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Abstract

Thermal analysis methods are widely used in the characterization of
substances and materials in chemistry and engineering. But they also find
their application in life sciences: biology and medicine. This paper exhaus-
tively and critically reviews the application of the most commonly used ther-
mal analysis methods for the characterization of organs and tissues of plants,
animals, and humans. The methods are suitable for differentiating between
several types of water in a cell, optimizing treatment, storage, or cultivation
conditions, following plant or animal development, medical diagnostics and
modelling, and more. Expertise developed in the characterization of syn-
thetic materials and molecules can be transferred ro that of biological tissues
and biomolecules and opens a perspective for interdisciplinary research. Still,
researchers should take into consideration the inherent complexity of bio-
logical samples, as well as inevitable changes when isolating the tissue from
the living organism.

INTRODUCTION

hermal analysis methods comprise all instrumental methods that

measure some property of a material as a function of temperature
(or time) when subjected to a controlled temperature program. Although
there are now numerous techniques which enable such measurements
(e.g., heated microscope stage), the term is usually applied to several
established techniques: thermogravimetry (TGA), differential thermal
analysis (DTA), differential scanning calorimetry (DSC), thermome-
chanical analysis (TMA), dynamic mechanical analysis (DMA) ther-
modilatometry (TD) and dielectric thermal analysis (DETA) (7,2).

These techniques were initially developed for the characterization
of polymers and ceramic materials, but with time their use evolved to
encompass all sorts of materials and substances, including those of
biological origin. For example, DSC is regularly used in the pharma-
ceutical industry (3,4), while several thermal analysis methods are used
in the food processing industry (5—-9). Naturally, these methods have
also found their use in biology and medicine, so the aim of this paper
is to review their historical and current use and hopefully inspire future
research.

As the fields of biology and medicine are quite broad, this review
will be limited only to the “pure” biological research, excluding the
papers dealing with the development of biomaterials and materials for
biomedical applications, as well as those researching biomass as a raw
material for the production of energy or composite materials, as adsor-
bents etc.
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Also excluded will be the field of biochemistry: the use
of DSC to study biological macromolecules and their in-
teractions with each other and with possible pharmaceu-
ticals is widely reported on (10-22), the earliest reviews
dating back to 1989 (23). Hansen et al. (24) can be recom-
mended as a good introductory paper for those interested
in the topic.

This paper will first give an overview of thermal anal-
ysis methods, their working principles and their main
applications, as well as the way in which measurement
conditions can influence the results and how to control
for such influences. The use of thermal analysis in biology
will be divided into two sections: plants and animals,
followed by the use of thermal analysis in medicine. Most
of the research on mammals will be presented in the sec-
tion on medicine since the animals were model organisms
in medicinal research. Finally, general conclusions and
prospects will be given.

PRINCIPLES AND APPLICATIONS OF
THERMAL ANALYSIS METHODS

Thermogravimetry

Thermogravimetry measures the changes in the mass
of the sample with time or temperature under a controlled
atmosphere, using a thermobalance (2,25). The atmo-
sphere is most often inert (nitrogen) or oxidative (syn-
thetic air, composed exclusively of 79 % of nitrogen and
21 % of oxygen, with no other components). Other reac-
tive gases such as atmosphere with controlled humidity
or CO, are also used. A mass loss is usually a result of
thermal degradation, but it can also be due to evapora-
tion. More rarely, a mass gain is due to a reaction with the
atmosphere or the adsorption of gases from the atmo-
sphere. Residual mass after degradation is often used as a

Mass content of residue, %

measure of inorganic content or “ash”. Derivation of the
thermogravimetric curve makes the mass losses easier to
discern (Figure 1), and sometimes these curves are re-

ferred to as DTG curves.

TGA is commonly used to determine the thermal sta-
bility of organic substances such as pharmaceutics or
polymers, as well as to help determine the drying condi-
tions and water (moisture) content. It can also be used to
quantify known components of the sample by measuring
the characteristic mass loss of their degradation (e.g.,
CaCO, content from mass loss due to CO, release). To
help identify the mass losses, TGA is often used in com-
bination with DTA and DSC, which show whether the
change is accompanied by the release or the absorption of
energy (exothermic or endothermic change, respectively).

Differential thermal analysis and
differential scanning calorimetry

DTA and DSC are differential methods, measuring
the difference in signal between the measured sample,
which undergoes changes, and the reference sample,
which remains unchanged during the measurement
(2,25). Both samples undergo the same temperature pro-
gram, either in the same furnace (DTA) or in two simul-
taneously heated furnaces (DSC), and the signal is mea-
sured as a function of time or temperature. DTA is the
older method, measuring the difference in temperature
between the samples. If the measured sample undergoes
an endothermic change (i.e., absorbing the heat from the
environment) its temperature will decrease in comparison
with the reference sample, and vice versa: if it undergoes
an exothermic change, its temperature will increase. The
difference is then plotted as either a positive or a negative
deviation from the baseline, so-called endothermic or
exothermic peak or maximum.
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Figure 1. An example of a thermogravimetric curve (blue) and its derivation (green) for a mixed (Ca,Mn)CO, carbonate sample. The arrow
marks the temperature where the mass loss for one carbonate stops and the other begins.
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On the other hand, DSC measures the differences in
heat flow, dQ/dz, between the samples: either calculated
from the temperature difference between the samples and
the furnace or directly from the power needed to keep
both samples at the same temperature (22). The resulting
curves are very similar to those obtained by DTA but also
give quantitative information about the enthalpic effect
of the change and the thermal capacity of the sample.
Thus, most instruments today are DSC, while DTA is
used almost exclusively in coupled techniques such as
DTA-TGA or TMA-DTA, where it gives additional in-
formation to a quantified change measured by the other
method.

Effects measured by DTA and DSC are either phase
transitions (crystallization, melting, solid-solid transition,
evaporation, sublimation) or reactions (degradation,
crosslinking etc.). The temperature of an effect is usually
determined from its maximum or onset, as shown in Fig-
ure 2., while the enthalpy is determined by integrating
the DSC maximum. The DSC instruments are usually
calibrated using standards with known temperature and
enthalpy of melting, most commonly indium. Correct
determination of a baseline for integration can be complex
and requires familiarity with the sample and the changes
it undergoes. From the experimental enthalpies of melting
or evaporation of water and the known molar enthalpies
of melting or evaporation, it is possible to quantify the
amount of water undergoing the change (26). For ex-
ample, if the total amount of water in the sample is
known, the proportion of frozen water can be calculated
from the measured exothermic effect of freezing (27).

DTA and DSC can be used to determine glass transi-
tion temperature (25), at which amorphous elastic solid
changes from a glassy state into a rubbery or fluid state,
depending on whether it is fully chemically crosslinked
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Figure 2. A DSC curve showing the melting of an organic crystal
containing zinc. The onset temperature is less sensitive to measure-
ment conditions and sample size than the peak temperature, so it
is a better representative of the melting temperature. The area of
the endothermic maximum gives the enthalpy of melting.
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Figure 3. DSC curve of a fully crosslinked epoxy-amine resin, show-
ing a glass transition, its temperature determined from a midpoint

of the step.

or not. Unlike the melting of crystals, there is no maxi-
mum, but a stepwise shift in the baseline, as shown in
Figure 3. A liquid or a rubbery solid can be vitrified, i.e.,
turned into a glassy state, if cooled fast enough to prevent
the formation of crystals. On the other hand, an amor-
phous glassy solid can crystallize during heating, as its
molecules gain enough energy to rearrange into an or-
dered crystalline state: this phenomenon is called cold
crystallization. Polymers may be partly amorphous and
partly crystalline since it is difficult for macromolecules
to fully crystallize: this type of structure is called semi-
crystalline and exhibits both a glass transition step and a
melting endotherm in its DSC curve. The presence of
small molecules in a macromolecular material can in-
crease the mobility of molecular segments, thus decreas-
ing the glass transition temperature and making the ma-
terial more flexible: this is called the plasticizing effect,
and the molecules are called plasticizers.

Thermodilatometry, thermomechanical
and dynamic mechanical analysis

TD, TMA and DMA are based on measuring chang-
es in sample dimension with time and temperature (2,25).
In thermodilatometry the sample is under negligible
stress, in thermomechanical analysis the stress is constant,
and in dynamic mechanical analysis the stress oscillates
sinusoidally. The stress can be compressive, tensile, bend-
ing or shear stress (28), and the type of applied stress must
be stated to enable a correct interpretation of the results.

Thermodilatometry can be linear or volumetric, de-
pending on whether the change in only one dimension
(usually length) or all three dimensions is measured. The
result is the linear or the volume thermal expansion coef-
ficient (29). A marked change in the coefficient indicates
a phase change, a chemical reaction, or sintering of the
sample. To make the identification of the change easier,
the difference in temperature of the sample and the fur-
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nace can be used to calculate an approximate DTA curve.
Thermodilatometry can also be performed on TMA in-
struments using an appropriate probe and negligible com-
pressive stress. As dilatometers were developed for the
investigation of ceramic materials, they are optimized for
awider temperature range and for larger samples than the
TMA instruments, which were developed for the investi-
gation of polymers.

TMA instruments can have several functions, depend-
ing on the shape of the measuring probe (30). The main
applications are dilatometric and swelling measurements,
determination of phase changes or softening of the mate-
rial, but compressive or tensile modulus can also be mea-
sured. Probes with a sharp tip can be used to measure soft
coatings on hard substrates without previously removing
them, which is an advantage in comparison to DSC.

DMA instruments are mainly used to determine the
viscoelastic properties of the samples, i.e., the proportion
of elastic strain and of viscous flow, which are in phase
and out of phase with the dynamic oscillatory stress, re-
spectively. The elastic strain is perfectly recoverable after
the removal of the stress, while the viscous flow is irrevers-
ible. Therefore, the modulus calculated from the in-phase
stress is called storage modulus (since the energy “stored”
in the deformation can be recovered), while the modulus
calculated from the stress 90° out of phase is called loss
modulus (since the energy is “lost” in viscous flow)
(25,28). The storage modulus is similar to the Young
modulus of elasticity, but they cannot be equated unless
the material is ideally elastic. Some materials are more
elastic and some more viscous, and the ratio of these prop-
erties’ changes with measurement conditions and with
phase changes in the investigated material. In the case of
sinusoidal oscillation, § is the phase angle by which the
stress lags after the strain. The ratio of loss and storage
moduli is equal to tan &, also called loss tangent or loss
factor (25,28). A maximum in tan & can be a measure of
the damping (energy dissipating) behavior of the mate-
rial, which may be important for e.g., amortizing vibra-
tions and shocks in joints (31). On the other hand, a de-
crease in tan O can indicate crosslinking in the material,
making it stiffer and less viscous (32).

DMA measurements are usually performed in one of
two modes: changing the temperature while keeping the
oscillation frequency constant (a temperature sweep, see
Figure 4), or changing the frequency while keeping the
temperature constant (a frequency sweep) (25). The two
modes are complementary: the transitions in the sample
that would happen at lower temperatures appear at high-
er frequencies, and vice versa. Measurement at different
frequencies will shift the temperatures at which transi-
tions happen (33), with the sole exception of melting. A
good overview of the DMA technique can be found in
(34). Rheometers function very similarly to DMA instru-
ments, but they are optimized to work with liquids, pastes
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Figure 4. Results of DMA analysis of a fully crosslinked epoxy-amine
resin, showing the storage modulus, the loss modulus, and the loss
tangent. The maxima at ~100 °C are caused by alpha relaxation
(glass transition), while those at - =50 °C are caused by beta re-
laxation of side groups.

(highly viscous suspensions of particles in a liquid), gels
(lightly crosslinked two-phase materials where cross-
linked solid matrix contains the liquid phase) and other
soft and mostly fluid samples, so they measure viscosity

rather than stress (35,36).
TMA and DMA are also suitable for determining the

glass transition temperature, especially in cases where it
is hard to discern using DSC (see section Differential ther-
mal analysis and differential scanning calorimetry). In
TMA, the glass transition is determined from the change
in thermal expansion coefficient or from the softening of
the material, while in DMA it is determined from the
maximum of loss modulus or of tan & curve (the maxima
at ~100 °C in Figure 4). Since the two maxima are not at
the same temperature, it is necessary to state which one
was used to determine the glass transition temperature.
In case several maxima are present, the most intensive
transition (at the highest temperature or the lowest fre-
quency) is called alpha relaxation, the maximum at the
second-highest temperature corresponds to beta relax-
ation, and so on (25,37). The alpha relaxation is usually
ascribed to the glass transition, while the beta relaxation
is related to the localized motion of small groups of atoms,
e.g., a side group. A good explanation of the correlation
between the mechanical properties and the glass transi-
tion, especially as applied to DMA and TMA, can be
found in (38).

Dielectric thermal analysis

DETA measures the electric properties of materials,
more precisely how the current flowing through the sam-
ple changes as the electrical field oscillates sinusoidally.
Resulting are dielectric permittivity and dielectric loss
factor, as well as tan § as the ratio of the loss factor and
the permittivity (25,39,40). This makes DETA comple-

mentary to DMA, as it measures similar changes in mo-
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bility within the material. Although it is applicable only
for polar materials, often non-polar materials contain
enough polar impurities to make the application of DETA
feasible. A major application of DETA is the measurement
of “ionic viscosity”, a reciprocal value of ionic electric con-
ductivity of the material, to follow the crosslinking of
resins beyond the range of rheometers, i.e., when the
crosslinking material no longer flows. Therefore, some
instruments combine the functionalities of a rheometer

with a DETA analyzer.

Influence of measurement parameters

Heating rate and sample mass or dimensions are the
most important measurement parameters that should be
controlled for. Also influencing the measurements are the
atmosphere within the instrument, as well as the crucible
or holder used for the sample. To obtain the true proper-
ties of a sample, the influence of all these parameters
should be accounted for (41). If a series of different sam-
ples is to be compared, it is best to keep all the parameters
identical, or as close to identical as possible.

The use of small samples/sample masses is one of the
main advantages of thermal analysis methods: 1 — 10 mg
for DSC and 20 — 50 mg for TGA, while the samples for
mechanical analyses can be only a few centimeters in
length. Usually, a compromise is made between the in-
tensity of the signal (larger mass) and the sensitivity and
resolution of the measurement (smaller mass). Particle size
also plays a role (see Figure 5): a small particle size makes
achieving and keeping thermal equilibrium easier and
decreases the influence of diffusion if a reaction takes
place during the measurement. It also exposes the sample
more directly to the gases in the furnace.

Most thermal analyses are performed using a constant
heating (or cooling) rate. Isothermal measurements (keep-
ing the temperature constant during the measurement)
and controlled rate measurements (keeping some change
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Figure 5. Thermogravimetric curves of fully crosslinked epoxy-amine
resin in bulk and in powder form.
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Figure 6. DSC curves of curing epoxy-amine resin at different heat-
ing rates, showing the shift to higher temperatures as well as the
increase in prominence of the maxima.

in the sample, e.g., a mass loss or a change in length,
constant during the measurement) are also performed,
but only an occasional example was found when review-
ing the use of thermal analysis in biology and medicine.
Therefore, only the heat rate will be addressed in more
detail. The main limiting factor for the heat rate is avoid-
ing the temperature lag between the sample and the fur-
nace. The lag is most often caused by the size/mass of the
sample, as it takes time for heat to be exchanged through
the bulk of the sample. Therefore, the methods with small
sample sizes, DSC and TGA, can use higher heating rates
(most commonly 10-20 K/min), while TMA, DMA and
TD rarely use rates above 5 K/min. For kinetic reasons,
the effects due to chemical reactions are shifted to higher
temperatures when higher heating rates are used (see Fig-
ure 6), which may make a comparison of, e.g., degrada-
tion temperatures of vascular plants (10 K/min) and algae
(20 K/min) difficult (42). Higher heating rates also make
effects more prominent but worsen the resolution, so it
may be worth it to analyze a sample at several different
heating rates to find the most appropriate one.

Although most thermal analysis measurements are
performed under controlled heating, controlled cooling
is also possible. When cooling to very low temperatures,
low cooling rates are required: as a rule of thumb, the
minimal temperature achievable when cooling at 10 K/min
is ~40 °C higher than the nominal lowest temperature
achievable at 2 K/min. Enforced ventilation using simple
air compressors enables controlled cooling to ~100 °C at
10 K/min. To reach lower temperatures (=75 °C or even
lower), refrigerating units are available, while the quickest
cooling and the lowest temperatures (down to —180 °C)
require liquid nitrogen. Refrigerating units require the
largest up-front investment but are also the easiest to
manage, especially in regular use such as cooling down
the instrument between measurements. Liquid nitrogen,

79



Jelena Macan

Application of thermal analysis methods in biology and medicine

on the other hand, is consumable and slowly evaporates
when not used, which increases the operating costs.

Atmosphere type (inert, reactive) can influence the
changes the sample undergoes, so most often the inert
atmosphere of nitrogen is used. When heating to up to
200 °C air can be regarded as inert for most samples. The
composition and flow rate of the gas circulated through
the instrument can influence the heat transfer to and from
the sample, and so should be kept constant for any series
of measurements.

Crucibles in TGA, DTA and DSC influence the mea-
surement through a possible reaction with the sample and
through influencing the exchange of heat and gases be-
tween the sample and the furnace (43). Obviously, the
crucible should not react with the sample in the measure-
ment conditions, nor should it undergo some change it-
self. For example, single-use aluminum crucibles can be
used up to 500 °C, since aluminum melts at 660 °C.
Other most common materials for crucibles are alumina
(AIZO3), steel, copper, and platinum. DSC measurements
are most often performed in a sealed crucible, sometimes
with a hole in the lid to vent excess gases. TGA measure-
ments, on the other hand, are performed in an open cru-
cible so the gaseous degradation products can be easily
removed. Thermal conductivity and heat capacity of the
crucibles influences the measurements, but this is com-
pensated for by calibrating the instrument.

Sample holders in TD, TMA and DMA should also
be inert and stable in measurement conditions, as well as
have mechanical properties which can be compensated
for in calibration or safely neglected during the measure-
ment. Unlike crucibles, they are rarely changed once the
instrument is purchased. Commonly used materials are
quartz glass or steel (for temperatures up to 1100 °C, the
glass for greater precision, the steel for greater stress), alu-
mina (up to 1680 °C) and graphite (up to 2000 °C but
requiring a vacuum or a non-oxidative atmosphere). Good
contact with the instrument probe must be assured for
the force to transfer propetly, so a variation in the size and
shape of the samples, especially the presence of curved
surfaces, may result in a large variation of results (44).

For DMA measurements in tensile and bending
modes, the sample must be clamped in a holder. This may
present problems if the sample is soft or easily deformed,
or if the clamping may influence the measured properties.
Tendons, for example, have to be completely isolated and
clamped using special gummed grips (45), while liga-
ments may be clamped using the parts of the bone or
tooth on which they are naturally fixed (45,46). Sensitive
samples such as cuticles can be glued with epoxy to a hard
plastic that would serve as the part of the sample to be
gripped, but the suitability of the approach should first be
verified using an independent sample of known proper-
ties, to see if it would influence the results significantly

47).

80

THERMAL ANALYSIS OF PLANTS

As stated in the introduction, this paper will not in-
clude the characterization of plants as raw matter for the
production of materials, fuels (biomass) or food. Some
borderline cases will be presented as an example of the
applicability of thermal analysis methods to the analysis
of plants.

Composition and thermal stability of
plants

Thermogravimetry is mainly used to quantify various
components in plants based on the differences in their
degradation temperature. This is not always possible due
to essential similarity in the basic chemical composition
of organic molecules, which degrade at similar tempera-
tures. The main components of plant matter are cellulose,
hemicellulose, and lignin, which all undergo oxidative
pyrolysis in the 180-360 °C range, followed by thermal
degradation of aromatized char in the 360-540 °C range
(41). Some researchers ascribe the maximum at the 340—
360 °C range to the combustion of holocellulose (all cel-
lulose species, including hemicellulose), while the peaks
and shoulders in the 410-480 °C range are ascribed to
the combustion of lignin (26, 42, 48). Hemicellulose usu-
ally degrades at a somewhat lower temperature than cel-
lulose, which may be seen as a shoulder in the 280-300
°C range (41, 42). Plant samples also usually show water
evaporation up to 120 °C (41). It should be kept in mind
that peak and shoulder temperatures are a function of
sample mass and heat rate — most of the reported values
were obtained at 10 K/min, but other heating rates are
also used, and sample masses are rarely reported.

An attempt was made to identify carbohydrate, lipid,
and protein content in dry microalgal powder by TGA
(49), using characteristic DTG peaks of model com-
pounds. The quantification was impossible due to major
peak overlap, but a semi-quantitative evaluation managed
to determine which sample contained more lipids or more
protein, allowing for relatively rapid screening of desired
cultivation conditions. Mineral ash content can be deter-
mined easily, if care is taken to select the temperature
sufficient for the complete removal of organic components
(up to 800 °C) (42), but not high enough to lead to the
evaporation of a mineral component, such as chlorine or
potassium (49). Differential scanning calorimetry is most
often used to quantify the evaporated water or compare
enthalpies of combustion (26).

An early work applied the evolved gasses analysis
(EGA) on the thermal degradation of lignin (50), a rare
example of this method of thermal analysis being applied
in biology. Nowadays TGA and EGA are coupled tech-
niques, with simultaneous analysis of the same sample,
but in this case the two methods were applied separately.
While most sources describe lignin as thermally stable
(41), its composition is complex: therefore, it starts to de-
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Figure 7. Miscanthus x giganteus grown in Germany (53)

compose at lower temperatures, similar to hemicellulose,
but due to its aromatic nature the decomposition is spread
over a wide temperature range, and parts of it are more
thermally stable than cellulose (51).

Other components also influence the thermal stability
of plant tissues. Higher content of p-coumaric acid in-
creased the thermal stability of miscanthus (Figure 7)
stem matter, while the increased presence of ferulic acid
led to increased mass loss in the 180-360 °C range (41).
Large mineral content (3.8-7.4 % final residue) in mis-
canthus stem matter shifted cellulose degradation to
somewhat lower temperatures, overlapping with the deg-
radation of hemicellulose. Cork thermally decomposes
differently from common plant matter, as it is composed
mostly of suberin and lignin, with a relatively small con-
tent of cellulose (52). Suberin is more resistant to thermal
degradation than holocellulose, although less than lignin.
The macrostructure of cork also influences its thermal
stability and degradation: lenticular channels serve as gas
exchange channels.

The applicability of thermal analysis methods for the
identification of three types of water in fruit: intercellular
(free water), intracellular (loosely bound water) and cell-
wall (strongly bound water) was investigated (29). It is
very difficult to differentiate between these types of water
by TGA since suitable equilibrium conditions are re-
quired to separate mass losses during drying. While the
removal of free water does not cause shrinkage detectable
by TD, the removal of bound water is measurable since it

Period biol, Vol 125, No 1-2, 2023.

causes cellular shrinkage and collapse of cells. DSC could
differentiate between free and loosely bound water by the
change in melting temperature, which will be described
in more detail in the section discussing frost tolerance and
cryopreservation. TD can measure the expansion of water
by freezing, so with the presumption that only the free
water will be able to freeze, the bound water can be cal-
culated from the total water content by subtracting the
free water as determined by TD. The problem is that the
presence of air may strongly influence the results, so not
all tissue types are suitable for this measurement (e.g.,
fruits in general). In any case, the methods are worthy of
investigating due to their relative simplicity in compari-
son with some currently in use.

Mass losses did not significantly depend on different
genotypes in the case of the same plant species (41), and
there was very little variation in the biochemical compo-
sition of the same type of tissues across different species
in the same climatic zone (54). Investigation of thermal
degradation through the radial profile of several different
trees of the same conifer species (55) found that juvenile
heartwood (the innermost part of the tree, first grown)
was significantly more susceptible to thermal degradation.
In conifers, juvenile heartwood contains less cellulose and
more hemicellulose and lignin, but it also has thinner cell
walls. The authors claimed lignin to be more highly sus-
ceptible to degradation than cellulose, which is contrary
to the bulk of the research. In this author’s opinion, both
the macrostructure (i.e., the thinner walls) and the pos-
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sible differences in minor components should be regarded
as potential causes.

DSC in combination with TGA and infrared spectros-
copy was proven useful in discerning between different
almond cultivars (56), which mainly differed in their fatty
acid composition. The DSC method does not require prior
oil extraction, simplifying the procedure. TGA by itself did
not show significant differences between the cultivars.
DSC can be used to determine the glass transition in seeds,
which is weak due to relatively low water content compared
to other plant tissues and which may overlap with melting
endotherms of fats present in the seed (38). For oil-rich
seeds, such as Citrus spp. and Coffea spp., DSC can be used
to distinguish between the phase transitions of lipids and
water (57) and drying of seeds makes the thermal effects
of lipids much clearer. Identification of the lipids is easily
verified by direct comparison with DSC curves of pure
extracted oils which show the same transitions. The inves-
tigation of three native Australian Citrus species (57) has
shown that those from a more tropical climate had sig-
nificantly (-3 °C) higher lipid melt temperature compared
to the species from a more moderate climate, due to a
larger saturated fat content. The lower lipid melt tempera-
ture, i.e., the larger unsaturated fat content, correlated with
better seedling recovery after cryopreservation. The vari-
ance in saturated and unsaturated fat content in plant oils
due to climate is well-known in various species, and the
difference is largely genetically based.

Frost tolerance and cryopreservation of
plants

DSC and DTA are both especially useful in detecting
enthalpy changes due to the freezing of water or melting
of ice crystals. The formation of ice crystals is known to
damage living tissue, so the temperature at which water
in the tissues freezes can be used to judge the frost toler-
ance of these tissues (58—60), while the disappearance of
the freezing effect is widely used in optimizing the pre-
treatment of plants for cryopreservation (27,57,61-63).
On the other hand, the appearance of a freezing effect
during warming is due to the so-called cold crystallization
of vitrified (amorphous) water during warming, which
can damage the tissue if the sample is thawed too slowly
(60). DSC can also be used to follow dehydration during

pre-treatment, such as osmotic dehydration (64).

Malyshev et al. (58) have applied the principle of DTA
to measuring the freezing temperature of the water inside
plant tissues, by attaching one thermocouple to a living
piece of tissue, the other thermocouple to a dry, dead
counterpart serving as a reference sample, and measuring
the difference while both samples were cooled in con-
trolled conditions. The water in live tissues would release
heat upon freezing, increasing the temperature of the liv-
ing tissue in comparison with the dead one. The tem-
perature of this effect corresponded very well to the more
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conventionally estimated LT, | (the temperature at which
50 % of plants die) while requiring fewer samples and a
significantly shorter time. On the other hand, the DTA
method must be validated for each new species or organ
by comparison with another, more established method. It
also has limitations: the investigated plant organ has to
be large and robust enough to attach the thermocouple
to, and has to contain enough intracellular water to give
off a detectable amount of heat. The authors note that
most frost-tolerant plants resist frost damage by expelling
water from their cells so it would freeze extracellularly.
This type of frost tolerance cannot be tested by DTA. The
difference in intra- and extracellular water may cause an
appearance of a second freezing exotherm: the extracel-
lular water freezes at higher temperatures, while the in-
tracellular water may supercool to a lower temperature,
which is when frost damage occurs.

DSC was used to investigate the dehydration and freez-
ing resistance of lichenized fungi (59). Overall freezing
exotherm of supercooled water decreased with decreasing
temperature, possibly caused by decreased mobility of su-
percooled water molecules. Since the effects are too low
to be detected for a hydration level below 20 %, the mea-
sured data was extrapolated to obtain the minimal hydra-
tion level at which the ice nucleation still occurs. A similar
approach was used when investigating the optimum de-
hydration level for the cryopreservation of seeds (57).

Investigation of shoot tips cryopreservation (27,61,62)
has shown the usefulness of DSC in optimizing the incu-
bation time in PVS2 (plant vitrification solution 2). To
avoid freeze damage, prior to exposure to liquid nitrogen
for cryopreservation the tissue is partially dehydrated and
infused with cryoprotectants (DMSO and ethylene gly-
col) which promote vitrification instead of freezing, so no
ice crystals are formed (61,62). On the other hand, PVS2
components are toxic to tissues, so too long an exposure
can outright kill the cells (61,62). DSC investigation can
detect the formation of ice, either by measuring the exo-
thermic effect during freezing or the endothermic effect
during melting, so the shortest incubation time that still
prevents the formation of ice is the optimal incubation
time for the future viability of cryopreserved shoots. The
DSC can also be used to select the best pre-treatment
protocol before the incubation in PVS2 (62). For example,
preculture of shoots in trehalose, a specialized sugar
which supports low-temperature acclimatization in polar
biota and tolerance to partial dehydration in desiccation-
tolerant organisms, lowered both the freezing and the
glass transition temperature and decreased the melting
endotherm, i.e., the amount of ice formed (27).

Decomposition, rot, and carbon
sequestration

An interesting application of TGA and DSC is in
monitoring the natural decomposition or rot of plant mat-
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ter. Reh et al. (26) investigated how the holocellulose and
lignin content changed during the decomposition of
leaves and needles under field conditions. Interestingly,
the heat released per gram of both holocellulose, and lig-
nin changed after the decomposition, indicating the
change in their physiochemical properties, not only in
their quantity. In general, the mass content of holocellu-
lose decreased, but its enthalpy of combustion increased,
while the reverse was true for lignin. The increase in the
enthalpy of combustion of holocellulose is ascribed to the
concentration of more energy-rich crystalline cellulose in
the degradation product, i.e., the energy-poorer hemicel-
lulose degraded, leaving relatively more cellulose as part
of holocellulose, and thus increasing the enthalpy of com-
bustion. Thermal and degradation properties of lignin
were found to vary significantly between plant species and
were thus harder to explain.

Similarly, Ferraz et al. (65) used TGA to characterize
the biodegradation of softwood by an ascomycete fungus
— the biodegraded wood started to thermally degrade at
lower temperatures, due to selective biodegradation of
lignin. Alfredsen et al. (66) investigated the applicability
of TGA to determine the wood decay by white and brown
rot fungi. The results were comparable to chemical analy-
sis in the case of brown rot but not in the case of white
rot, where decomposition products modify the lignin
structure. Therefore, the applicability of TGA should be
verified for each new application. DMA can also be used
to study the fungal deterioration of wood (67,68). A cor-
relation between the decrease in modulus and the quan-
tification of fungal DNA (68) as well as mass loss (67) was
found. On the other hand, there was little change in the
tan O curve shape, indicating that all components of wood
were degraded simultaneously (67).

Parameters extracted from TGA and DSC curves were
used to model the biochemical composition of unfer-
mented and fermented maize (69). The model has many
parameters and has not been tested on an independent
sample/dataset, so the wider applicability of this approach
remains to be determined, especially since no other re-
searchers have followed this lead.

TGA was also used to estimate the capacity of marine
macroalgae and coastal plants for carbon sequestration
(42,54), with the presumption that higher temperature of
degradation in nitrogen atmosphere (i.e., pyrolysis) cor-
responds to the overall stability of contained carbon. The
validity of this presumption is debatable, as the authors
admit (54) since thermal stability does not necessarily
correlate with resistance to biodegradation. Plant tissues
generally exhibited greater thermal stability than mac-
roalgae, due to the protective effect of their lignocellulose
matrix. Variation in mass losses was greater among mac-
roalgal taxa, which possess a greater diversity of cell wall
composition and structure and can contain more ther-
mally resistant long-chain fatty acids. In the end, the
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prime factor for successful carbon sequestration is the
likeliness that the plant or algal matter will be incorpo-
rated into sediments, which is more likely for coastal
plants than for algae.

Thermomechanical and dynamic
mechanical properties

Thermal analysis methods are rarely used to character-
ize the mechanical properties of plants, as there are more
established methods for the determination of modulus of
elasticity, such as the three-point bending test. The main
advantage of DMA and TMA in comparison with the
established testing methods is the ability to measure the
viscoelastic properties and to measure them in relation to
temperature. Most of the research is focused on the char-
acterization of wood as a construction material and of
fruits and seeds as foodstuff. Unlike TGA, in some cases
DMA appears to be sensitive enough to differentiate be-
tween genotypes/cultivars within the same species

(41,70,71).

Plasticizing effect of moisture on plant tissues, espe-
cially cellulose (33,72) and starch (73), can significantly
influence the results of mechanical testing since dry tis-
sues will be harder and stiffer (74). Thus, the content of
moisture should be accounted for or controlled (33,37),
which is not always the case. In some cases, DMA mea-
surements are performed on samples submerged in water
or other solvents (71). Alternatively, the samples can be
wrapped in a sealing film or foil to prevent drying during
the measurement (73).

Perhaps the earliest example of the application of
DMA to characterize plants is the 1967 paper by Finney
(75), who measured the mechanical properties of fruit
flesh (apples, pears and peaches) during fruit maturation.
The paper cites earlier examples of using vibration to
gauge the firmness (ripeness) of fruit. Both pears and
peaches softened, i.e., their Young modulus decreased
during ripening, but for apples the modulus remained
constant, decreasing only when they became over-ripe.
The use of DMA in the characterization of fruit texture
remains topical, as it was used to characterize six apple
cultivars (70). Mechanical properties of the fruit flesh
were directly related to those of cell walls, which in turn
depended both on microstructure (e.g., apparent micro-
porosity) and composition. Obvious differences in prop-
erties between cultivars were found, although with some
overlap. Storage modulus (i.e., firmness) decreased with
the storage time of the fruit, while tan J, correlated with
the xylose and hemicellulose compositions, did not
change significantly.

Blahovec and Koutim (76, 77) used DMA and DETA
in the characterization of carrots and potatoes. The mod-
ulus decreased with the increase in temperature, report-
edly due to the denaturation of proteins. The repeatabil-
ity of results may be poor since the authors chose to give
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relative values of moduli. Significant changes in moduli
start at ~7/0 °C and are correlated with the loss of mem-
brane stability, as well as the damage in cell walls accom-
panied by starch gelatinization and swelling (77). DETA
appears to be more sensitive to this change than DMA.
Drying pre-treatments were found to decrease the equi-
librium modulus of a Chinese medicinal plant root (74),
as they disrupt the cell structure — this eases the drying
but decreases the mechanical support of the cell walls. The
modulus decreased in direct correlation with moisture
loss during drying, probably due to increased porosity of
the tissues with water removal. In the last stages of drying
the tissues hardened again, likely due to the loss of plas-
ticizing effect of moisture.

Horvath et al. (71) have demonstrated the applicabil-
ity of DMA as a simple static method for testing the
modulus of elasticity of young trees, i.e., the samples with
small diameters, which are not suitable for the standard
methods used on mature wood. Differences in the genet-
ics of trees result in different mechanical properties of
wood, so eatly testing helps to choose the most appropri-
ate genetic line for cultivation. Reduction in lignin quan-
tity was found to be the main reason for the reduction in
modulus.

The correlation of mechanical properties of miscan-
thus stem fragments with the genotype and the position
of the fragment (upper or lower part of the stem) was
investigated (41). Unusually, the position on the stem had
shown no influence on mechanical properties, while the
genetic influence was marked. The highest stiffness
corresponded to the highest ferulic acid and the lowest
p-coumaric acid content. Ferulic acid is known to act as
a crosslinker for hemicellulose in the cell walls. On the
other hand, cellulose and lignin content had shown little
influence on the moduli, despite the structural role of
these molecules. Thus, the differences in moduli/stiffness
cannot be simply ascribed to differences in biochemical
composition or the presence of specific components, as
their structure doubtlessly plays a significant role (e.g., the
increase in the degree of crystallinity will lead to an in-
crease in the modulus).

Mechanical properties of hulless barley stem were in-
vestigated by DMA to obtain useful information on har-
vesting and processing (33). As the mechanical properties
of the stems are affected by the stem maturity, size, mois-
ture content and genetic variety, all these parameters have
to be considered. DMA investigations of bamboo found
two glass transitions which were ascribed to cellulose and
lignin, but the transition temperatures differed for differ-
ent parts of the bamboo (outer or inner wall, e.g.) (72). In
this author’s opinion, other components of plant tissues
besides water should influence the glass transition, so
more care and thought should be given to ascribing the
causes of the measured effects.

Williams (40) reviewed the applicability of DSC,
DMA, and DETA for the determination of glass transi-
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tion in seeds, giving a very good analysis of the advan-
tages and shortcomings of the methods. Walters et al.
(38,44) used DMA and TMA to characterize seeds in an
attempt to correlate the thermal and mechanical proper-
ties of the seeds with their deterioration. Detection of the
glass transition or the melting points can be used as a
quantitative assay of seed health, regardless of if it is a
cause of deterioration (due to increased mobility, i.e., de-
creased viscosity above the glass transition or melting
temperature) or its effect. In particular, they used DMA
to investigate the embryonic axes of pea and soybean
seeds, representing long and short survival times, respec-
tively. The glass transition of the peas was less pronounced
and at lower temperatures in comparison with the soy-
beans, while beta-relaxation maxima due to the mobility
of smaller pendent molecular segments were at basically
the same temperature for both. Thus, the storage stability
of the seeds is more complex than the simple determina-
tion of the glass transition, as the molecular mobility per-
sists even below the glass transition temperature, and the
complex composition of seeds will likely influence the
processes which happen in them during storage. Others
applied DMA to characterize rice kernels and oat grains
(73,78) and ascribed the observed transition at ~55 °C to
glass transition in starch (73).

More detailed analyses of DMA curves are mostly used
to characterize wood as a construction material. Relax-
ation processes in the ~90 — —80 °C range are ascribed to
the motion of methyl (79) and methylol (51) groups.
Hemicelluloses and lignin are known to have distinct
glass transition temperatures (79), for example low-mo-
lecular-weight hemicellulose at ~40 °C (79) and the lignin
at 110 °C (51), although the temperature ranges in which
they occur do largely overlap (37). Hemicellulose is also
highly hygroscopic, which contributes to the plasticizing
effect of adsorbed moisture, and thus its contribution to
the mechanical properties of wood should not be neglect-
ed (37). As already mentioned, due to the complexity of
composition as well as the differences within and between
the species, it is difficult to confidently ascribe effects to
certain components of wood (37).

THERMAL ANALYSIS OF ANIMALS

Thermal analysis methods were mostly used to char-
acterize shells, cuticles or silk produced by insects and
other invertebrates. Almost all investigations on mam-
mals were done for medicinal research, and some investi-
gations of mammalian tissue of general interest will also
be covered in the section on medicine since they are
topically similar to the papers from the field of medicine.
This leaves only several papers dealing with vertebrates.
As was the case for plant tissue, the mechanical properties
of the tissues are sensitive to the plasticizing effect of wa-
ter, so great care should be taken to control the level of
hydration during measurements, for example by keeping
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Figure 8. Harbour seal and its vibrissae (84)

the samples moist between sheets of wetted paper (80) or
measuring fully submerged samples (81).

Rheological properties of the muscle of hake fish (Mer-
luccius hubbsi) were investigated by DMA, and the result-
ing curves showed changes consistent with gelation
caused by the denaturation of myosin (82). The viscoelas-
tic properties of the jaws of newborn and adult lesser spot-
ted dogfish Scyliorhinus canicula were investigated by
DMA to see if the change in diet is reflected in the change
of jaw bones (80). There was a significant difference in
both moduli and tan &, which conforms to the fact that
newborns are not able to eat the hard food that adults can.

To estimate how harbor seals track their prey using
vibrissae (tactile hairs on their snouts, Figure 8), the me-
chanical properties of the vibrissae immersed in various
solutions were investigated by DMA (83). Regardless of
the medium, damping (tan J) in vibrissae is very low,
since they have to transfer the signal without loss to the
nerves in the snout.

Invertebrates

TGA was used to investigate the early mineralization
of snail shells of Biomphalaria glabrata (85), measuring
the mass loss of embryos and egg masses to determine the
CaCO, content from the characteristic loss due to CO,
release from carbonate. The required calcium is taken up
from the environment, as the calcium and CaCO, content

3
in the embryo starts to increase after 72 h of development.
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Aldred etal. (86) used DMA in tensile stress to investigate
the mechanical properties of mussel byssal threads, with
which the mussel anchors itself on the surface. Dried
threads showed several yield points, while the hydrated
ones usually only showed one, but not all threads gave
clear readings. Since the analysis was only performed on
those which did, this may influence the relevance of the
results.

Mechanical properties of insect cuticles are regularly
investigated by DMA. The change in mechanical proper-
ties of the forewings (elytra) of two beetle species during
maturation (32) confirmed the hypothesis that the outer-
most layers mature first and harden by a combination of
crosslinking (evidenced by the decrease in tan §) and a
less significant contribution of dehydration (decrease in
the plasticizing effect of water). No change of storage
modulus and tan § with maturation was seen in beetles
where the expression of a cuticular protein was suppressed,
indicating that this protein plays a role in the crosslinking
process. As cuticle tanning in insects usually goes togeth-
er with hardening, the correlation between the color of
the elytra of Tribolium castaneum beetle and their me-
chanical properties was investigated (47). No significant
difference was found between variously pigmented mu-
tants and the wild strain, except for completely black ely-
tra which had an increased tan J, indicating a less cross-
linked structure, which the authors connected to
metabolic changes. As samples are usually not tested
fresh, an investigation of the influence of preservation
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treatment on the properties of insect cuticle (locust hind
leg) has shown that freezing at —20 °C preserves properties

the best (81).

Silk from domesticated silkworm Bombyx mori and
wild Philosamia ricini was investigated by TGA and DSC
(87). B. morisilk degraded in one step, while P. ricini silk
degraded in several steps, and this difference persisted
even after the removal of sericin (binding protein) from
the silk. The silk of a wild silk moth Gonometa postica
reared either indoors or outdoors was investigated to judge
the viability of indoor rearing (88). The rearing conditions
were found to influence the property of silk, possibly due
to the shorter life cycle of the larvae raised indoors, but
not its thermogravimetric profile.

Porter et al. (89) suggested a model for predicting the
thermomechanical properties of spider silk, which is more
evenly spun and thus has more homogeneous properties
than silk-worm silk. They connected the chemical com-
position and semicrystalline (part crystalline, part amor-
phous) structure of the silk with its properties and as-
cribed the relaxation maximum at ~200 °C to amide
segment interactions. Blackledge et al. (90) investigated
the silk of a cobweb-weaving black widow spider Lazro-
dectus hesperus by continuous dynamic analysis, a variant
of DMA that allows for greater extension in the sample.
Both storage and loss moduli showed significant changes
in trend at the yield point. This is in line with the semi-
crystalline polymer molecular model of silk: the hydrogen
bonds in the amorphous part fail at the yield point, al-
lowing the polymer chains to start to align, increasing the
moduli. Sticky regions of the silk fibers had lower initial
storage modulus and higher initial loss modulus but did
not show the drop the others did — this is due to higher
levels of hydration, which disrupt the hydrogen bonds.

Of particular interest may be the work of Motokawa,
who used DMA to investigate echinoderm body walls,
from sea cucumbers (91) to starfish (92), and proposed a
molecular model to explain the observed behavior. Echi-
noderms have collagenous connective tissue which can
rapidly alter its mechanical properties, so-called catch or
mutable connective tissue. Testing was done in a self-as-
sembled instrument on samples submerged in artificial
seawater. Soft-state samples were stored and tested in
calcium-free water, while the stiff state was achieved by
various chemical and physical stimuli and was found to
be reversible. Both elasticity and viscosity (i.e., both stor-
age and loss moduli) changed as the states changed. The
mechanical properties of stiff states did not depend on the
kind of stimuli that caused the stiff state.

Unicellular organisms

As mentioned, DSC is often used to characterize dif-
ferent biomolecules, which is beyond the scope of this
paper. But it can also be applied to whole cells of unicel-
lular organisms. The standard procedure includes the use

86

of hermetically sealed pans to avoid evaporation of water
during the measurement (93-98), a rescan to determine
the reversibility of changes and help draw the baseline
(94), as well as using suspension buffer (95) or water
(93,96-98) as a reference sample. The mass of the refer-
ence sample is usually approximately equal to the expect-
ed mass of water in the sample (96), and the correction
can be further adjusted when the true water content is
determined after DSC measurement (98). Reversible
changes that are noticed are mostly due to the melting of

DNA (94,96,97).

Miles et al. (94) presented one of the earliest applica-
tions of DSC for the investigation of the thermal resis-
tance of a range of microorganisms, connecting the resis-
tance as determined by DSC to the death rate of
microorganisms exposed to heat. They were also the only
ones to stress the need to control the results for the in-
evitable contamination with the substrate, but agar was
found to show no discernible DSC effects and its influ-
ence could safely be neglected. Although variable, DSC
curves showed some commonalities in the size and posi-
tion of endothermic maxima which allowed for their as-
signation. The onset of thermal denaturation was deter-
mined from the inflection point of the most intense
maximum appearing at ~70 °C, but there was no common
feature associated with the maximum death rate of the
microorganisms. The temperatures of the onset and max-
ima shifted to significantly higher temperatures in the
case of thermophile bacteria. Soon after that, the largest
endothermic effect was ascribed to the denaturation of the
ribosome (97, 99), even in archaea (96), and DSC was
found to be a useful method for measuring its denatur-
ation in whole-cell analysis (99). It is considered good
practice to confirm this assignation by isolating the ribo-
somes and analyzing them by DSC separately (95-97).
Usually, there is little difference in the DSC curves of
whole cells and of the isolated ribosomes.

DSC was used to determine the heat inactivation of
Escherichia coli and Lactobacillus plantarum, and a cor-
relation between the enthalpy of denaturation and the
viability of cells was found (97). Survivability of E. coli
was also determined after the thermal treatment in DSC
(98), as a quicker alternative to growing cells in culture
after isothermal heat treatment but requiring very careful
data collection and analysis. The addition of salt was
found to influence the thermal stability of Listeria mono-
cytogenes, shifting the denaturation maximum of the ribo-
some to higher temperatures for the largest salt concentra-
tion (95). DSC was also used to evaluate high
hydrostatic pressure treatment for sterilizing perishable
foods without using heat. The sensitivity of Staphylococcus
aureus and E. coli to the treatment was determined by
measuring the total enthalpy change and thermal stabil-
ity of the treated and untreated bacteria (93). The maxi-
mum at ~70 °C attributed to the denaturation of ribo-

Period biol, Vol 125, No 1-2, 2023.



Application of thermal analysis methods in biology and medicine

Jelena Macan

somes decreased after the treatment, indicating successful
sterilization.

Thermal stability and glass transition in bacterial
spores are also commonly investigated by DSC. DSC
curves of Bacillus megaterium spores were analyzed and
maxima were assigned with the help of DSC curves of a
decoated spore and spores in various states of germination
(100), in an attempt to link the effects with the inactiva-
tion and killing temperatures of the spores. As the authors
note, denaturation of one key molecule may be enough to
kill a spore, and yet not be detectable by DSC which gives
the overlap of all the processes happening at the same
temperature. Glass transition in spores can be tied to their
heat resistance, similar to the rationale of seed storage
lifetime already described in section Thermomechanical
and dynamic mechanical properties of plants. Therefore,
the glassy state of Bacillus subtilis spores was investigated
by DSC in an attempt to find the reasons for their heat
resistance (101). Previous research reported glass transition
of highly desiccated biopolymers, such as those present in
the spores, to be difficult to detect by DSC. The authors
only managed to detect a transition in the 90-115 °C
range after all the water present had evaporated in a pre-
liminary scan using non-sealed pans. The transition was
also found in decoated spores and extracted membrane
material, but unfortunately the authors did not attempt
to quantify the step and so conclude which spore compo-
nent contributes and in what amount. Spores of B. subrilis
and B. cereus were also investigated in hermetically sealed
pans, to see whether the endothermic transition reported
at ~50 °C and linked to the coat can be attributed to a
glassy state (102). The findings were too indeterminate,
unable to differentiate between various biopolymers and
highly influenced by e.g., the water content. Still, it is
refreshing to see “inconclusive” results being published
— a negative result is still a result, and not appreciated
enough in science publishing.

Illmer et al. (703), improving on work by Uribelarrea
etal. (104), suggested a facile thermogravimetric method
to distinguish between extracellular and intracellular wa-
ter in unicellular organisms, by using infrared balance to
heat the samples and record how the mass decreases with
time. Minima in the second derivation of the mass loss
curves are an indication of a barrier that needs to be bro-
ken for intracellular water to start to evaporate. The pres-
ence of two such minima for yeast, a eucaryote, compared
to one for a prokaryote, indicates a possibility to differen-
tiate between distinct types of intracellular water in more
complex eucaryote cells.

THERMAL ANALYSIS IN MEDICINE

As mentioned previously, a substantial portion of the
research presented here was performed on mammals as
model organisms and could thus easily be applied to biol-
ogy. After some examples of the earliest applications, the
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subject matter is divided according to the type of tissue
investigated.

Application of DMA in medicine goes back to the very
beginnings of the method, as from 1968 on, Apter et al.
(105) applied it to the study of biological tissues. In the
cited paper, they investigated the urethral tubes of dogs
and calves and applied an idealized physical model in an
attempt to clarify the effects observed by DMA. No an-
isotropy in muscle direction was found, so most of the
studies were carried out in longitudinally cut muscle. The
storage time influenced the results since muscles first went
into a spasm and then relaxed with time. Due to the re-
contracting action of the strained muscle, instead of phase
lag for viscous behavior, a phase “lead” was seen. This
behavior stopped after the tissue died. An interesting ex-
ample of the early use of DMA is Fitzgerald’s attempt to
determine life-to-death transition in various human and
animal tissues (706). He found that both storage compli-
ance (reciprocally proportional to modulus) and tan &
decreased with time post-mortem until they reached a
stationary state approximately 5—6 hours post-mortem.
This state persisted until the onset of decomposition.

Both works underline a variable in tissue investigation
which is not usually significant for the characterization of
materials: time since the sampling, which is most often
time post-mortem. Dying of the tissue is a process that
starts with sampling and should either be accounted for
by controlling the time it takes from sampling to analysis
or stopped by various preservation methods. Viscoelastic
properties of the tissues can change significantly with
time post-mortem (107), for example decreasing the stiff-
ness (108). On the other hand, sometimes the time post-
mortem does not have a significant influence (709). If the
tissue is preserved, it should be verified whether the pres-
ervation procedure influences the properties of the tissue.
Freezing, for example, was found to cause some disinte-
gration in the eye lens (110).

To prevent drying out during DMA and TMA mea-
surements, samples should be kept wet (45, 111, 112) or
submerged (46, 106, 113, 114) during measurement. Care
should be taken to avoid over-moisturizing which may
lead to swelling (712). Oil (usually silicon oil) can be used
as an evaporation blocker during measurements (39, 110).
Some authors measure DMA in frequency ranges charac-
teristic of physiological conditions under which the tissue
functions in the living organism: from the movement of

joints (115) to heartbeat (34) and blink frequency (716).

Bones and cartilage
As early as 1978, Aoba et al. (117) used DTA/TGA to

investigate mineral tissue of a tumor excised from a pa-
tient’s mandible to compare it to that of bone and teeth.
Central tissue was quite similar to that of the bone, while
peripheral tissue contained more organic connective tis-
sue. Otherwise, when researching bones and cartilage
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Figure 9. The porous structure of human femoral bone from the anthropological collections of the Department of Biology and Environmental

Studies of the Faculty of Education of Charles University in Prague (124)

DMA is the most often used thermal analysis method,
since both the bone and the cartilage are viscoelastic ma-
terials (115) whose mechanical properties are of interest.
Osteochondral tissue (combined bone-cartilage struc-
tures) of leg joints drew the most attention of the research-
ers, since joint deterioration with age is one of the more
prominent medicinal problems, and DMA enables inves-
tigations at physiological frequencies which should be
representative of 7z vivo joint and bone behavior (715).

Testing bone and cartilage as one unit is important
since the health of one influences the health of the other.
Therefore, dynamic mechanical behavior of bovine carti-
lage, bone and osteochondral cores containing both the
bone and the cartilage was investigated (115). A correla-
tion between bone morphology and viscoelastic proper-
ties of corresponding cartilage was found, showing that
bone and cartilage interreact and influence each other in
ways as yet unknown. Higher bone mass density corre-
lated with higher loss modulus in cartilage. Variation of
loss moduli with the increase in frequency differed for
different tissues: for bones it decreased, for cartilage it
increased, while for cores it remained mostly frequency
independent, due to cancelling effect of bone and carti-
lage contributions. Maybe that property serves to preserve
joint homeostasis and prevent damage in use.

A similar analysis of human osteochondral tissue ob-
tained during hip replacement surgeries also found that
the viscoelastic properties of a bone-cartilage unit differed
from those of separate tissues (118). Contrary to (115) the
behavior of storage modulus varied, which may be due to
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differences in species or joint location (knee vs hip). The
authors stress the importance of interaction and inter-
phase on joint properties, especially for energy transfer
during stress.

Espino et al. (119-121) first confirmed the suitability
of bovine cartilage to model human cartilage and then
investigated the differences depending on location (femo-
ral or tibial) and thickness using DMA. They found that
thicker parts have lower moduli, so the proportion of
stored and dissipated energy does not change across the
joint (120). As articular cartilage contains ~70 % of water
by weight, its plasticizing effect is significant. Storage
stiffness thus increased with dehydration up to a point
and then decreased again, while loss stiffness decreased
with dehydration (721). Storage and loss stiffness were
both lower when measured on a substrate with lower bone
density. Since the substrate was not the original bone the
cartilage was attached to, it is questionable how much of
the variation is a measurement artefact (121).

Mechanical properties of cancellous (porous, Figure 9)
bovine femurs were investigated by DMA (722). Surpris-
ingly, there was no clear correlation between the density
(i.e., porosity) of the bone and its modulus, due to the
complex macrostructure of trabeculae within the speci-
mens. The authors successfully modelled the relaxation
modulus of the bone. The damping behavior of bovine rib
bones was investigated using DMA, DSC and TGA, the
latter two of which were used to determine the water con-
tent and so account for its plasticizing effect (723). The
amount of water determined from DSC maxima of melt-
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ing and evaporation of water was in reasonable agreement
with the mass loss during evaporation as determined by
TGA. The first DMA damping (tan 6) maximum at
~50 °C corresponds with the denaturation of protein and
melting of fats visible in DSC, but the subsequent loss of
water and other fluids decreases the damping behavior.
The second damping maximum is at different tempera-
tures for cancellous and cortical bone, due to the differ-
ences in their structure.

The structure and composition of bones can be influ-
enced by diet, ageing and medical treatments. The influ-
ence of calcium deficiency in food on the bones of grow-
ing rats was investigated using TGA to determine the
inorganic content of the bones (125). The bones of rats
with calcium deficiency contained less inorganic matter,
and the weight loss of organic components in the 200—
600 °C range was more pronounced. The effect of ovari-
ectomy (i.e., estrogen depletion, simulated menopause) on
the elastic properties of sheep (126) and rat (111) bones
was investigated by DMA. Namely, the bone density de-
terminations are not good enough predictor of fracture
resistance of the bone, presumably due to a significant
contribution of the parts of bone not visible by X-ray, i.e.,
the organic components. No significant changes in
moduli and tan 8 were observed in the case of rat bones,
although significant differences were found by other
methods of mechanical testing (711). For sheep bones, a
change could be observed and was especially marked in
tan O decrease, significantly decreasing the damping (en-
ergy dissipating) ability of the bones (126). The influence
of diclofenac treatment (known to deteriorate bone struc-
ture) and exercise on female mice bones was also investi-
gated by DMA (127), but the results were mostly am-
bivalent, with no major statistical differences. This is not
unusual for mechanical property testing, where a large
number of measurements is needed to obtain satisfactory
statistical analysis, which is not always feasible for long
DMA measurements.

Investigation of the mechanical properties of human
menisci by DMA in compression found that anterior
parts had better damping properties, while the mid-body
parts had the highest modulus (37). Both moduli and
damping (tan ) were higher for menisci from male sub-
jects, the stiffness increased with age, and the increase in
body mass index (body mass divided by squared height)
was associated with a decrease in modulus, maybe as a
consequence of increased wear. An investigation of me-
nisci in shear also considered their anisotropy and com-
position: moduli were higher in circumferential direction
compared to axial, and expectedly the moduli increased
as the content of water decreased (174).

Rat menisci have visually obvious differences in ante-
rior and posterior horns, as the posterior ones contain more
cells and organic components, while the anterior ones are
more calcified, heavier, and thicker. The menisci were char-
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acterized by TMA to measure thermodilatometric behav-
ior (under negligible load) and dynamic behavior (under
cyclic load) (113). Expectedly, the anterior horn was much
stiffer in the response to dynamic load, which corresponds
with the way the knee is stressed during locomotion. Ther-
modilatometric behavior of both horns was similar until
73 °C (presumably denaturation of collagen), when the
posterior dramatically expanded, while the anterior ex-
panded only slightly due to high calcification.

Cartilage tissue can be used in cosmetic surgery, for
which it can be reshaped using lasers. To see whether such
reshaping damages the tissue, cartilage was investigated
by DSC (128) and DMA (129). There was some shift in
the characteristic phase-transition temperature, but that
was deemed insignificant (728). Modulus decreased dur-
ing measurement due to even a small loss in moisture, and
the direction of sampling (transversal or longitudinal)
played a part as well, but the ratio of those moduli re-
mained constant and can be considered to be a character-
istic of the cartilage (729). The transition temperature of
cartilage was in the 50—65 °C range, similar to that found
by DSC.

The optimal freezing and thawing cycle for cryopreser-
vation of articular cartilage was investigated by DSC, to
find the conditions that do not lead to ice crystal forma-
tion (130). The paper gives a detailed discussion of the
steps necessary to bring this to successful practice.

Teeth

Dentists were quick to investigate teeth by TGA: in
1970 Holager (131) published his work investigating
enamel and dentin. In both types of tissue, he found and
quantified losses ascribed to water, protein (i.e., collagen)
centered at roughly 300 °C, and an unidentified carbon-
ate at roughly 700 °C. As 700 °C is too low to degrade
CaCOS, he suspected it could be a double salt ofMgCO3
and CaCO;, but now we know it was carbonated apatite
(132). Loses ascribed to protein were significantly larger
in dentin than in enamel, which was mostly mineral in
composition. Analysis of dentin by TGA followed in 1972
and found that the water is released up to 200 °C since it
was strongly bound in collagen, while the collagen deg-
radation temperature of ~300 °C is much higher than
needed for degradation of free collagen, due to the protec-
tive action of the inorganic phase (132). The carbonate
degrades in the 500-700 °C range, while the final mass
loss with the maximum at 815 °C is ascribed to the trans-
formation of hydroxyapatite to d-tricalcium phosphate,
with the accompanying release of water.

Similar results were found when investigating dentin
by simultaneous DSC/TGA (133). Three mass losses were
evident; water removal up to 105 °C, organic matter (col-
lagen) oxidation in the 300-500 °C range and finally the
decomposition of carbonates at ~800 °C. Etched dentin
degraded much the same, only the mineral component
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was reduced, and the decomposition of the organic matter
started at lower temperatures, 250 °C, confirming the
protective effect of the inorganic phase. Carbonate con-
tent was determined from the mass loss near 850 °C,
while phosphates were assumed to be the final residue
after degradation.

Sound and carious enamel and dentin were compared
using TGA among other methods (134). Carious dentin
had an additional mass loss ascribed to organic compo-
nents, possibly due to the presence of invading microor-
ganisms or a change in properties of tooth protein due to
caries. No decomposition of carbonate was detected in the
carious dentin, indicating that it was degraded in the
carious processes. The inorganic phase of hereditary opal-
escent dentin, Dentinogenesis imperfecta, was investigated
by TGA (135), the organic component previously being
digested by collagenase. The mass loss was greater in opal-
escent than in healthy dentin, probably due to the presence
of a poorly crystallized phase containing bound water,
which was released upon heating and crystallization.

It is not always easy to source suitable teeth for re-
search, so human enamel and dentin were compared to
those of bovine, porcine and ovine teeth, using TGA
among other methods (136). Human enamel was the
most highly mineralized and the most similar to hydroxy-
apatite, while bovine dentin and enamel were the most
similar to human ones and hence the best candidates to
replace human teeth in research.

Connective tissue and skin

TMA was used as early as 1971 to analyze rat and hu-
man stratum corneum (the dead surface layer of skin) (30,
137), as well as in combination with DSC to investigate
the human stratum corneum (738). Several softening
transitions were found: lipid melting and protein side-
chain motion (50 °C), change in protein organization
(150 °C) and degradation (260 °C). The second transition
is sensitive to various alterations of the skin (caused by
disease or chemical agents), which indicates a possible
alteration in the organization of keratin. The same re-
search group applied DMA to rat and human stratum
corneum (739) and found very complex behavior in the
physiological range of temperatures (20 — 60 °C), likely
due to melting of water at -0 °C and lipids at ~40 °C.
DSC investigation of skin from the hands of diabetic and
non-diabetic women showed the increased heat of colla-
gen denaturation in the diabetic skin (740), which was
ascribed to increased collagen stability due to glucose-
mediated crosslinking, but the exact nature of these cross-
links is not known.

DMA was used to investigate rabbit Achilles’ tendons
and anterior cruciate ligament, both of which are dense
tissue composed of collagen, elastin, and proteoglycans
(45). Both tendons and ligaments showed a transition
from the rubbery to the glassy state as the loads increased,
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but a higher load was necessary for this transition in the
case of the ligaments. At low load, the main strain is car-
ried by the proteoglycan matrix, while at high strain most
of the collagen fibers are fully extended and bear the most
load. Thus, the differences in composition and structure
(how the components are distributed and oriented in the
tissue) will influence the properties of the tissue.

Viscoelastic properties of the human periodontal liga-
ment (connecting tooth root to the jaw) were investigated
by DMA (46), to find out how it behaves during chewing
and in accidents. Differences with previously reported
results on cow and swine ligaments were found, and the
location of the ligament on the tooth also influenced the
properties of this inhomogeneous tissue.

Internal organs

A major part of the research on soft tissue is focused
either on diagnostic applications or on obtaining param-
eters for modelling the investigated tissue (141-143) to
avoid future experimentation on human or animal sub-
jects. Mechanical properties are of particular interest
when investigating impact injuries, which seem to do
more damage to solid organs such as the liver and the
spleen, as well as for modelling the organs in incident
simulations (107) and choosing appropriate implant bio-
materials (i.e., to match the mechanical properties of the
original tissue) (108,143,144).

In 1969, Fallenstein et al. (145) used DMA to investi-
gate brain tissue (white matter) in shear at 37 °C, to mod-
el the impact of head injuries on the brain. The brain tissue
was found to have high internal damping (tan 6). A cor-
responding investigation was performed i7 vivo on rhesus
monkeys using an impedance probe, and the influence of
blood pressure on the mechanical properties was found,
which correlated well with that of autopsied tissue which
had no blood pressure. DSC analysis of brain matter of
Alzheimer’s disease patients in comparison with those of
non-afflicted elderly showed lower thermal stability for
some afHlicted parts of the brain but no difference for oth-
ers (146), indicating that DSC analysis cannot fully reflect
the distribution of neuropathological changes. The de-
tected effects can be ascribed mostly to loss of water which
is indicative of tissue tightness and membrane stability.

Mechanical properties of the spinal cord and the brain
in rats were investigated by DMA to find suitable bioma-
terials for tissue repair (708). Differences in loss and stor-
age modulus were found depending on the location in
both the spinal cord and the brain, indicating that bio-
materials with different mechanical properties may be
required to repair them. Porcine brain tissue was also
investigated by DMA (143). The authors used mixed grey-
white matter, but they commented on the complex com-
position of the tissue and that further analysis of separate
mactter should be done since computer models nowadays
routinely simulate separate tissues.
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Figure 10. Age-related cataract (154)

Mechanical properties of the human ulnar nerve ob-
tained from the elbows of cadavers were investigated by
DMA (147). The difference in storage moduli of proximal
(closer to elbow) and distal (closer to hand) nerves was
found, but not in loss moduli. Unfortunately, the results
may be influenced by the fact that the cadavers were em-

balmed.

DMA was used to verify iz vivo mechanical character-
ization of the liver by ultrasound elastography
(107,148,149), by comparing it to in vitro post-mortem
experiments on the same liver by DMA in shear. In the
case of the porcine liver (107), the methods were found to
be comparable: the liver acted as a homogeneous, isotropic
and mostly elastic body. No influence of cutting direction
on liver properties was found, but the researchers avoided
the parts with major blood vessels when sampling. The
usefulness of ultrasound elastography in diagnosing non-
alcoholic fatty liver disease was investigated in compari-
son with DMA, using rats as the model animal (148, 149).
Fat accumulation changes the mechanical properties of
the liver, which can be seen in both the storage and the
loss modulus. While DMA was found to correctly detect
the disease, the ultrasound elastography was less success-
ful, possibly due to differences in measurement frequen-
cies. Shear wave elastography for the diagnosis of kidneys
was also validated by comparing the results with DMA
measurements of the outer cortex of sheep kidneys (750).
Blood perfusion of the kidneys probably influences the
results, as it could not be mimicked i vitro.

‘The mechanical properties of three parts of the porcine
stomach were investigated by DMA (712). The moduli for
the three parts differed significantly in the longitudinal
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direction but did not differ in the circumferential direc-
tion. Some findings conflicted with previous research,
underlying again the complexity of investigating biologi-
cal systems.

Eyes

Thermal analysis methods have been extensively used
in the investigation of eye lenses and other eye parts. Bet-
telheim et al. (751,152) have worked on the topic for two
decades, analyzing the melting maxima of water in the
lens by DSC. Cataractous human lenses (151) usually
have complex endotherms with two melting points, while
healthy lenses only show one. The authors ascribe the for-
mation of cataracts to syneresis, i.e., the expulsion of wa-
ter from the protein network, which results in two do-
mains with differing refraction indices: the denser protein
and the watery vacuole. From the difference between the
freezable water content (as determined by DSC) and the
total water content (as determined by drying) the quan-
tity of tightly bound water which does not freeze could
be determined, and it was higher in the healthy lens.
Cross-species investigation of water content in the lens
was investigated in the same manner (753). The avian lens
had the largest water content, likely due to the difference
in the type of crystallin and the high content of glycogen.

DMA investigation of the stiffness of human cataract
lenses (known to be stiffer than the healthy ones, Figure
10) found the stiffness to be a function both of patient age
and the type of cataract, nuclear cataract lenses being
stiffer than cortical cataract ones (155). But healthy hu-
man lenses were also found to get stiffer (156) with age,
so the difference between healthy and cataract lenses de-
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creases in older patients. A corresponding investigation of
the lenses in shear also found that they become less vis-
cous (i.e., stiffer) with age (710), but uncertainty remains
about how much of that is due to cataract formation (757).

The DSC investigation of the influence of pressure on
the monkey and the bovine vitreous found that the in-
creased hydrostatic pressure leads to syneresis, i.e., the
increase in the content of freezable water compared to the
bound water, although the increase was not statistically
significant and is probably reversible (752). Storage and
loss moduli of the human vitreous body were both found
to decrease very significantly with age (109). Rheological
investigation of bovine vitreous has shown that it behaves
as a lightly crosslinked gel (758).

Mechanical properties of ocular tissues of mice and
swine were investigated by DMA so that a future implant
material for retinal replacement could match them which
would improve its biocompatibility (744). No influence
of age was found, but retinal degradation did lead to a
decrease in the modulus. The retina is notoriously sensi-
tive and difficult to properly mechanically analyze, due
to problems of fixing it into the testing assembly. DMA
measurement in compression both simplifies that problem
and better reproduces the type of mechanical stress eye
tissues would be exposed to i vivo. Still, the complexity
and anisotropy of tissues such as the retina make a direct
comparison with polymeric biomaterials difficult.

DMA was also used to investigate the mechanical
properties of porcine lacrimal canaliculus, which drains
the tear film from the eye (716). As the probable drainage
mechanism is blink-interblink compression and expan-
sion of the canaliculi, viscoelastic properties of such tis-
sues are of interest. Canaliculi were cut open to form a
sheet since their size and shape made them difficult to
investigate as-is. This raises the question of how well the
measurement conditions reflect the working conditions
in vivo, despite frequencies being chosen to simulate those

of a blink.

Veins and blood

Biomechanical properties of different types of leg veins
used for arterial reconstruction were investigated by
DMA (159). The proportion of elastin to collagen seemed
to be the most important predictor of the viscoelastic
properties of vein tissue. Varicose veins had the highest
content of elastin, as well as more collagen I, which ex-
pectedly resulted in the highest modulus (i.e., the highest
stiffness) since collagen I is known to increase stiffness.
As the varicose veins are much stiffer than arteries, they
are not as suitable for grafts as other veins. The femoral
veins would be the most suitable, but they are unfortu-
nately less available than the surface (saphenous) veins.
The saphenous vein was also found to be stiffer than the
internal thoracic artery/mammary artery (which branch-
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es from the neck and continues into the thoracic cavity),
which is also used as graft tissue (142).

DMA was used to determine the Young modulus of
veins in patients undergoing dialysis via an arteriovenous
fistula in an attempt to correlate the success of fistula
“maturation” (i.e. allowing large enough blood flow) with
the mechanical properties of the veins (160). Younger pa-
tients had higher moduli of veins, contrary to the usual
“hardening with age” expectation, but these were also
correlated with fistula failure (although the failure was
due to thrombosis, and not a mechanical failure or a fail-
ure to mature). The difference in moduli may be a conse-
quence of a previously existing condition, but again the
underlying complexity of structures and the selective test-
ing prevents drawing fuller conclusions.

The effect of parameters of freezing/cryopreservation
on the thermal expansion of rabbit aorta was investigated
by TMA, as it would influence the likelihood of fracture
during either preservation or implant surgery (161). As
expected, the increased content of DMSO as a cryopro-
tective agent decreased the stress during the freezing, but
for unclear reasons so did the decrease in freezing rate.
This was in alignment with the experimentally well-
known fact that, to ensure the survival of the tissue, the
cooling should be neither too slow (else the ice crystals
would form) nor too fast.

Rheological investigation of whole blood and platelet-
depleted plasma found that the presence of bacterial lipo-
polysaccharides may cause anomalous blood clotting
(162). Kinetics of clot formation were investigated using
theometry and DETA (39) and it was found that red
blood cells decreased clot stiffness, while the increase in
fibrinogen increased the clot stiffness and accelerated the
clot formation. An investigation of the mechanical
strength of platelet clots as a function of storage time and
the temperature has shown that clots exhibited gel-like
behavior, as would be expected of polymerized cross-
linked fibrin (763). Cold-stored platelets formed stronger
clots, comparable in strength to those from fresh blood
and several times stronger than those from blood stored
at room temperature. The authors therefore suggest cold
storage as more suitable for transfusions of trauma victims
whose blood needs emergency clotting to stop the bleed-
ing. Cold storage is also more convenient overall as it
prevents platelet spoilage. Mechanical properties of hu-
man fibrinous thrombus samples were also investigated
as a part of in vitro aneurysm pressure studies, in the
frequency range that matched the human heartbeat (34).

The superficial layer of the human atherosclerotic
plaques, which is the one to detach and cause heart at-
tacks, was investigated by DMA (164). As stiffness expect-
edly increased with frequency, stiffer plaques may start to
accumulate additional stress when the heart rate increas-
es, leading to rupture and subsequent heart attack (al-
though such occurrences are rare in medical practice).
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Other bodily fluids

In a highly interesting paper, Chagovetz et al. (165)
have shown that DSC can be used as a screening tool to
identify glioblastoma multiforme tumor from concen-
trated samples of cerebrospinal fluid, as the melting tem-
perature of the fluid was shifted by 5 °C in comparison to
that without the glioblastoma. DSC was also used to
analyze bovine meibomian lipid, a component of the tear-
film lipid layer on the eye (36). Both freezing and evapo-
ration of water could be identified, and water content
could be calculated from the enthalpies. The melting of
the lipid component could be identified as well, but DSC
was unable to differentiate between three lipid phases
which melt at similar temperatures. The similarity of the
melting temperatures is probably physiologically re-
strained — the lipid phases melt at body temperature to
allow the tear film to be spread more easily.

Rheometry was used to investigate whether rehydrated
porcine mucin can serve as a model for gastric mucus for
in vitro testing (35). Mucins are the key components of
mucus, consisting of a polypeptide backbone with oligo-
saccharide sidechains, which interpenetrate and form a
network in presence of water. Natural mucus was much
more elastic than rehydrated mucin, with much stronger
resistance to internal structure destruction, probably since
the mucin isolation procedure causes such changes in its
physicochemical properties that the reconstruction of the
initial structure is no longer possible.

Other applications of thermal analysis in
medicine

DSC analysis of hair is often used as a quick method
to diagnose damage in the hair (and hence the effective-
ness of hair repair treatment), but Popescu & Gummer
(166) find the claims dubious. Their research provides an
example of why the results of the thermal analysis should
always be verified by an independent technique, as the
“repair” visible from the DSC maximum shift did not
reappear in the results by other methods. The two overlap-
ping DSC maxima found for dry hair are denaturation of
keratin alpha-helices (-232 °C) and degradation of keratin
(-245 °C). Measuring wet hairs allows the separation of
these effects, as the denaturation temperature shifts to
~150 °C while the degradation temperature does not
change. The research on hair-damaging agents used for
hair straightening showed an increase in temperature of
degradation of the hair (767), although other characteriza-
tion methods clearly showed the damage. Maybe the hair-
straightening treatment causes additional bonding in the
hair which would shift degradation to higher tempera-
tures.

TGA has been extensively used to analyze kidney
stones, as covered in a review by Singh and Rai (768),
since it can quantify the content of components in the
stone, as well as help identify them based on their char-
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acteristic degradation temperatures. It is considered the
best method to analyze the content of calcium oxalate
monohydrate and dihydrate and may provide data that
helps determine the age of the stones. Accurate stone
analysis is important for correct diagnosis and possible
prevention of recurrence (169). But TGA cannot success-
fully separate components which degrade at similar tem-
peratures and is completely unable to identify or quantify
those components which do not lose mass upon heating
(168, 169). Of course, the best results are obtained by

combining several instrumental techniques.

An interesting application of DSC in medicine was
analyzing the composition of collection tubes used in di-
agnostic procedures, to determine how it may influence
the diagnostic results (770). The authors found that the
composition varied, as most of the “polypropylene” col-
lection tubes were actually copolymers of polypropylene
with polyethylene and sometimes other polymers. The
variation in composition led to varying influences on the
diagnostic result, most likely due to differences in the
adsorption of the biomarkers on the tube surface.

CRITICAL INSIGHTS AND CONCLUSIONS

Thermal analysis methods have been widely used in
the fields of biology and medicine for decades. Experi-
ences and molecular models derived from synthetic poly-
mers and inorganic materials are directly transferrable to
biological tissues, but researchers should be careful not to
be too simplistic in their analysis. Biological samples have
very complex compositions, as well as wide diversity
within and between the species (37). Macro- and micro-
structure (the way in which components are arranged
within a tissue) play at least as great a role as the bio-
chemical composition of the tissue (41,45,136). All this
makes ascribing certain effects to certain components
very difficult, if not impossible. The researchers should be
aware of what they are trying to measure and critical of
whether the measurement parameters are satisfactory for
the purpose, e.g., the influence of a substrate on mechan-
ical properties (121).

Glass transition temperature, for example, can be ex-
tremely sensitive to measurement conditions, as well as to
the presence of small quantities of plasticizing agents —
this can be moisture, but also other small molecules pres-
ent in the tissue. Thus, care should be taken when trying
to explain the experimental data to try and take all known
factors into account, and at last to attempt to verify the
assumptions on which the explanations rely.

Thermal analysis methods can often be destructive for
the samples, especially in the case of TGA. Nevertheless,
depending on the temperature range measured, DSC,
TMA and DMA may preserve the sample for other inves-
tigations, as the mechanical properties are rarely tested to
destruction, and DSC may be used to characterize revers-
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ible changes such as melting or the glass transition. As
small sample sizes are sufficient for DSC and TGA, the
destruction of samples during the measurement is rarely
an obstacle.

A general problem is that tissues are by necessity re-
garded in isolation, removed from the living organism
(45), so the tissues are usually no longer living and cer-
tainly not in their natural state. Selective testing of only
certain parts in isolation prevents drawing fuller conclu-
sions (7160). Properly separating different tissues can also
be difficult, and the variation in separation techniques
will certainly influence the results and make them diffi-
cult to interpret (134). The influence of preservation treat-
ment on tissue properties should be investigated when-
ever it is not possible to test the fresh samples (81,143,147).
If nothing else, the time from sampling to analysis should
be kept the same for all investigated samples in a series.

In some cases, the thermal analysis is performed simply
because it is available, without a clear rationale as to what
could be learned from it (48, 87, 112, 147). It can also be
used merely to confirm what is already known from the
experience or other observations (80,110,113,156,161).

Thermal analysis methods give curves with a lot of
data, which makes them suitable for mathematical mod-
elling. Care should be taken not to overcomplicate the
models: with enough parameters model will be able to fit
any data, and any trends will be harder to find (33) due
to the compensation effect between the parameters (171).
For this reason, it is a good practice to always verify the
models on an independent sample or measurement.

Thermal analysis methods are rarely used to character-
ize the mechanical properties of plants, but they found
much wider applications on animal samples, due to the
greater flexibility of the methods and small sample sizes
needed for the analysis, as well as the ability to measure
viscoelastic properties. Mechanical properties of biologi-
cal samples expectedly show a large scatter (122,127):
proper mechanical analysis of synthetic materials also
requires a large number of samples, and the diversity in
living organisms is comparably greater. A shortcoming of
DMA and TMA in comparison with classical mechanical
testing methods is a smaller number of measurements per
sample, making statistical analysis less likely to find sig-
nificant correlations or differences (727), even when they
are perceptible from the data (143, 152).

Most biological tissues are anisotropic, so variability in
properties with the direction of measurement or sam-
pling, as well as across the width or length of the body
part or tissue under investigation, should be kept in mind
and controlled for (37,105,114,115). Irregular size and
shape of the samples can also influence the measurement
results, and the researchers are faced with a dilemma of
whether to modify the sample as little as possible (44) or
to cut it into a suitable shape thus risking making it un-
representative (116).
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Finally, it must be kept in mind that the results of
thermal analysis methods can rarely be interpreted on
their own and should be verified by an independent tech-
nique to confirm the conclusions.

In sum, thermal analysis methods have shown a wide
possibility of application in biology and medicine. To ob-
tain the maximum from the data they provide, the re-
searchers should have experience both in the use of the
methods and in the investigated tissues or molecules.
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