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Abstract

As part of an ongoing effort to characterize the mechanical behavior of biological tissues in the cryogenic tem-
perature range, the current study focuses on thermal expansion measurements of cryoprotective agents. Utilizing the
experimental apparatus described in the previous report (Part I), the current report (Part II) includes thermal expansion
measurements of the cryoprotectant mixtures DP6 and VS55, and comparison with available data from the literature on
DMSO. In the temperature range in which the cryoprotectant mixture behaves like low viscosity liquid, results of this
study show that the thermal expansion coefficient of VS55 and DP6 is 22% and 40% lower than that of 3M DMSO,
respectively, where 3M DMSO is only one component of each cryoprotectant mixture. This significant difference is

attributed to the presence of 3M formamide in VS55.
© 2003 Elsevier Science (USA). All rights reserved.
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The volume change associated with change in
temperature of the material is known as ‘thermal
expansion.” The ratio of the thermal expansion to
the initial volume is known as ‘volumetric thermal
strain.” The term ‘linear thermal strain’ is defined
as one third of the volumetric thermal strain. The
term ‘linear thermal expansion coefficient’ repre-
sents a physical property indicating the rate at
which the linear thermal strain changes with
temperature. A positive value of the linear ther-
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mal expansion coefficient indicates an increase in
volume with the increase in temperature (volume
expansion), while a negative value indicates a
decrease in volume with the increase in tempera-
ture (volume contraction). In the context of this
report, the term ‘thermal expansion’ is used as a
generic term indicating the physical process, irre-
spective of the sign of the linear thermal expan-
sion coefficient. Unless otherwise specified, the
terms ‘linear thermal strain’ and ‘thermal strain’
have the same meaning in this report. Likewise,
the terms ‘linear thermal expansion coefficient’
and ‘thermal expansion coefficient’ have the same
meaning.
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As a part of an ongoing effort to characterize
the mechanical behavior of biological tissues in
the cryogenic temperature range [3-9], the current
study focuses on thermal expansion measure-
ments of cryoprotectants. The current study
focuses on the upper part of the cryogenic tem-
perature range, where the cryoprotectant can be
considered to be low viscosity liquid at all prac-
tical cooling rates, whether during vitrification or
during classical cryopreservation. In the solid
mechanics sense, liquid can be defined as a ma-
terial which continues to deform under the ap-
plication of a constant load; low viscosity
indicates that the deformation rate is relatively
high for low loads. The current study also ad-
dresses the effect of volume change associated
with crystallization.

The experimental apparatus used in this study
has been described in detail in the previous report
(Part I). The current report focuses on thermal
expansion measurements of the cryoprotectant
cocktails DP6 and VS55, which are of current in-
terest in cryopreservation research and application
[13]. The current report also includes comparison
with available data from the literature on DMSO,
which is one the most commonly used cryopro-
tectants in classical cryopreservation, and which is
also a dominant ingredient in the mixtures DP6
and VS55.

Materials and methods

Two cryoprotectant solutions have been ex-
perimented upon in this study: VS55 and DP6
(Organ Recovery Systems). VS55 is a mixture of:
242.14¢g/LL. DMSO (3.1 M), 168.38 g/l propylene
glycol (2.2M), 139.56g/L formamide (3.1 M),
2.4¢/LL Hepes, in EuroCollins solution. The Eu-
roCollins solution is a mixture of: 34.95g/L dex-
trose, 7.3 g/l K,HPO,, 2.04 g/ KH,PO,, 1.12g/L
KCl, 0.84 g/L NaHCO;. DP6 is similar to VS55
with the exclusion of formamide: 234.4 g/ DMSO
(3M), 228.3g/L propylene glycol (3M), 2.4¢/L
Hepes, in EuroCollins solution. VS55 is a well-
established cryoprotectant [2,11,12], while DP6 is a
derivative of VS55 modified by Organ Recovery
Systems [13].

Results and discussion

Thermal expansion of cryoprotectant solutions
in cryogenic temperatures is largely unknown. For
example, even if data on the thermal expansion
of each component of the mixture VS55 is avail-
able, the combined effect of thermal expansion
of the mixture as a whole is complex and cannot
be predicted. The combined effect in cryogenic
temperatures, where each component undergoes
phase transition within a different temperature
range, is even more complex. When VS55 is rap-
idly cooled, vitrification (or glass formation) is
expected, where a dramatic thermal expansion is
known to occur only at the glass transition tem-
perature [1]. In practice, pure vitrification is not
easy to achieve in sizable samples, and coexistence
of vitrified material and crystallized material is
likely to occur [2].

Thermal expansion of DMSO

DMSO solution is one of the most extensively
studied cryoprotectants, and is a dominant com-
ponent in each of the cryoprotectant mixtures
VS55 and DP6. Figure 1 presents available data
from the literature on DMSO density [10]. The
linear thermal strain of DMSO in a specific pro-
cess can be calculated from:

3

Density, gr/cni

106 F === 04M e 7
————— 0.5M
1.04’” Ly A N S B
60 -50 40 30 20 -10 0 10 20

Temperature,°C

Figure 1. Density of DMSO solutions [10] (M represents mole
fraction).
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Figure 2. Linear thermal strain of DMSO solutions compiled
from [10] (M represents mole fraction).
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where p is the density, the index 0 represents a
reference value at a reference temperature, and the
index i represents the density at a specific tem-
perature 7;. The thermal expansion coefficient is
the rate of change of the thermal strain with re-
spect to temperature:
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f=sr @)

Based on the data shown in Fig. 1, Fig. 2 pre-
sents the thermal strain of DMSO in a cryogenic
process which starts at a standard room tempera-
ture of 20 °C. It can be seen from Fig. 2 that the
thermal expansion coefficient (the slope of the
curves shown in Fig. 2) can be fairly approximate
as a constant value for a given DMSO concen-
tration.

Thermal expansion measurements of DP6

Figure 3 presents a typical DP6 measurement
cycle, using the new experimental system. With
reference to the letter symbols in Fig. 3, the tem-
perature-thermal strain cycle develops as follows.
The cycle starts at point A, with the immersion of
the cooling chamber and its thermal insulation
shell into liquid nitrogen, as described in detail in
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Figure 3. A typical DP6 thermal strain measurement cycle.

Part I of this report. Segment A-B is related to
sample cooling in which the cryoprotectant mix-
ture behaves like low viscosity liquid. An almost
linear relationship of the strain versus temperature
is observed in this segment, which merely indicates
a constant thermal expansion coefficient. Point B
is found to be at a temperature of —41+1°C
(n = 6), and is likely to be associated with a high
crystallization rate of at least one component of
the cryoprotectant mixture. Note that pure water
starts to crystallize at 0 °C, however, as long as ice
crystals occupy only a small fraction of the solu-
tion volume, and as long as ice nuclei are uni-
formly distributed in space, the freezing solution
can be considered liquid in the solid mechanics
sense. The average cooling rate in this segment is
0.85°C/min, as can be calculated from Fig. 4.
Figure 4 also shows the temperature difference
between the center of the cooling chamber and the
cooling chamber wall, as described in detail in Part
I of this report. This temperature difference
bounds the maximal temperature variation around
the average temperature, at each given point in the
thermal process.

Crystallization continues in segment B-C, ac-
companied by a dramatic decrease of thermal
strain (the solution expands between points B and
C). The thermal strain at point C (~—63°C, a
temperature below which 3 M DMSO is known to
have high viscosity), is the same as the thermal
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Figure 4. Thermal history in the cooling chamber during a
typical DP6 cycle of strain measurements, presented in Fig. 3.
Teenter 1s the measured temperature at the center of the cooling
chamber, and T, is the measured temperature of the outer
wall surface.

strain of the mixture at a temperature of —4°C in
segment A—B. This observation can have a dra-
matic impact on related solid mechanics’ analysis
[7-9], where trapped pockets of cryoprotectant will
initially contract in the liquid phase, but will have
a tendency to expand at a later stage, as the
cooling process progresses. When thermal expan-
sion is constrained, mechanical stress develops.

With reference to Fig. 4, the cooling chamber is
transferred from the liquid nitrogen container to
free air at room temperature of about 20°C in
segment C-D. This transfer is characterized by a
sudden change in temperature difference in the
cooling chamber (due to cooling chamber han-
dling), followed by a change in sign of the tem-
perature difference (during rewarming, the wall
temperature is higher than the center of the
chamber).

Rewarming starts at point D, where melting is
likely to be associated with segments E-F-G.
Minimal thermal expansion during rewarming is
observed at point F. The thermal strain curve
during rewarming in segments D-E-F-G does not
follow the thermal strain curve during cooling in
segments B-C-D. Point G is found at a tempera-
ture of —27.5+0.5°C (n = 6). The observation
that thawing is not the inverse process of freezing
in the solid mechanics’ sense, may have a dramatic
effect on related solid mechanics’ analyses and

simulations. Comparing the maximal temperature
difference in the cooling chamber (<3.5°C) with
the temperature range in segments B-C-D (55 °C)
reveals that the above effects are not related to
non-uniformity in temperature distribution within
the cooling chamber.

Segment G-H is related to rewarming of a low
viscosity liquid, where the slope of the curve (the
thermal expansion coefficient) in this segment fol-
lows very closely the slope of the curve in segment
A-B (cooling).

A residual strain of 3.6 x 10™* is observed at
point H, at the end of the thermal cycle. This linear
thermal strain corresponds to a volumetric strain
of 1.08 x 10~*, which equals to 12 ul of solution. A
similar effect has been noted in all experiments.
Comparison of segments A-B with G-H suggests
that this is an offset in measurement between
cooling and rewarming, as further discussed be-
low. Such an offset can be caused by change in
direction of pressure measurement, in the pressure
transducer. Note that 0.36 x 10~* conforms with
our estimation of uncertainty in measurement, as
described in detail in Part I of this report. It is
further noted that the uncertainty value discussed
in Part I relates to random effects, while the offset
observed in Fig. 3 is related to a systematic dif-
ference.

Analysis of thermal strain and thermal expan-
sion coefficient of DP6, when it behaves like low
viscosity liquid, is shown in Figs. 5 and 6, which
are related to cooling (segment A-B in Fig. 3), and
rewarming (segment G-H in Fig. 3), respectively.
The technique of analysis is discussed in detail in
Part I of this study. As discussed there, the abso-
lute value of strain is not of particular interest, and
only the change in thermal strain, compared to a
reference value, is of significance in the solid me-
chanics’ sense. Less than 1% difference in thermal
expansion coefficient, f, is observed between
cooling, Fig. 5, and rewarming, Fig. 6. For
comparison purposes, the thermal strain of 3M
DMSO is also presented in Fig. 5, which is the
concentration of DMSO in DP6. In broad terms,
the thermal strain developed in 3M DMSO is
about 40% higher than that developed in DP6 over
the same temperature range. It follows that the
thermal expansion coefficient of 3M DMSO is
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Figure 5. Thermal strain and thermal expansion coefficient of
DP6 during cooling, when the cryoprotectant mixture behaves
like low viscosity liquid (correspond to segment A-B in Fig. 3).
Compiled thermal strain of 3M DMSO solution [10] is pre-
sented for comparison.

-1 F £=-3.49%107+1.84* 10" T+4.21*107T*
B =1.84%10"+8.42%107T [°C]
DP6

3

' ‘
= w

'
wn

Linear Strain x 10

-6

Heating Phase

'8 L L | L s s | L s ! s | s s s |
-20 -10 0 10 20
Temperature, 'C

Figure 6. Thermal strain and thermal expansion coefficient of
DP6 during rewarming, when the cryoprotectant mixture be-
haves like low viscosity liquid (correspond to segment G-H in
Fig. 3).

about 40% higher than that of DP6, in the low
viscosity region.

Thermal expansion measurements of VS55

A typical temperature-thermal strain curve for
VS55 is presented in Fig. 7. For consistency,
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Figure 7. A typical VS55 thermal strain measurement cycle.

assignment of letter symbols in Fig. 7 is similar to
that in Fig. 3 (DP6). By contrast to DP6, no vol-
ume increase effect associated with freezing is ob-
served during VS55 cooling (at similar cooling
rates). However, volume increase and subsequent
decrease is observed during VS55 rewarming
(segments D-E-F in Fig. 7). It is speculated that
although the cooling rate was relatively low, no
significant crystal formation has developed during
cooling, where crystal formation is the sole effect
responsible for volume increase during phase
transition. It is concluded that both crystal for-
mation (segment E-F), and subsequent melting
(segment F-G), occurred during the rewarming
phase. It is noted that the total concentration of
cryoprotectants in the VS55 mixture is higher than
in the DP6 mixture, where the major difference is
the presence of 3M formamide in VS55.

As with DP6 when the cryoprotectant behaves
like low viscosity liquid, thermal expansion of
VS55 is similar during cooling (segment A-B) and
rewarming (segment F-G). Note that the strain
difference between point A and G, and between
point B and E are identical. This observation
supports the previously made assumption that the
residual strain at point G is a result of the me-
chanical characteristics of the pressure transducer,
due to a change in the direction of measurements.
The strain difference between point A and G cor-
responds to an absolute volume difference of 18 pl.
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Figure 8. Thermal strain and thermal expansion coefficient of
VS55 during cooling, when the cryoprotectant mixture behaves
like low viscosity liquid (correspond to segment A-B in Fig. 7).
Compiled thermal strain of 3M DMSO solution [10] is pre-
sented for comparison.

Figures 8 and 9 present the thermal strain
analysis and the corresponding thermal expansion
coefficient for VS55, where the mixture behaves
like low viscosity liquid. At this range, the thermal
expansion coefficient of VS55 is 15% higher than
that of DP6. The thermal expansion of 3M
DMSO is 22% higher than that of VS55. Calcu-
lations of thermal expansion coefficient, based on
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Figure 9. Thermal strain and thermal expansion coefficient of
VS55 during rewarming, when the cryoprotectant mixture be-
haves like low viscosity liquid (correspond to segment F-G in
Fig. 7).

the cooling phase (segment A-B in Fig. 7), and on
the rewarming phase (segment H-G in Fig. 7), are
within 2% agreement.

Thermal expansion measurements in freezing solu-
tions

The experimental setup developed for the cur-
rent study is designed primarily to measure ther-
mal expansion of incompressible fluids, where
thermal strain at any given location in the cooling
chamber is directly converted into a liquid level
change in the pressure tube. If the sampled mate-
rial contained in the cooling chamber behaves like
solid, thermal strain generates mechanical stress,
instead of a liquid level change in the pressure
tube. It can even be argued that thermal expansion
measurements during phase transition are inade-
quately measured in the current study. While the
authors of this report do not argue otherwise, the
authors further suggest the following arguments:

(i) Using the new measurement apparatus, ther-
mal strain and its derivative, the thermal ex-
pansion coefficient can be measured at a
high level of certainty when the material be-
haves like low viscosity liquid (segments A—
B and G-H in Figs. 3 and 7).

(i) Maximum temperature difference within the
cooling chamber at any given point in time
is an order of magnitude smaller than the
phase transition temperature range of the
studied cryoprotective solutions. It follows
that phase transition effects are relatively uni-
form across the cooling chamber.

(ili) The thermal effects observed during phase
transition qualitatively represent thermal ef-
fects in unconstrained conditions, namely vol-
ume increase upon crystal formation, and
volume decrease upon crystal melting.

(iv) Volume increase, due to crystal formation in
an unconstrained solution, will not be less
than the volume increase measured in the cur-
rent system (between point B and C in Fig. 3,
and between point E and F in Fig. 7), where a
portion of the thermal strain effect may have
been converted into a mechanical stress. Like-
wise, the volume decrease upon melting in an
unconstrained solution will not be less than
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the volume decrease measured in the current
system (between point F and G in Figs. 3
and 7).

Summary and conclusions

Thermal expansion measurements of DP6 and
VS55 have been performed. When the cryopro-
tectant mixture behaves like low viscosity liquid, it
has been shown that: (i) the thermal expansion
coefficient of VS55 is 22% lower than that of 3M
DMSO, (ii) the thermal expansion coefficient of
DP6 is 40% lower than that of 3 M DMSO. Since
the only major difference between VS55 and DP6
is the presence of 3 M formamide in VS53, it can
be concluded that the presence of Formamide in-
creases thermal expansion.

The water portion in the VS55 mixture is lower
than the water portion in the DP6 mixture, and is
also lower than the water portion in 3 M DMSO.
However, when the mixture behaves like low vis-
cosity liquid, the thermal expansion coefficient of
DP6 is lower than VS55 and 3M DMSO. This
observation suggests that the water has a minor
effect on the overall thermal expansion coefficient
when the cryoprotectant mixture behaves like low
viscosity liquid.

A significant volume expansion has been ob-
served during phase transition. While the level of
certainty in thermal expansion measurements
during phase transition is debatable, it is argued
that it represents the lower limit for thermal ex-
pansion in an unconstrained solution.

A completely different behavior has been ob-
served during cooling of VS55 and DP6 at low
temperatures, where the cryoprotectant behaves
like highly viscous material, crystallized material, or
a combination of both. Future study is planned to
map the role of each component of the cryoprotec-
tant cocktail on the overall effect of volume change.

The technique presented in this study is appli-
cable to vitrification processes, where the solution
can be considered liquid for all practical cases in
most of the cryogenic temperature range. Modifi-
cation of the cooling chamber will enable compa-
rable measurements at the high cooling and
rewarming rates required for vitrification.
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