-organize into
�h phases. These columns become slightly distorted
during subsequent heating and cooling scans and there-
fore, self-organization �r

io phases.236,237 During the first
heating scan, the dendritic dipeptides with n � 1, 2, and
4 form �r

io phases, whereas during the second scan, they
produce glassy, amorphous solids. It was also deter-
mined that the dendritic alcohols with n � 1 and 2
provide cases of nonamphiphilic dendrons that self-
assemble into supramolecular columns.236,237

DSC TECHNIQUES

MEMS-DSC

MEMS is a method applied in manufacturing three-dimen-
sional silicon-based structures with specific geometrical, me-
chanical, and electrical characteristics to operate certain func-
tions.238 The idea of MEMS-DSCs was formed as a result of
two functional problems of conventional DSCs, which pre-
vent them from performing effectively in biomolecular struc-
tural transitions.239 The problems could be summarized as:
inadequate sensitivities15,239 and use of external heaters to
control the device chamber temperatures.240,241

MEMS-DSC is a polymer-based and miniaturized
DSC with integrated microfluidics for analyzing structural
transitions of biological molecules in liquid phase.15,238

MEMS-DSC contains all of the essential components,
including a heating resistor, a temperature sensor, a sensor
to determine temperature differences, a well-defined ther-
mal conductance, and a container.237

FIGURE 16

DSC traces of (4-3,4-3,5)nG2-CH2OH. Tt (°C) and enthalpy changes (kcal/mol, in parentheses) are marked on DSC. (A)
First heating scan. (B) First cooling scan. (C) Second heating scan. *Sum of enthalpy changes for two overlapped peaks.
i, Isotropic.236 ENDO, Endothermic.
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MEMS-DSC contains two microfluidics chambers,
which have their respective inlets and outlets connected
through microchannels.15,238 Each chamber is embedded
by an air space for maximum thermal isolation and mini-
mum thermal mass. In addition, each chamber contains a
polymeric membrane, which with the microfluidic chan-
nels and chambers allow efficient handling and measure-
ments of 1 
l samples.238

One thermopile is integrated with its hot and cold
junctions (formed between Ni and Cr) on the membranes
in the sample and reference chambers. Hence, using a
low-noise thermopile temperature sensor and optimized
thermal structures, sensitivity at approximately 50 nW
could be obtained.15,238 Also, a resistive temperature sen-
sor and heater exist on each membrane to make a temper-
ature control on the silicon chip. The resistive heaters and
temperature sensors allow varying temperatures with pre-
scribed rates. An island from Cu is enclosed to the backside of
the membranes to extend their temperature uniformity.15,238

For analysis, one chamber is filled with a sample and
the other with a reference buffer. Temperatures of sample

and buffer are controlled in a closed loop by the sensors and
heaters. Minimum differences of the temperatures between
the sample and buffer are measured by the thermo-
pile.15,238 Any difference in the temperatures reflects struc-
tural changes of the sample and is used to assess the ther-
modynamic characteristics of the molecules.

The most known applications of MEMS-DSC have
been reported for measurement of protein denaturations,
yielding melting points in agreement with the literature
values by basic DSCs.239,240 For instance, Wang et al.241

applied this system to measure thermodynamic parameters
of lysozyme when thermally unfolded. As their MEMS
calorimeter was equipped with a thermopile device, they
could also monitor the thermal activity of the protein by
thermopile output voltage. This capability leads to compu-
tation of differential Cp versus scanned temperatures. The
obtained result (Tm�68.1°C) was in excellent agreement
with the literature value (Tm�66.2°C),31 and the calorim-
eter showed that it can indeed be applied for structural
transitions of biomacromolecules in liquid.240

FIGURE 17

DSC traces of (4-3,4-3,5)nG2-CH2-Boc-L-Tyr-L-Ala. Tt (°C) and enthalpy changes (kcal/mol, in parentheses) are marked
on DSC. (A) First heating scan. (B) First cooling scan. (C) Second heating scan. g, Glass.236
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IR-Heated DSC

IR-heated DSC is a heat-flux DSC, which is comprised of a
DSC sensor assembly for receiving a sample that is installed
in a cavity within an elongated cylinder and an IR lamp
assembly disposed of circumferentially around the elon-
gated cylinder having a length substantially similar to that
of the cylinder.242 The measurement assembly comprises
an elongated, high thermal conductivity cylinder having a
cavity in which the DSC sensing assembly is situated and a
high emissivity outer surface.242 The IR lamp assembly
preferably comprises a plurality of tubular lamps, each
having a longitudinal axis arranged parallel to the axis of the
elongated cylinder and an IR reflector comprising a plural-
ity of partial cylindrical surfaces, which each describes as a
cylindrical shape with a focus collinear with the axis of each
tubular lamp.242,243 The IR furnace is used to heat a
measuring assembly that incorporates a high thermal con-
ductivity enclosure similar to that of a conventional
DSC.242 The enclosure reduces temperature difference
errors that result from heat exchange among the sensor,
sample pans, and their surroundings. Given the size of the
enclosure, much more IR energy from the lamps must be
delivered to the measuring assembly to achieve a desired
heating rate, and more energy must be removed to achieve
a desired cooling rate.242

The calorimeter further comprises a thermal resistor
coupled to the measurement assembly, wherein the thermal
resistor is disposed of substantially outside of a region
whose perimeter is defined by a cavity within the lamp
assembly and a heat sink thermally coupled to the thermal
resistor and to the IR reflector.16,242 The heat-flux DSC
includes a single thermal resistor used to thermally connect
the measuring assembly to the external heat sink located
externally to the reflector.16,242 The thermal resistor is also
located externally to the reflector, wherein the resistor is
disposed of outside of the region defined by the reflector
cavity.16,242 The thermal resistor may be comprised of a
solid material having the requisite composition and geom-
etry to create the desired heat-flow restriction, or it may be
a small gap filled with gas, such that the gas thermal
conductivity and the gap dimension create the desired
heat-flow restriction.16,242 When the thermal resistor com-
prises a gas-filled gap, the gas composition may be changed
to modify the magnitude of its thermal resistance. Rather
than using a separate cooling system for the reflector, it is
also coupled to the heat sink so that it too is cooled by the
heat sink.16,242 In this manner, the cooling rates and the
minimum temperature achieved by the apparatus are im-
proved. In addition, the device is simplified by elimination
of a separate cooling system for the IR reflector.16,242

The exterior surface of the DSC enclosure that sur-

rounds a measurement assembly is an elongated circular
cylinder that is approximately equal in length to a reflector
cavity and lamp assembly that forms an IR heating assem-
bly.16,242 In this manner, the DSC enclosure intercepts a
greater fraction of the energy emitted by the lamps and
reflected by the reflector.16,242

The DSC enclosure comprises a high emissivity exte-
rior surface and a single high emissivity material.16,242 It
comprises an enclosure, such as a cylindrical enclosure,
whose emissivity is not high in an inner portion of the
cylinder walls but whose exterior surface is coated or lami-
nated with a high emissivity layer to greatly increase the
absorption of radiation arriving at the surface. In addition,
in embodiments of the device, the measuring assembly is
constructed without a surrounding quartz tube, which is
conventionally used to enclose the measuring assem-
bly.16,242 This further improves heat-exchange efficiency
and also allows the lamps to be positioned closer to the
measuring assembly, which in turn, allows the reflector
surface area to be reduced. The ratio of heated area to
reflector area is thus increased, further improving the effi-
ciency of IR heating.16,242

A single heat sink is used in the DSC apparatus and is
located externally to the IR furnace reflector so that the heat
sink is not heated directly by radiation, still further improv-
ing the efficiency of IR heating.242 The heat sink may be
cooled by circulating water or some other fluid as a coolant.
Alternatively, the heat sink may be cooled by evaporation
of a subcooled liquid, which may be the refrigerant in a
vapor compression refrigeration system or an expendable
coolant, such as liquid nitrogen, whose vapor is discharged
to the atmosphere.16

IR-heated DSC is also named as rapid-heating DSC
(RHDSC).244,245 The calorimeter can offer heating rates
up to 2000°C min–1, providing a new opportunity to
characterize unstable polymorphs as a result of the likeli-
hood that form changes can be inhibited at higher heating
rates. Hence, Gaisford et al.245 used RHDSC to isolate and
characterize paracetamol form III. In fact, they could iso-
late paracetamol form III from the glass and then quantify
its melting point by heating it fast enough to inhibit the
solid-solid transition to form II. This was achieved using
heating rates more than 400°C min–1.245

In summary, this type of DSC is configured to provide
more rapid sample heating and cooling rates in comparison
with conventional systems. Additionally, configurations of the
system provide a more efficient arrangement for heating a
DSC when the heat source is a plurality of lamps emitting IR
radiation.16,242 More versatile sample measurements are pro-
vided by embodiments in which a heat-flux DSC includes a
configurable thermal resistor.16,242,243 Thus, the thermal con-
ductivity of the thermal resistor can be decreased during sam-
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ple heating and increased during sample cooling, which allows
the sample heating rate and sample cooling rate to be maxi-
mized independently during a single experiment.16,242,243

MTDSC

MTDSC provides the amplitude and phase signals [alter-
nating current (AC) signals] and the total heat-flow signal
equivalent to that given by DSC simultaneously in a single
experiment.11,246–249 The name MTDSC was copy-
righted by TA Instruments.17 The technique used a con-
ventional DSC, and the signals were produced by a decon-
volution procedure carried out by a computer.17 A
sinusoidal temperature modulation is the program used
most often; however, there are many different forms of
temperature programs for this aim.17

In addition to the technique, a simple theory and
method of interpretation were introduced that focused on
the differences between the AC and nonreversing signals
[direct current (DC) signals].17 Briefly, MTDSC is an
advanced technique, in which the total heat-flow signal is
obtained as the temperature of the sample, and reference is
heated according to a basic heating rate, upon which, a
temperature oscillation has been superimposed.250 The
total heat-flow signal can then be deconvoluted to obtain
one or more deconvoluted signals representative of, for
example, the rapidly reversible (AC) and/or nonrapidly
reversible (DC) components of the heat flow.17,250

The main idea of the deconvolution procedure was the
importance of disentangling the sample response, which
depends on temperature from the response, which depends
on rate of temperature changes.251 The basis of MTDSC is
according to simultaneously measuring the Cp of the sam-
ple using the response to the linear ramp and the response
to the modulation and comparing those.17,251 For the inert
sample, there are no significant temperature gradients be-
tween the sample temperature sensor and the center of the
sample; both methods should give the same value. The fact
that during transitions, these two techniques give different
values is interesting.17

The best-known advantages of MTDSC are the ability
to separately measure one or more components of the total
heat-flow signal; an improved ability, compared with con-
ventional DSC, to measure transformations or other ther-
mal events that are overlapped in temperature and/or in
time; and improved resolution by allowing for the use of a
relatively slow, underlying heating rate.251 The most com-
monly encountered types of processes that are studied by
MTDSC are in polymeric materials.251 The appropriate
specific kinetic functions could be obtained as chemical
reactions and related processes, glass transitions, and poly-
mer melting.251

The results of averaging the MHF signal are equivalent

to conventional DSC and can be recovered.251 The fact is
important, as the information DSC provides is very useful.
The sample’s vibrational Cp, independently of any other
process that is occurring, such as a chemical reaction, could
be measured by looking at the in-phase response to the
modulation.17,251 This signal leads to Cp directly. Also, the
out-of-phase response can be expressed as the kinetic or in
complex notation, the imaginary Cp.17 However, it is gen-
erally approximated by taking the derivative with respect to
temperature of the heat flow generated by the reaction or
other process.251 This signal can be used to determine the
activation energy for a reaction. The nonreversing signal
gives a measure of the energy that arises from the chemical
reaction.17

The Tg, as measured by the reversing Cp, is a function
of frequency.17 The Tt, as measured by the total Cp on
cooling, is a function of cooling rate.17 There is equivalence
between these two observations, as changing the frequency
of the modulation and the cooling rate alters the time-scale
over which the measurement is made.17 Aging below the
glass transition produces an enthalpy loss that is recovered
as a peak overlaid on the glass transition.17 However, this
aging does not, at low degrees of annealing, have a great
effect on the reversing signal, and this is intuitively satisfac-
tory, as the aging effect is not reversible on the time-scale of
the modulation.17,251

Polymer melting is the result of a distribution of spe-
cies, all melting at their equilibrium melting temperature,
and subsequently, the enthalpy of melting is found in
whole or, in part, in the reversing signal.17 Principally, this
type of melting behaves in a similar manner to Cp, where
there is no cooling during the modulation cycle.17 Hence,
the reversing signal no longer has the same meaning as it
does when considering chemical reactions and glass transi-
tions, as the reversing signal contains a contribution from
an essentially nonreversing process.17

GFMDSC

GFMDSC modulates a DSC by setting the properties of a
gas in thermal contact with the sample and the reference in
the calorimeter.250 The device allows the use of MDSC at
high modulation rates compared with the modulation rates
used with MTDSC.17

The major heat-flow path between the sample or ref-
erence and the furnace is the purge gas in the furnace
chamber.250,252 The composition of the purge gas in the
furnace chamber of a DSC cell is modulated by alternately
purging the DSC with a high thermal conductivity gas
(such as helium) and with a low thermal conductivity gas
(such as nitrogen).252,253 This characteristic modulates the
properties of the calorimeter cell. When there is no heat
flow between the sample or reference and the furnace,
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because of equilibrium between the sample and reference
with the furnace, the composition of the purge gas is
irrelevant, and there is no modulated signal.250,252,253

However, if the sample is not in thermal equilibrium with
its surroundings, modulating the thermal conductivity of
the purge gas modulates the flow of heat to the sample or
reference and thus, produces a modulated signal.252–254

As typical DSC cells have relatively small volumes,
MDSCs can be modulated at relatively high rates using this
technique.252–254 If the temperature of the furnace is mod-
ulated at one frequency, and the composition of the purge
gas is modulated at substantially different frequency, then a
multiplexed signal would be created.250

Instead of the flow rate, the temperature of the tem-
perature-controlling gas is modulated.250,252–255 A combi-
nation of furnaces may be used to obtain the desired sample
and reference temperatures. For instance, a relatively large
thermal mass furnace may be used for the linear portion of
the sample and reference temperatures, and separate low
thermal mass furnaces may be used to modulate the sample
or reference temperatures. 250,252–255 As the thermal mass
of the modulation furnaces is relatively low, the sample or
reference temperatures can be modulated at relatively high
modulation rates.250

The technique provides improved methods and appa-
ratus for modulating the temperature of a sample or a
reference in a MDSC.250,252 Also, it is another character-
istic of the device to modulate the heat flow to and from a
sample and a reference in a MDSC by modulating the
composition of the purge gas in the modulated calorime-
ter.250,252 Additionally, the technique modulates the tem-
perature of a sample or a reference in a MDSC by modu-
lating the flow rate of a gas controlling the temperature of
the sample or a reference in the modulated calorimeter.250

There are several ways for purge gas to contribute the
experiments. For instance, the flowing gas helps to remove
moisture or oxygen, which may accumulate and damage
the cell over the time.256 Also, the gas supplies for a smooth
thermal blanket, which limits localized hot-spots that can
lead to artifactual heat flow.256 The purge gas exists for
more efficient heat transfer between the constantan disc
and the sample pan, resulting in more sensitivity and faster
response time. Additionally, it helps to cool the cell so that
faster cooling rates and wider modulation parameters may
be obtained.256

In summary, this equipment could be used in MDSC
or DSC mode to contribute the experiment in several ways,
such as to help to remove moisture or oxygen that may
accumulate and damage the cell over time, to provide a
smooth thermal blanket that eliminates localized hot-spots,
which can lead to artifactual heat flow, and to provide more
efficient heat transfer between the constantan disc and the

sample pan, resulting in more sensitivity and faster re-
sponse time. In fact, the purge gas by this system helps to
cool the cell so that faster cooling rates and wider modula-
tion parameters may be achieved. Hence, to optimize the
MDSC experiment and generate accurate and reproducible
results, a flowing inert purge gas using this equipment
should generally be applied.255,256

PNDSC

Traditional DSC requires relatively large amounts of test ma-
terial, and thermal analyses on nanoscale samples are difficult;
however, it is not impossible. Its application in nanoscience,
where sample sizes are small, is rather limited.11 As the prop-
erties of nanomaterials may differ significantly from their bulk
counterparts, a DSC that is sensitive enough to probe
nanoscale quantities is desirable.9 On the other hand, tradi-
tional DSCs are limited to taking one measurement at a time,
and a new sample must be loaded between each measurement.
This severely limits the use of a traditional DSC in combina-
torial studies at the nanoscale.257

PNDSC is a power-compensation DSC, which included
a plurality of cell structures being used to define a selective
region for calorimetric measurements of a nanomaterial.19

Heating units have been positioned on the cell structures to
provide the required energy to perform calorimetric analyses
in each of the cell structures.19 The cell structures and the
heating units are arranged so as to allow the calorimetric
system to perform, in a combinatorial manner, calorimetric
measurements associated with the nanostructure.258

The calorimetric system is used for the combinatorial
analysis of complex nanoscale material systems.19 The
PNDSC is a micro-machined array of calorimetric cells. This
new approach to combinatorial calorimetry greatly expedites
the analysis of nanomaterial thermal characteristics.19 Addi-
tionally, a set of samples can be analyzed simultaneously,
greatly reducing the time for such a study when compared
with a conventional, one-at-a-time approach.258

PNDSC combines DSC and combinatorial analysis in a
novel way, which is ideal for analyzing complex material
systems.19,258 The core of the system is micro-machined,
which included a 5 � 5 array of calorimetric cells.19,258 The
system reduces the measurement time of complex nanomate-
rials by at least an order of magnitude.19, 258 The device
promises to revolutionize the development of such materials,
providing the raw material data for nanoscience innovation
and design.19,258

The calorimeter includes a heating element in a double-
spiral pattern.19 Such a layout will improve the thermal effi-
ciency of the device and expand its capability for kinetic
analyses.19 Incorporation of vanadium oxide, which has a
thermal coefficient of resistivity of �2%/K, will increase tem-
perature measurement sensitivity, particularly in the range
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compatible with biomaterials.19 Additionally, microfluidic
channels in this device expand its applicability to fluid sam-
ples.258

PPC

Two popular types of calorimeters are DSCs and isother-
mal titration calorimeters (ITCs).11 DSC increases or de-
creases the temperature of the system at a given rate auto-
matically, while monitoring any temperature differential
that arises between the two cells.11 Minute differences
between the amount of heat absorbed or released by the
sample cell in comparison with the reference cell can be
measured and related to the test material.11

In ITC, the calorimeter maintains a constant temper-
ature, and the concentration of an additional material
added to the cells is changed.6 The added substance could
be a ligand, which is bonded to the test material in the
sample cell.6 The calorimeter measures the heat absorbed
or released, as the newly introduced ligand binds to the test.
Various information about the interaction between the test
sample and the ligand (such as stoichiometry, binding
constant, and heat of binding) can be determined by re-
peating the titration experiment using multiple additions
of the ligand until binding is completed.6

The idea of PPC was formed in response to the follow-
ing problems. First, the analysis of volumetric characteris-
tics of biopolymers in dilute solution has always been
difficult and needed tedious experiments using densitomet-
ric or dilatometric techniques to determine partial molar
volumes. The latter, measuring volume changes for
biopolymer unfolding, is also problematic and most often
done using large, reinforced optical cells up to high pres-
sures.20 On the other hand, as the basic calorimeters can
only collect data in response to changes in one intensive
variable (i.e., temperature or concentration), the informa-
tion that existing calorimeters obtain on the test sample is
limited.259

The PPC calorimeter includes: a reference cell and a
sample cell, where the reference cell contains a liquid, and
the sample cell contains a solution that includes the liquid
and a test substance20; varying the pressure above the liquid
in the sample cell and the solution in the reference cell20;
and determining a differential heat effect between the sam-
ple cell and the reference cell in response to a change in the
pressure used by the pressure system.20

PPC measures heat change, resulting from a pressure
change above a solution containing a dissolved substance.20

It leads to considerably greater accuracy for measuring
critical volumetric parameters of, e.g., biopolymers in so-
lution.20 Also, it provides information about biopolymer
solvation currently unavailable from any other tech-
niques.20 Additionally, PPC calorimeter obtains data re-

sulting from variations in either of two intensive variables:
temperature and pressure.20

The device uses small pressure perturbation to solutions
in a reference cell and a sample cell at different temperatures
and compares the heat absorbed or released by the two cells in
response to each pressure perturbation .20 Certain thermody-
namic properties of the test substance in the sample cell can be
assessed through these measurements. For instance, some
PPC methods are particularly useful for determining the
thermal coefficient of expansion of a macromolecule260

and for determining the macromolecule’s volume change as
it unfolds.20 The thermal coefficient of expansion of the
substance at the known temperature could be obtained
using the first and second laws of thermodynamics.20 How-
ever, these terms cannot be measured with sufficient accu-
racy using existing technology.259

Technically, PPC includes a sample cell, a reference
cell, and a pressure system that applies a variable pressure to
the sample cell.20 Additionally, there is a pressure control-
ler that controls the pressure applied by the pressure system
to the sample cell.20 The calorimeter includes a heat-
monitoring system, which subsequently determines the
differences between the amount of heat absorbed or re-
leased by the sample cell and by the reference cell.20 This
monitoring system has a temperature sensor that monitors
a temperature differential between the cells when it arises in
response to a change in the pressure used by the pressure
system.20

The sample cell is a vessel shaped to contain a liquid
and a test substance (e.g., a biopolymer), and the pressure
system applies the variable pressure to a liquid-holding
portion of it.20 The reference cell is substantially identical
in mass and volume to the sample cell, and it contains a
liquid too.20

The calorimeter has an electrical controller that is
electrically coupled to the pressure controller.20 The elec-
trical control system includes a software program, which
causes the pressure controller to periodically vary the pres-
sure used by the pressure system.20 Also, the computer
program keeps in memory information sufficient to calcu-
late the temperature differentials between the sample and
reference cells.20

Unfolding studies of proteins and protein stability
analysis is one of the most prominent applications of
PPC.259–262 As a protein unfolds by heating to a temper-
ature higher than its melting point, the volume of the
molecule changes, as hydrophobic side-chains ordinarily
buried within the native protein are exposed to the exterior,
and becomes solvated.261 This volume change is an impor-
tant structural parameter and is measurable using PPC. As
Palma and Curmi262 have indicated, the thermal expansion
between folding and unfolding of proteins can help to
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explain and predict protein stability. Hence, the thermal
expansion from the heat released or absorbed after short
pressure pulses on protein solutions would be obtain-
able.263 Therefore, the data are useful in some applications,
such as bioengineering studies.260,261

PPC can also be used to determine the coefficient of
thermal expansion and the volume change for molecules
other than proteins.258 The volume change can be mea-
sured for molecules that undergo a structural transition
driven by temperature, such as DNA and RNA,264 or
certain lipid vesicles,265 carbohydrates,266 or synthetic
polymers.267 Thermal coefficients are calculated for essen-
tially any organic or inorganic substance, including any
solute in an aqueous or nonaqueous solvent.258,262

SRDSC

The idea of SRDSC was formed because of one disadvan-
tage of the power-compensation systems. The problem was
their effectiveness over the temperature range–170 to
730°C. Hence, the development of higher temperature
DSC calorimeters has concentrated on the heat-flux de-
sign,11 and the self-referencing DSC was an embodiment
to solve this weakness.

SRDSC technique, as a heat-flux DSC, was applied, in
which the difference in heat-flow rate between the sample
and the furnace is monitored against time or temperature,
and the sample is subjected to a temperature program.11

Self-referencing DSC is a high-quality, medium-range
temperature, low-cost DSC, which is used in industrial
characterization and materials study.21 The heat-flux calo-
rimeter measures the heat flow across a circular plate within
a circular furnace in the uniform set.21 The heat is trans-
ferred between the furnace and the sample through the flat
plate, which has a central sample location whose tempera-
ture is monitored by a thermocouple.21

Multiple radial thermocouples are provided, centrally
located under the sample cell, and at four reference parts at
a certain distance between the furnace walls and the middle
of the plate.11 The thermocouples provide an averaged
temperature signal from which the differential signal may
be derived. The signal is directly proportional to the heat-
ing rate and the Cp of the sample.11 Additionally, it should
show improved baseline reproducibility, as there is less
systematical thermal asymmetry.11

SRDSC has a single position in its center to place a
sample, but it has no place for a reference.11 This absence
avoids any baseline inconsistency as a result of device asym-
metry, and also, it nullifies any thermal noise at interface of
the reference plate.11

For demonstrating the ability of the SRDSC, the phys-
ical aging of amorphous polyethylene terephthalate (PET)
was carried out at 338 K to measure low-energy transition

compared wiht power-compensation DSC.21 The temper-
ature at specific times would be raised at 10 K min–1,
through the glass transition, to 368 K and back to 338 K at
2.5 K min–1. The process was repeated immediately to
obtain the unaged glass transition, which was subtracted
from each physical aging peak, and the remaining area was
associated with the enthalpy of physical aging. SRDSC
curves of PET at various stages of physical aging caused by
physical aging were clearly significant, and the results were
the same as those for power-compensation DSC reported
previously.268

HPer DSC

As the conventional DSC has weakness in achieving highly
controlled, constant rates in cooling, the idea of supplying
a DSC that can operate a bit faster or even at much higher
heating rates has received a great deal of attention.22 The
most important reasons for this aim include: most processes
occur at much higher rates than are usable by conventional
DSC, and some polymers and pharmaceuticals are in meta-
stable states.22 Hence, the idea of HPer DSC was formed to
realize suitable conditions and correlate the results of ther-
mal analyses to make improvements in the product charac-
teristics.269 In other words, HPer DSC (hyper DSC/high-
speed DSC) can clarify metastability phenomena and solve
its related problems.269,270

Instrumentally, the increasing rates need a decreasing size
of related components of the measuring device (such as mea-
suring cell) to extend the thermal conductivity paths.22,271 In
addition, decreasing the sample mass up to 1 
g is the other
essential requirement. Consequently, this type of calorimeter
should have a small furnace and offers the advantage of the
power compensation in design.22 Thus, it provides direct
flow-rate assessments and the ideal temperature control on the
sample for significant results.271

The existing HPer DSC, so-named power compensation
Pyris 1 or Diamond DSC, has small furnaces and then pre-
cisely regulated cooling and heating rates, based on that fact
that the temperature range of the measurements and the
accessories have been used for cooling, respectively.22,271 Also,
developing the high-speed pulse-calorimeter has realized the
extremely high heating rates up to 6 � 10°C/min.22 In addi-
tion, development of the ultra-fast chip DSC led to the use of
subnanograms of materials to achieve constant heating and
cooling rates.22

Obtaining realistic conditions is a major challenge that
occurs, for example, in high cooling rates in polymer pro-
cessing.22,272 Various phenomena influence verification
and crystallization of the polymer. Hence, measuring under
realistic conditions by HPer DSC realizes the use of high
heating rates and mimics practical conditions.22,273

Another challenge that can be met by HPer DSC is metasta-
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bility of macromolecules and pharmaceuticals.20,274 Metastabil-
ity correlates to common phenomena known in thermal analyses
of the materials, such as hot or cold crystallizations, recrystalliza-
tion, supercoiling, amorphization, and annealing.22,274 Under-
standing the kinetics of metastability, related processes can be
realized using the HPer DSC technique.22,274 For instance,
Vanden Poel and Mathot270 have shown that the technique
could be used as a powerful analytical tool for the study of this
phenomenon in polymer studies. They investigated the crystalli-
zation and melting behavior of some well-known polymers (such
as polypropylene, polyoxymethylene, and polyamide 6 in nano-
or micrometer scales) using HPer DSC with consideration of a
variety of cooling and heating rates.269 The study cleared the
capability of using accurate conditions of low or high and cooling
or heating rates to assess the metastability of polymers and their
related kinetics of transitions in detail.269

Many advantages by HPer DSC have been reported in
literature.22 The best known of these benefits include in-
creased sensitivity,22,271 increased production,22,272,273 quan-
titative measurements of Cp and crystallinity,22,275 studying
of kinetics,22,272 studying of reorganization phenomena,22,273

preventing of undesired cold crystallization and recrystalliza-
tion,22,276 solid-solid transformations,22,269,272,277 matching
rates occurring routinely,22,278 mimicking of rates in process-
ing, such as extrusion and injection molding,22,269,276,277 and
measuring minute amounts of materials (e.g., amorphous
content in predominantly crystalline samples) less than a few
micrograms in practice.22,271,279,280

CONCLUSIONS

DSC is a powerful technique for obtaining the thermo-
analytical parameters of biomolecules and nanomateri-
als.74,76,138,211,224 Additionally, recent advances have
made it possible to assess the purification yield of some
pharmaceutical drugs such as antibodies.122,124

As the best-known goal of systems biology is to investigate
new, emergent characteristics that may arise from the systemic
viewof abiological system,281 DSCtechniques couldbeuseful to
provide new data about the structural thermodynamics of reac-
tion intermediates. In particular, some reactions, such as isother-
mal amplification of nucleic acids, may be processed in DSC and
used to obtain new, thermodynamic information about nucleic
acids while the molecules are polymerizing.282

As a thermoanalytical method, the technology can predict
stability of biomolecules in various environmental conditions
such as pH, ionic strength, and osmolites.2,73,128,283–285

Some types of this instrument can reveal volumetric features of
the sample in different pressures.11 In addition, the interaction
of biomolecules and nanoparticles could be tracked via the
calorimeters.

Various types of calorimeters have been developed, and
their applications could improve the thermoanalysis of a

wide range of materials. On the other hand, in the last
decades, considerable progress has been made in applica-
tions of DSCs in microfluidics, drug discovery, pharma-
ceuticals, molecular biology, and nanoscience.11

In conclusion, the combination of calorimetric tech-
niques available to measure the thermodynamics of folding
and unfolding transitions includes thermal scanning
(DSC), pressure scanning (PPC), and isothermal (ITC)
methods.75,266 These instruments measure thermody-
namic parameters, largely depending on different temper-
ature and pressure ranges. Hence, the measurements may
correspond to different sets of thermodynamic end states,
thus complicating comparison of measured parameters
from different samples.
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DSC thermo-oxidative stability of red chili oleoresin microen-
capsulated in blended biopolymers matrices. J Food Eng 2008;
85:613–624.

29. Privalov PL. Microcalorimetry of proteins and their complexes.
In Shriver JW (ed): Protein Structure, Stability, and Interactions,
vol 490. Totowa, NJ, USA: Humana Press, 2009;1–40.

30. Yakovlev GI, Moiseyev GP, Protasevich II, et al. Dissociation
constants and thermal stability of complexes of Bacillus interme-
dius RNase and the protein inhibitor of Bacillus amyloliquifaciens
RNase. FEBS Lett 1995;366:156–158.

31. Pfeil W. Protein Stability and Folding: A Collection of Thermody-
namic Data. Berlin Heidelberg, Germany: Springer-Verlag,
1998.

32. He Y. DSC and DEA studies of under fill curing kinetics.
Thermochim Acta 2001;367–368:101–106.

33. Van Holde KE, Curtis Johnson W, Shing Ho P. Thermody-
namics and biochemistry. In Principles of Physical Biochemistry,
2nd ed. Upper Saddle River, NJ, USA: Pearson Prentice Hall,
2006;72–105.

34. Cooper A, Nutley MA, Walood A. Differential scanning micro-
calorimetry. In Harding SE, Chowdhry BZ (eds): Protein-Li-
gand Interactions: Hydrodynamics and Calorimetry. Oxford, UK:
Oxford University Press, 2000;287–318.

35. Cooper A. Biophysical Chemistry. London, UK: Royal Society of
Chemistry, 2004;103–107.

36. Cooper A. Heat capacity of hydrogen-bonded networks: an
alternative view of protein folding thermodynamics. Biophys
Chem 2000;85:25–39.

37. Cooper A, Johnson CM, Lakey JH, Nollmann M. Heat does not
come in deferent colors: entropy-enthalpy compensation, free
energy windows, quantum confinement, pressure perturbation
calorimetry, salvation and the multiple causes of heat capacity
effects in biomolecular interactions. Biophys Chem 2001;93:
215–230.

38. Cooper A. Microcalorimetry of protein-DNA interactions. In
Travers A, Buckle M (eds): DNA-Protein Interactions. Oxford,
UK: Oxford University Press, 2000;125–139.

39. Ford JL, Willson BR. Thermal analysis and calorimetry of
pharmaceuticals. In Kemp R (ed): Handbook of Thermal Analysis
and Calorimetry, vol 4. The Netherlands: Elsevier, 1999;923–
1016.

40. Sturtevant J. Biochemical applications of differential scanning
calorimetry. Annu Rev Phys Chem 1987;38:463–488.

41. Haynie DT, Freire E. Estimation of the folding/unfolding ener-
getics of marginally stable proteins using differential scanning
calorimetry. Anal Biochem 1994b;216:33–41.

42. Pilch DS. Calorimetry of nucleic acids. In Egli M, Herdewijn P,
Matsuda A, et al. (eds): Current Protocols in Nucleic Acid Chem-
istry. New York, NY, USA: John Wiley & Sons, 2000;7.4.1–
7.4.9.

43. Edsall TJ, Gutfreund H. Calorimetry, heat capacity, and phase
transitions. In Edsall TJ, Gutfreund H (eds): Biothermodynam-
ics: The Study of Biochemical Processes at Equilibrium. New York,
NY, USA: John Wiley & Sons, 1983;210–227.

44. Breslauer KJ, Freier E, Straume M. Calorimetry: a tool for DNA
and ligand-DNA studies. Methods Enzymol 1992;211:533–567.

45. Krug RR, Hunter WG, Grieger RA. Enthalpy-enthropy com-
pensation. 1. Some fundamental statistical problems associated
with the analysis of van’t Hoff and Arrhenius data. J Phys Chem
1976;80:2335–2341.

46. Kholodenko V. A simple method to measure the absolute heat
capacity of proteins. Anal Biochem 1999;270:336–338.

47. Shortle D, Ackerman MS. Persistence of native-like topology in
a denatured protein in 8 M urea. Science 2001;293:487–489.

48. Baldwin RL. Protein folding: making a network of hydrophobic
clusters. Science 2002;295:1657–1658.

49. Klein-Seetharaman J, Oikawa M, Grimshaw SB, et al. Interac-
tions within a nonnative protein. Science 2002;295:1719–1722.

50. Privalov PL, Dragan AI. Microcalorimetry of biological macro-
molecules. Biophys Chem 2007;126:16–24.

51. Cueto M, Dorta MJ, Munguı́a O, Llabrés M. New approach to
stability assessment of protein solution formulations by differ-
ential scanning calorimetry. Int J Pharm 2003;252:159–166.
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