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The Effect of Thermal Expansion of Ingredients
on the Cocktails VS55 and DP6
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ABSTRACT

The formation of ice crystals is known to be lethal to biological cells. The presence of cryoprotectants at high cool-
ing rates suppresses crystallization and promotes vitrification, where vitrification is solidification by rapid ele-
vation of the viscosity (vitreous, in Latin, means glass). All materials have a tendency to change volume with a
change in temperature, where the rate at which the volume changes with respect to the temperature is defined as
the thermophysical property of thermal expansion. In the presence of a non-uniform temperature distribution in
a bulky specimen, when different regions of the material tend to expand differently, mechanical stress may de-
velop. It has been demonstrated that this mechanical stress can easily lead to macro structural damage to the cry-
opreserved specimen. As part of an ongoing effort to characterize the mechanical behavior of biological tissues
and solutions in the cryogenic temperature range, the current study focuses on mapping the thermal expansion
effect of cryoprotectants on the overall thermal expansion of cryoprotectant cocktails. Using a recently developed
apparatus, the thermal expansion of the cryoprotectant components of the cocktails DP6 and VS55 were measured:
propylene glycol, formamide, and DMSO. This paper includes a comparison of thermal expansion results with

DSC analysis.

INTRODUCTION

LASSICAL CRYOPRESERVATION, using rela-
tively low concentrations of cryoprotective
agents (cryoprotectants), has been shown to
conserve many important properties of biolog-
ical tissues—vascular allografts being a good
example. However, the techniques developed
for freezing vascular allografts are not reli-
able.}? Fractures have been observed in cryo-
preserved arteries,® and similar observations
have been made in recent studies of human ar-
teries. In cryopreserved human internal mam-
mary arteries and femoral arteries, both smooth
muscle functions and endothelial functions
were poorly preserved.*>
Freeze-substitution of cryopreserved blood
vessels demonstrates high levels of extra-cellu-

lar ice formation.® Classical cryopreservation,
with low concentrations of DMSO, does a rea-
sonable job of cell preservation by preventing
intra-cellular ice formation, but it is a very poor
method for preserving tissue. Even when all
major cryopreservation variables are con-
trolled, there is a limit—largely a function of
tissue volume and geometry (including any im-
mersion fluids and packaging)—beyond which
traditional cryopreservation methods do not
work consistently. There have been several hy-
potheses on the mechanisms of freezing-in-
duced injury based upon a variety of factors,”-
but it has been discovered that the disadvan-
tages of traditional cryopreservation revolve
primarily around ice formation.’-12
Vitrification is an alternative to conventional
freezing of living biological materials. Here, ice
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formation is prevented because of the presence
of high cryoprotectant concentrations that in-
teract strongly with water. Vitrification does
not have the biologically damaging effects as-
sociated with ice formation. No appreciable
degradation occurs over time in living matter
trapped within a vitreous matrix, and vitrifica-
tion is potentially applicable to all biological
systems.!3-16 Vitrification is a relatively well-
understood physical process, but its applica-
tion to the preservation of biological systems is
not without problems, as the high cryoprotec-
tant concentration necessary to facilitate vitri-
fication is potentially toxic. To limit the effects
of toxicity, it is necessary to use the least toxic
cryoprotectant and the minimum concentra-
tion that will permit glass formation (at cool-
ing rates that are practical for bulky mam-
malian tissues).'415 Vitrification avoids the
hazards of direct injury from the mechanical ef-
fects of ice formation and, indirectly, from the
solution effect injury. However, new potential
mechanisms of injury associated with the
amorphous state have been identified and must
be studied as an essential component of devel-
oping methods of cryopreservation for multi-
cellular tissues. The hypothesis of this study is
that the mechanical stress associated with ther-
mal expansion and contraction is a major po-
tential source for injury in large, vitrified bio-
logical specimens. Such mechanisms have not
previously been considered in any detail nor
have they been amenable to specific study.

Mechanical stress in a material is related to
pressure; it is the force per unit area that pulls
the material apart (tensile stress), or presses it
together (compressive stress). The magnitude
of stress is related to the deformation of that
material. Engineers define deformation, or
strain, as the change in geometric size relative
to the initial size. Changes in size are often
much smaller than the size itself, as is the case
in cryopreservation. When a material is at its
original length, with no force acting upon it,
the stress is zero. However, stress increases as
the material is strained, while being maintained
at a constant temperature. The rate at which
stress increases with increasing strain depends
on the stiffness of the material (elastic modu-
lus).

Changes of temperature produce another in-
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dependent effect. Any material which is unre-
strained will undergo a change in size (thermal
strain) when subjected to a change in temper-
ature. Materials in general—and tissues as they
are cryopreserved in particular—shrink when
they are brought from physiological tempera-
ture down to cryogenic temperatures (typically
in the order of 0.01% per Celsius degree). The
dependency of this thermal strain on tempera-
ture is largely unexplored. The aim of this
study was to measure the thermal strain when
no external forces are acting on the material.

As tissues are cryopreserved, they are exter-
nally free to strain. However, in practice, it is
impossible to cool a tissue of realistic size uni-
formly; the outside surface decreases in tem-
perature more rapidly than the inside. Each
layer of tissue tends to shrink according to its
local temperature, which would require that
the outside tissue overlap the inner tissue. This
cannot be tolerated; therefore, stresses and ad-
ditional strains beyond the thermal strains arise
to make the shrinkages compatible. The outside
of the tissue is forced to shrink less and the in-
side to shrink more. The level of stresses that
must arise to accommodate the differential
shrinkage depends upon the stiffness and re-
laxation of the material. If these stresses are too
severe, they can, potentially, produce fractures,
as has been observed in the cryopreservation
of bulky specimens. There are methods for pre-
dicting the stresses that arise because of non-
uniform changes in temperature. These meth-
ods combine mathematical analysis with data
that captures:

(1) the thermal strain resulting from uniform
temperature changes, and

(2) the time-dependent response of stress-to-
strain as a function of temperature.

Prior studies of stress development did not
address realistic or optimized cryopreserva-
tion conditions in which cryoprotective agents
promote vitrification. The development of
such methods for cryopreservation applica-
tions is the subject matter of a parallel effort
by the authors.1”-20 Stress development dur-
ing vitrification is completely unexplored, al-
though some phenomenological reports are
available.?!
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As part of an ongoing effort to characterize
the mechanical behavior of biological tissues
and solutions in cryogenic temperatures, this
study focused on thermal expansion measure-
ments of cryoprotectants. Using a recently de-
veloped apparatus,?? the thermal strain has
been measured. The ratio of the change in vol-
ume, as a result of a temperature change to the
initial volume, is defined as the “volumetric
thermal strain.” The “linear thermal strain” is
a relative property, which is defined as one-
third of the volumetric thermal strain (for sim-
plicity, linear thermal strain and thermal strain
will be synonymous in this text). The term “lin-
ear thermal expansion coefficient” is an ab-
solute thermophysical property, which is de-
fined as the rate of change of the linear thermal
strain with temperature (for simplicity, “linear
thermal expansion coefficient” and “thermal
expansion” will be synonymous in this text).
Our study was focused on mapping the ther-
mal expansion effects of the components of the
cocktails DP6 and VS55, which are of great in-
terest in cryopreservation applications.?
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MATERIALS AND METHODS

The apparatus for thermal expansion mea-
surements used in this study was presented
previously by Rabin and Bell,?? as shown in
Figure 1. In broad terms, the experimental ap-
paratus comprises an enclosure containing a
cryoprotectant at a cryogenic temperature, and
air at room temperature. The part of this en-
closure which is brought to cryogenic temper-
atures is called the “cooling chamber.” The part
of the enclosure which is kept at room tem-
perature is the “pressure tube.” The pressure
tube and the cooling chamber are connected
through a flexible tube filled with the same cry-
oprotectant. The volume of the flexible tube is
negligible, compared to the volume of the cool-
ing chamber.

This experimental apparatus can only be
used at the upper part of the cryogenic tem-
perature range, where the cryoprotectant be-
haves like a relatively low viscous fluid. Each
cryoprotectant has a unique threshold, below
which the current apparatus will not provide
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FIG. 1. Schematic illustration of the experimental apparatus. Reprinted from Rabin Y, Bell E. Thermal expansion
measurements of cryoprotective agents. Part I; A new experimental apparatus. Cryobiology 2003;46:254-263. Copy-

right 2003, with permission from Elsevier.?2
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accurate measurements. This threshold is ei-
ther at the onset of crystallization or at the point
when the viscosity value becomes too high. The
threshold for each cryoprotectant is addressed
in the discussion section of this paper.

The measured parameters are the tempera-
ture of the cooling chamber and the air pres-
sure change in the pressure tube. The calcu-
lated parameter is the thermal expansion that
results in the respective pressure change. The
thermal strain is conventionally defined in this
study as:

1 AV
—_ = 1
3 V &

where AV is the change in volume and V is the
initial volume. The thermal expansion is de-
fined as the derivative of the thermal strain
with respect to temperature:

de
B=47 ®
Our study includes thermal expansion mea-
surements of the ingredients of DP6 and VS55.
DP6 is a cocktail of 234.4 g/L DMSO (3 M),
228.3 g/L propylene glycol (3 M), and 2.4 g/L
HEPES in EuroCollins solution.?3 VS55 is a
cocktail of 242.14 g/L DMSO (3.1 M), 168.38
g/L propylene glycol (2.2 M), 139.56 g/L for-
mamide (3.1 M), and 2.4 g/L HEPES in Euro-
Collins solution. The two cocktails are similar,
excepting the exclusion of formamide from
DP6. In return, the DP6 contains a higher con-
centration of propylene glycol.

First, the cocktails DP6 (n = 4) and VS55 (n =
6) have also been tested. Next, four single-com-
ponent cryoprotectant solutions, which are the
ingredients of DP6 and VS55, have been tested:
3.1 M of DMSO (n = 5), 2.2 M of propylene gly-
col (n = 7), 3 M of propylene glycol (n = 8), and
3.1 M of formamide (n = 9). In order to save re-
sources, 3.0 M of DMSO has not been tested; it
was assumed that the thermal expansion of 3.0
M of DMSO could be approximated as the ther-
mal expansion of 3.1 M of DMSO with 3% con-
fidence (0.1 M difference divided by an ab-
solute value of 3 M). In addition, three single-
component solutions containing DMSO at
higher concentrations have been tested: 6.0 M
(n =10),7.05M (n = 5),and 8.4 M (n = 9). The
rationale for testing the higher concentration

&
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DMSO solutions is addressed in the discussion
section of this paper.

Each single-component solution was pre-
pared in 100-mL quantities. In preparing the
solution, the solvent was added first. Next, 20
mL (or 20% of the total volume) of EuroCollins
was added. Finally, water was added until the
desired volume of 100 mL was achieved. Tap
water was used in the thermal expansion mea-
surements. Tap water is not typically used in
cryobiology experiments for various reasons;
however, because this study did not involve bi-
ological specimens, tap water was considered
adequate.

Thermal properties of the cryoprotectant so-
lutions were analyzed using differential scan-
ning calorimetery (DSC). Sample aliquots of 5
L were loaded into hermetically sealed alu-
minum sample pans, placed in a TA Instru-
ments Q1000 MDSC, cooled to a minimum tem-
perature well below the sample freezing point,
or below the sample glass-transition tempera-
ture, and rewarmed to 10°C. All samples were
thermally processed, according to average
cooling and warming rates recorded during
thermal expansion experiments for each solu-
tion.

RESULTS AND DISCUSSION

A typical thermal history of 3.1 M of DMSO
during a thermal expansion experiment is
shown in Fig. 2. Two temperature sensors are
placed in the cooling chamber—one at the cen-
ter of the cooling chamber, measuring the core
cryoprotectant temperature, and one sensor
measuring the temperature of the cooling
chamber wall. With reference to Figure 2, the
temperature of the cryoprotectant does not mo-
notonically decrease with time in the cooling
phase of the experiment. Point A in Figure 2
refers to a supercooling process, in which the
material exists in the liquid phase below its
equilibrium freezing point. Supercooling is an
unstable condition, and is dependent on the
cooling rate and the viscosity of the material.
Point B refers to the crystallization of the ma-
terial, which brings the tested solution to a sta-
ble state in the thermodynamic sense. The en-
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FIG. 2. Typical thermal history during a thermal strain
experiment on 3.1 M of DMSO. The dashed line repre-
sents the temperature at the cooling chamber wall, while
the solid line represents the specimen temperature at the
center of the chamber. Points A and B refer to a super-
cooling process, in which the material exists in the liquid
phase below its equilibrium freezing point (A), and sub-
sequently crystallizes (B). Point C refers to melting.

ergy required for crystallization warms the so-
lution between points A and B.

It is noted that 3.1 M of DMSO freezes over
a temperature range, and not at a unique tem-
perature value (note that the so-called “eutec-
tic point” for DMSO is around 9.8 M of DMSO).
It is further noted that point B in Figure 2,
which is the upper boundary for freezing in
this experiment, is lower than the upper
boundary of melting of the same solution, as
can be seen from Figure 3. Figure 3 shows a
typical pressure-versus-temperature curve for
3.1 M DMSO of the same experiment shown in
Figure 1. Point C in Figure 3 refers to an ap-
proximated upper boundary for melting the so-
lution. The underlying assumption here is that
the thermal expansion of the solution in the lig-
uid state does not depend on whether the so-
lution is cooled or rewarmed. Hence, point C
is defined as the temperature at which the ther-
mal expansion during rewarming returns to its
value during cooling.

Figure 6 shows the best-fit polynomial ap-
proximation for the thermal strain, for DP6 and
V555, and all their ingredients. The coefficients
of the polynomial approximations are listed in
Table 1. The upper melting point (point C on
Fig. 3) for the various solutions is also listed in
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Table 1, based on these thermal expansion mea-
surements. It can be seen that the linear ther-
mal strains of the various solutions are similar
for a similar concentration around 3.1 M. The
density of formamide, propylene glycol, and
DMSO are 1.132, 1.036, and 1.100 g/mL, re-
spectively, at 20°C.2* It follows that the density
of 3.1-M solutions of formamide, propylene
glycol, and DMSO are 1.015, 1.006, and 1.021
g/mL, respectively, at 20°C (note that the den-
sity difference between these solutions is of the
order of up to 1%). The molecular weight of
formamide, propylene glycol, and DMSO are
45.04, 76.1, and 78.13, respectively.?* The ob-
servation that the thermal expansion is depen-
dent on either the molar concentration or the
density of the solution—but not on the molec-
ular weight—is intriguing.

It can be seen from Figure 6 that the linear
strain of 8.4 M of DMSO is about 3% when
cooled from an initial temperature of 20°C
down to a temperature of —100°C. This results
in a volumetric strain (contraction) of 9% over
the respective temperature range. Since it is
well established that mammalian cells can tol-
erate up to a 30% shrinkage during cryopro-
tectant addition and subsequent dehydration,
it could be argued that the volume contraction
of the cryoprotectant is insignificant with re-
spect to the volume change the cell can toler-
ate. However, the rationale in this study was
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FIG. 3. Typical pressure measurements during a ther-
mal strain experiment on 3.1 M of DMSO. Results shown
in this figure correspond to the thermal history shown in
Figure 2.
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TABLE 1. COEFFICIENTS FOR BEST-FIT SECOND-ORDER POLYNOMIAL APPROXIMATION OF THERMAL STRAIN

Cryoprotectants

concentration a, a ap T Tc, °C
2.2 M Propylene glycol 1.6767 X 107® 5.8305 x 107° -1.9229 x 1073 6.086 X 107> -4.1
3 M Propylene glycol 1.4532 X 107 8.4701 X 1075 —2.3457 X 1073 4.777 X 1075 —6.6
3.1 M Formamide 1.3333 X 107¢ 8.4944 x 1075 —2.0004 X 1073 4.965 X 1075 —-34
3.1 M DMSO 9.3242 X 1077 9.5570 X 1075 —1.9827 X 1073 1.127 X 1074 -7.7
6.0 M DMSO 2.2961 X 1077 1.9809 x 104 —4.6086 X 1073 2.005 x 1074 —36.2
7.05 M DMSO —9.7785 X 1078 2.0205 x 1074 —5.3834 X 1073 4274 X 1074 —-89.1
8.4 M DMSO —1.0140 x 1077 2.3831 x 1074 —5.2052 X 1073 4299 x 1074 —95.6
DP6 4.0963 x 1077 1.9224 X 1074 —3.4894 X 1073 6.917 X 1075 —-29.8
VS55 9.4751 X 1078 1.9563 X 1074 —4.3474 X 1073 7.464 X 1074 —40.3

The linear thermal strain is approximated as &€ = a;T? + a1T + 4g; o is the standard deviation, and T¢ is the tem-

perture above which the cryoprotectant behaves like a liquid.
Following Eq. (2), the thermal expansion coefficient is: 8 = 2a,T + a;.

to model the thermal contraction of the cry-
oprotectant solution for the purpose of me-
chanical analysis, and not for the purpose of
cell contraction tolerance in a fluid environ-
ment.

In order to illustrate the potential for struc-
tural damage driven by the cryoprotectant
thermal expansion, assume the following
thought experiment, where a sample of 8.4 M
of DMSO is completely vitrified in a 50 mL vial,
and stored at —120°C (a few degrees above the
glass-transition temperature). Further assume
that a miniature electrical heater was placed at
the center of the vial prior to cooling, so as to
heat the sample at a high enough rate, so as to
prevent devitrification or recrystallization dur-
ing the rewarming stage of the cryopreserva-
tion protocol. Finally, assume that the electri-
cal heater reaches the temperature of 20°C
when the vial-wall temperature is still well be-
low —100°C, a temperature below which the
cryoprotectant can be considered to be solid
from mechanical considerations. The volume
strain at the center of the sample in this exper-
iment will exceed 9% (as evident from Fig. 6),
which will cause an enormous elevation of hy-
drostatic pressure at the center of the vial. In
turn, this will result in enormous stresses on
the outer layer of the sample, which is still con-
sidered to be solid from a mechanics consider-
ation. Most solid materials—and especially
brittle materials such as the vitrified cryopro-
tectant—are not likely to sustain stress associ-
ated with a 9% volume change, and the poten-
tial to fracture increases dramatically, possibly

leaving structural damage in the sample. The
use of an electrical heater in the above thought
experiment is for simplicity in presentation
only; similar effects are likely be created with-
out the use of an electrical heater, but in more
complex geometries. Although this is a quali-
tative experiment only, fractures are indeed ob-
served in large-scale vitrification, and the
above thought experiment provides a plausible
explanation for at least some of them.

Interestingly, ice crystallization is associated
with a 9% volume change, and, as a result, it is
very frequently associated with fracture for-
mation. While ice crystallization and glass for-
mation are inherently different phenomena, the
solid material in either process will fail at sim-
ilar in magnitude volumetric strains.

Another interesting phenomenon observed
in the current study is associated with the nat-
urally dissolved gasses in tap water. Fre-
quently, the thermal strain in the liquid state
during rewarming appeared similar to the ther-
mal strain during cooling, but with a constant
shift. The dissolved gases, mostly O,, do not
change the volume of a water sample, and do
not affect its thermal expansion in the liquid
state. During freezing, however, water mole-
cules rearrange in a rigid structure to form crys-
tals, while pushing away the dissolved gas
molecules. These gas molecules form bubbles,
which can be easily observed in ice cubes with
a naked eye. During rewarming, most of the
dissolved gases that escaped the liquid during
solidification did not return into the liquid, but
rather stayed in the form of microbubbles. Al-
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though the overall volume of these bubbles is
insignificant compared to the volume of the
cooling chamber, the measured parameter here
is the change in volume, and not the volume it-
self. The device used in this study was ex-
tremely sensitive and could measure the vol-
ume change resulting from microbubble
formation, which is measured in quantities
smaller than microliters for the chamber vol-
ume of 11 mL.

The constant shift in thermal strain was
found in the first cooling/rewarming cycle on
a given sample. If the experimentation on the
same sample was repeated, this shift in ther-
mal strain disappeared. Either way, since the
thermophysical property of thermal expansion
is the gradient of the thermal strain, and not
the thermal strain itself, a strain offset between
cooling and rewarming bears no effect on ther-
mal-expansion calculations. Note that all ther-
mal-expansion calculations in this paper are
based on the cooling phase of each experiment.

High concentration DMSO versus
VS55 and DP6

From Figure 6, it can be seen that the ther-
mal strain of the different cryoprotectants is
similar for a concentration of about 3 M. At
higher concentrations, we hypothesized that
the thermal strain is primarily a function of ei-
ther the molar concentration or the total mass
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FIG. 4. Typical pressure measurements during a ther-
mal strain experiment on 6.0 M of DMSO.
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of solutes—and not of the particular cryopro-
tectant type—for the various cryoprotectants
under investigation. To verify this hypothesis,
three additional sets of experiments have been
added: 6.0 M of DMSQO, 7.05 M of DMSO, and
8.4 M of DMSO. The rationale is that 6.0 M and
8.4 M are the overall molar concentrations of
all ingredients in DP6 and VS55, respectively.
Furthermore, the 6.0 M- and 7.05-M DMSO so-
lutions contain the same overall mass of solutes
as in the cocktails DP6 and VS55, respectively.

Figures 3, 4, and 5, show the typical pressure
measurements for DMSO concentrations of 3.1
M, 6.0 M, and 8.4 M, respectively. From the 3.1-
M DMSO experiment, strong evidence of crys-
tallization can be seen, which is associated with
a dramatic thermal expansion upon freezing
(Fig. 3). No dramatic event takes place during
the cooling of the 6.0-M DMSO experiment
(Fig. 4). However, expansion followed by con-
traction is evident at the beginning of the re-
warming phase of 6.0 M of DMSO. The latter
observation is likely to be associated with crys-
tal formation during rewarming (devitrifica-
tion), and/or with crystal growth around nu-
clei already present in the solid-like material
(recrystallization). No dramatic event was ob-
served in the 8.4-M DMSO experiment, which
is likely to be associated with true vitrification
(Fig. 5). Experiments with 7.05 M of DMSO pro-
duced similar results to those presented for 8.4
M of DMSO.
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=
T
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FIG. 5. Typical pressure measurements during a ther-
mal strain experiment on 8.4 M of DMSO.
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Figure 6 shows the average linear thermal
strain of all experiments done for each concen-
tration of DMSO. Figure 6 also shows the lin-
ear thermal strain of DP6 and VS55, which de-
viate by approximately 5% from previously
reported measurements.?> This difference is
within the estimated range of uncertainty of the
experimental apparatus, where &g =33 X
10~*.23 It can be seen that the increase in DMSO
concentration leads to an increase in the slope
of the thermal strain—i.e., an increase in the
thermal expansion in the range of concentra-
tions studied here. It can bee seen from Figure
6 that the thermal strain results of 6.0 M of
DMSO, 7.05 M of DMSO, DP6, and VS55 are
found in a relatively narrow range, which is
within the uncertainty range of VS55 measure-
ments, for example (+26¢). However, the ther-
mal strain results of 8.4 M of DMSO deviate
significantly from measurements of the other
solutions. This observation rejects the hypoth-
esis that thermal expansion of the cryoprotec-
tants under investigation is primarily a func-
tion of the molar concentration. This observation
indicates that the thermal expansion is not a
strong function of the total mass of solutes, in
a mass range of 500 = 50 g/L.

The outstanding observation here is that
DP6, VS55, 6 M of DMSO, and 7.05M DMSO
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have similar behavior in terms of thermal
strain, within the typical certainty of measure-
ments that can be obtained using the specific
experimental system. Furthermore, 7.05 M of
DMSO shows a very close thermal expansion
behavior to VS55, but is much easier to vitrify
at the low cooling rates applied in this study
(see the DSC studies section below). These ob-
servations will have a great impact on future
studies of solid mechanics. For example, if ei-
ther 6.0 M of DMSO, 7.05 M of DMSO, or any
other concentration of DMSO solution within
this range is found to have a similar viscosity
value to VS55, these could be considered equiv-
alent from solid-mechanics considerations, and
would, thereby, simplify future analyses.

Finally, Figure 7 presents the approximated
thermophysical property of thermal expansion
for each solution, which is the derivative of the
thermal strain, Eq. (2). Note that the thermal
expansion is measured indirectly, which may
affect its level of certainty. On the other hand,
the thermal strain—and not the thermal ex-
pansion—is taken into account in solid-me-
chanics analyses.

DSC wverification of DMSO experiments

Point C in Figures 3 and 4 indicates the tem-
perature above which the material returns to
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FIG. 7. Best-fit polynomial approximation of the ther-
mal expansion of the ingredients of DP6 and VS55, the
cocktails DP6 and VS55, and higher concentrations of
DMSO. The best-fit approximation is based on the cool-
ing phase in each experiment. The coefficients are listed
in Table 1.
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behave like liquid in the fluid-mechanics sense.
In order to verify this interpretation of experi-
mental results, an additional series of DSC ex-
periments was conducted. These experiments
included 3.1 M, 6.0 M, 7.05 M, and 8.4 M of
DMSO, in typical cooling and rewarming rates
measured during the thermal-expansion ex-
periments.

The thermal behavior of the cooling chamber
can be approximated as a lumped system, char-
acterized by a close-to-uniform temperature,
represented by a single temperature value at
any given point in time. It can be seen from Fig-
ure 2 that a lumped-system approach is a good
approximation for the cooling chamber, where
the two temperature curves represent the
boundaries for the temperature distribution in
the system. The supercooling effect makes the
lumped-system assumption somewhat weaker,
but only around the freezing temperature. In a
convective environment, a lumped system
would display an exponential decay in tem-
perature, from an initial temperature value to
the surroundings temperature.

The first scheme for the DSC experiments
was to follow exactly the thermal history of the
cooling chamber, as recorded during the ther-
mal expansion studies (Fig. 3, for example). The
DSC device used in this study can be pro-
grammed with a series of up to 7 ramps, which
is deemed adequate for this task. Unfortu-
nately, changing cooling rates (i.e., ramp val-
ues) during the DSC experiment created arti-
facts, which overwhelmed the expected read-
ings. These artifacts were associated with the
settlement time of the control system after
changing a ramp value. Taking into account
that the desired ramp value changes were
planned at the critical thermal points under in-
vestigation, such as points A, B, or C, in Figure
3, this attempt failed to produce the desired
outcome.

Consequently, a second scheme was devel-
oped for the DSC studies. The aim in this
scheme was to measure the melting point, or
the melting range, during rewarming. The
melting point is considered to be one of the
most important parameters in fluid-mechanics
analyses, above which the material behaves
like liquid, both during cooling and rewarm-
ing. Note that the solidification temperature
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and the effect of supercooling are, to a large ex-
tent, functions of the specimen size, while melt-
ing is expected to be unaffected by the size of
the specimen. In this attempt, the suspected
temperature for melting completion, T¢, was
first identified from the pressure-versus-tem-
perature curves of the thermal-expansion mea-
surements (Fig. 3, for example). Next, the re-
warming rate, H,, was calculated when the
specimen temperature approached Tc, using
the thermal history curve (Fig. 2, for example).
The average initial cooling rate, H;, between
the Tc value during cooling and the minimum
temperature achieved, T,,;,, was also calculated
from the same thermal-history curve. Finally,
the DSC thermal protocol included: equilibra-
tion of the specimen at 10°C (well above freez-
ing/melting), cooling at a rate of H; down to
T'in, equilibration for two min at T,,;,, and re-
warming at a rate of H, back to 10°C.

Results of the DSC experiments from the sec-
ond scheme are listed in Table 2. Here, T,, is
the upper boundary of melting, based on the
DSC analysis, while T¢ represents the same
boundary, based on thermal-expansion mea-
surements. An average difference of 0.6°C was
found between T,, and T¢ for 3.1 M of DMSO.
Given the size of the sample and the two in-
herently different measurement techniques, a
very good agreement of results can be ob-
served.

For 6.0 M of DMSO, no crystallization can be
identified, based on both DSC analyses and
thermal-expansion measurements. Devitrifica-
tion or recrystallization and subsequent melt-
ing were observed in some DSC studies of 6.0
M of DMSO, and can also be seen in Figure 4,
from thermal-expansion experiments. Neither
was the effect of recrystallization nor of devit-
rification highly repeatable in thermal-expan-
sion experiments, possibly because the partic-
ular concentration of 6.0 M is a boundary value,
which merely leads to devitrification or re-
crystallization at the particular rewarming rate
used in the thermal-expansion measurements.
Note that devitrification and recrystallization
are statistical events, which are less likely to
happen in a DSC chamber size of 20 uL than
in the bulky cooling chamber size of 11.1 mL.
For cases where the melting of 6.0 M of DMSO
was observed, an average difference of 0.8°C
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TABLE 2. SumMMARY OF DSC RESULTS
DMSO
solution Tonin T, T, T4 T, Tm Tc Cooling rates
31 M —40.0 —38.1 n/o n/o -12.3 -8.1
—40.0 —36.1 n/o n/o -12.6 -8.2 -77 H; = —2.65°C/min
—40.0 —37.6 n/o n/o -12.2 -85 (n = 5) H, = 4+0.46°C/min
—40.0 —36.6 n/o n/o -13.1 -8.3
6.0 M —80.0 n/o n/o n/o n/o n/o
—80.0 n/o n/o n/o n/o n/o
—80.0 n/o n/o —44.3 —355 —-33.5 —36.2 H; = —1.58°C/min
—120.0 n/o n/o —-79.8 -39.6 —36.6 (n = 10) H, = +1.40°C/min
-150.0 n/o —133.4 —81.5 —40.6 -37.0
—150.0 n/o —133.4 —83.4 —40.0 -36.1
—150.0 n/o -132.3 n/o n/o n/o
705 M —150.0 n/o -1321 n/o n/o n/o —89.1 H; = —1.40°C/min
—150.0 n/o —1319 n/o n/o n/o (n =5) H, = +2.28°C/min
—150.0 n/o —131.8 n/o n/o n/o
—-150.0 n/o —-127.5 n/o n/o n/o
84 M —150.0 n/o -127.1 n/o n/o n/o —95.6 H;, = —1.40°C/min
-150.0 n/o -127.3 n/o n/o n/o (n=09) H, = +2.28°C/min
—150.0 n/o —128.6 n/o n/o n/o

Thermal protocol: starting from equilibration at 10°C, the specimen was cooled at a rate of Hy, down t0 Tiin, held
for 2 min at Tiin, and rewarmed at a rate of H, back to the initial temperature.

n/o: The event was not observed.

T,: Nucleation temperture observed during cooling, °C.
T,: Glass transition temperature during rewarming, °C.

T Devitrification/recrystallization temperature during rewarming, °C.

T,: Peak melting temperature during rewarming, °C.

T Melting-complete temperature during rewarming, °C.
Tc: The temperature above which the cryoprotectant behaves like a liquid, based on thermal expansion experiments, °C.

was found between DSC analysis and thermal-
expansion measurements.

No crystallization or melting was observed
with 7.05 M of DMSO and 8.4 M of DMSOQO, us-
ing either DSC measurements or thermal-ex-
pansion measurements. However, based on the
thermal expansion measurements, the material
could be considered liquid for practical pur-
poses only above an average temperature of
89.1°C and 95.6°C for 7.05 M of DMSO and 8.4
M of DMSO, respectively, the reason being that
the ability of vitrified material to flow decays
exponentially with the decrease in tempera-
ture. In our investigation, no contraction was
observed below 89.1°C and 95.6°C, respec-
tively, although the material was expected to
strain increasingly (contract) with the decrease
in temperature.

SUMMARY AND CONCLUSIONS

This study focused on thermal-expansion
measurements of the ingredients of the cock-

tails DP6 and VS55: 2.2 M of propylene glycol,
3.0 M of propylene glycol, 3.1 M of formamide,
and 3.1 M of DMSO. This study also included
thermal-expansion measurements of higher
concentrations of DMSO solutions of 6.0 M,
7.05 M, and 8.4 M. Finally, our study also in-
cluded a comparison of DSC analysis with ther-
mal expansion results related to the upper
boundary of melting of DMSO at various con-
centrations.

It was observed that the thermal expansion
of 3.0 M of propylene glycol, 3.1 M of for-
mamide, and 3.1 M of DMSO is relatively close.
It was further observed that thermal expansion
of DMSO increases with the increase in con-
centration—at least up to 8.4 M of DMSO. The
most important observation is that the thermal
expansion of 6.0 M of DMSO, 7.05 M of DMSO,
VS55, and DP6 is in a relatively close range.
This observation is not related to the molar con-
centration, nor to the molecular weight of the
ingredient. It was further observed that the
thermal expansion of DMSO at the respective
concentration can be measured to a much lower
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temperature than the thermal expansion of DP6
and VS55. These observations will have a great
impact on future studies related to thermo-me-
chanical stresses.

A very good agreement was found in the
identification of the upper boundary, of melt-
ing using a DSC device and the recently de-
veloped apparatus for thermal-expansion mea-
surements. The comparison to DSC analyses
was deemed necessary to verify our interpre-
tation of thermal-expansion results. It was
noted that the internal energy changes sensed
by the DSC, and the thermal-expansion changes
sensed by the device for thermal-expansion
measurements, were directly related.

Results in this study are presented within the
temperature range in which the material can be
considered fluid for continuum mechanics
analysis. The thermal-expansion phenomenon
at temperatures approaching the glass-transi-
tion temperature is quite a complex phenome-
non, and the simple fluid approach is not likely
to be valid. In this temperature region, effects
of structural relaxation are also involved in
thermal expansion. Therefore, the extrapola-
tion of the results presented in this study to
lower temperatures requires careful attention.
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