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ABSTRACT

Cryopreservation via vitrification is the most promising means for long-term preservation of
bulky tissues and organs. While the road to successful cryopreservation is paved with obstacles,
of paramount importance is thermo-mechanical stress, which can lead to fracture. In order to
model the mechanical stress within a vitrifying domain during cryopreservation, the relevant
thermal and mechanical properties must be explored. Toward that end, mechanical properties,
such as coefficient of thermal expansion and Young’s modulus were measured in the cryogenic
temperature range for a new class of cryoprotective cocktail involving DP6 (a less concentrated
variant of VS55 without formamide) combined with synthetic ice modulators.

A synthesis of material models and properties, some measured in the current research work
and others available from the literature, were incorporated into finite element models in order to
model thermo-mechanical stress. An array of representative cases has been selected to
investigate the effects of a spectrum of thermal histories on the resultant mechanical stress. In
particular, a temperature hold near the glass transition temperature (i.e. annealing) has shown to
significantly decrease the amount of mechanical stress. Other representative cases have been
used to investigate the effects of volumetric warming on mechanical stress. It was shown that
internal heating using a volumetric rewarming method reduces the stress to tolerable levels, even
in cases involving high cooling and rewarming rates.

Additionally, photoelastic experiments were performed using an in-house proprietary device
known as the cryomacroscope. These photoelastic experiments allowed for the in-situ
visualization of the stress field in real time. Photoelasticity experiments were used to validate a
key finding from finite element analysis presented in this thesis. Finally, a new phenomenon
associated with the stress history was discovered, where stresses are seen to increase during
rewarming around the glass transition temperature and an explanation was proposed based on the
Narayanaswamy model of glasses.
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Chapter 1: Background

In the United States of America, twenty one people on average die each day while waiting
for an organ transplant. Worse still, the gap between the number of people waiting for an organ
and the number of available organs has continued to widen over the past two decades (based on
data from the Organ Procurement and Transplantation Network, OPTN). There is currently a
major effort to develop engineered tissues which will be able to fill in this gap [8-11]. Currently,
the shelf life for most implantable tissues is in the range from a few hours to a few days. Even if
engineered organs become available, this short shelf will cause a severe problem for supply
chain management. Ideally, organs would have a long shelf life so that any surplus at one point
in time could be banked for future use, thus smoothing out any supply-demand mismatches.

Contrary to common belief, freezing per se is not a viable means of preserving the tissue, as
it has already been shown that ice crystallization is lethal in organs [99-101]. However, the shelf
life of small specimens, such as cells in suspension, has been radically extended through the use
of cryopreservation [12-16]. Classical cryopreservation, with low concentrations of
cryoprotective agents (CPAs), works well for preserving individual cells or cell clusters. CPAs
help to control ice formation in order to increase cell survival post thawing. As the solution
cools, part of the domain freezes, which increases the CPA concentration in the rest of the
domain. This process continues until the CPA concentration left over is so high that it can no
longer crystallize and is left in an amorphous, arrested fluid state. For this technique, cell
survival rates are highly dependent upon the cooling rate as described in Peter Mazur’s famous
two factor hypothesis of freezing injury [12], where the cells are likely to suffer from two
distinct damaging mechanisms: (i) Supra-optimal cooling rates cause intracellular ice formation,
where the precise cause of cell death is not fully understood, but it appears to be related to
mechanical interaction of ice crystals with the cell membrane. (ii) Sub-optimal cooling rates,
where pure water in the extra-cellular space freezes first, which increases the concentration of
the remaining solution, resulting in cell death due to the relatively long exposure to elevated
concentration, dehydration, and pH changes. This leaves the cells with an optimal cooling range
where there is high cell survival post thawing.

Unfortunately, the cryopreservation protocols that have proven so effective for small scale
samples such as cells in suspension, have proven to be mostly inadequate for large scale tissues

and organs [17-19]. Classical cryopreservation allowed for extracellular crystallization, which is
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mostly innocuous for cells in suspension. However, extracellular crystallization can damage the

tissue structure in complex tissues and organs, rendering them non viable post thawing [17,20].

1.1 Vitrification

The alternative to classical cryopreservation is cryopreservation via vitrification (vitreous
means glassy in Latin). Cryopreservation via vitrification employs high concentrations of CPAs
and high cooling/warming rates in order to completely prevent crystallization and induce an
amorphous, non-crystalline arrested liquid state due to a drastic increase in the material’s
viscosity. Thus, the problems with classical techniques listed above may be bypassed [20,21].
The idea of applying vitrification in order to preserve a biological system was first proposed by
Basile J. Luyet in 1937 [22,23]. No appreciable degradation occurs over time in living matter
trapped within a vitreous matrix, and vitrification is potentially applicable to all biological
systems.

At relatively high temperatures, glass forming materials act as a viscous fluid, however, the
viscosity increases with the decreasing temperature and the elastic effects take over when the
material starts to behave as a solid. This temperature where the material transitions from fluid-
like to solid-like is known as the glass transition temperature and is often defined as the
temperature where the viscosity is equal to 10 Pa-s (though other definitions based on changes
in coefficient of thermal expansion or specific heat capacity exist as well).

As CPAs cool, their viscosity increases exponentially. If one cools down a CPA solution
quickly enough, depending on the type and concentration of the CPA, then the rapid viscosity
increase can prevent the water molecules from having the mobility needed to rearrange into the
positions of the crystal lattice. This prevents the formation of ice crystals and promotes
vitrification. The cooling rate threshold that must be exceeded in order to suppress crystallization
and promote vitrification is known as the “critical cooling rate” and is dependent on the type and
concentration of the CPA. Additionally, crystallization can also occur during rewarming. This is
known as rewarming phase crystallization (RPC) and can take the form of either devitrification
or recrystallization. Devitrification occurs when the viscosity of the domain decreases as the
temperature increases, this increases the mobility of the molecules, allowing them to rearrange
into the positions of the crystal lattice. Recrystallization also occurs as the temperature, and thus

mobility increase, but instead of forming new ice crystals, recrystallization is when crystals that
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were already formed during cooling now have a chance to grow into larger crystals. In order to
prevent both types of RPC, a critical warming rate must be achieved. As a rule, the critical

warming rate is generally higher than the critical cooling rate.

1.2 Solid Mechanics in Vitrification

In order to successfully vitrify a biological specimen, two things are required, high
concentrations of CPAs and high cooling/warming rates. These two things work in concert,
higher CPA concentration allows for lower cooling/warming rate and vice versa. Unfortunately,
both of these factors can be deleterious to tissue viability post thawing. CPAs are generally toxic,
and high concentrations can cause toxicity damage. The cooling/warming mechanism is
generally applied to the surfaces of the material. Since the thermal conductivity of biomaterials is
relatively low, there is a limit to cooling/warming rate achievable at the center of the specimen.
In order to surpass the critical cooling/warming rate, very high rates need to be applied at the
surface. These high rates coupled with low thermal conductivity induce thermal gradients. Since
most materials (including biomaterials) tend to shrink when cooled, the thermal gradient induces
a thermal strain gradient. Since adjacent layers of the material cannot overlap, thermal stress
develops, making the resulting strain compatible. If this stress exceeds a critical threshold,
permanent damage may occur rendering the sample non viable post thawing. A dramatic
example of this permanent damage is fracture.

A successful cryopreservation protocol needs to strike a balance between minimizing CPA
concentration to prevent toxicity and lowering the cooling/warming rates to minimize
mechanical stress. There has been a large effort put into understanding and minimizing the
effects of CPA toxicity. Many of these efforts have focused on characterizing CPA toxicity
[24,25], developing CPA additives [20,26-28], or CPA “cocktails” which are combinations of
multiple CPAs [29]. Unfortunately, there has been relatively little effort put into understanding
or minimizing the effects of mechanical stress in cryopreservation.

Despite the scant attention paid to them, fractures have been observed in the context of
cryopreservation numerous times in the literature [30-35] and mechanical stress has been
suggested as a possible cause of failure for cryopreserved tissues [36]. The current approach to
minimizing mechanical stress normally pursued is best described as “guess and check.”

Cryopreservation protocols are proposed, tested, and then when they fail due to fractures, they
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are revised in somewhat haphazard ways, in an attempt to alleviate mechanical stress. A more
methodical, engineering type approach could save both time and money. The thermal and
mechanical properties of tissues need to be measured, and then models can be built which
simulate the cryopreservation process to determine its likelihood to cause fracture. Using the
results from these simulations, improved cryopreservation protocols could then be designed. This
would allow researchers to investigate a much wider array of potential cryopreservation

protocols in less time and with less financial cost.

1.3 Objectives and Specific Aims

This thesis is part of an ongoing effort in the Biothermal Technology Laboratory (BTTL) at
Carnegie Mellon University to measure the thermal and mechanical properties of vitrifying
tissues and to model the mechanical response to cryopreservation protocols. Toward this end,

five specific aims have been set:

1. To measure thermal expansion of low-viscosity CPA and tissue in higher cryogenic
temperatures

2. To measure thermal expansion of vitrified tissue at lower cryogenic temperatures

3. To measure Young’s modulus of vitrified blood vessels

4. To investigate the relationship between the thermal history and solid mechanics effects in
common cryoprotocols

5. To investigate the benefits of volumetric warming by means of ferromagnetic

nanoparticles in decreasing mechanical stress
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Chapter 2: Thermal Expansion Measurements in Higher Cryogenic Temperatures
This chapter expands upon a recently published study in [2]. In that study, the thermal
expansion of the CPA cocktail, DP6 combined with a class of compounds known as synthetic ice
modulators (SIM) was measured. Since the vitrifying material changes behavior from fluid-like
[1,37] to solid-like [38,39], two different experimental systems are required for mapping the
effects of thermal expansion. This chapter is focused on the upper part of the cryogenic
temperature range, where the CPA-SIM cocktail behaves as a fluid while the Chapter 3 is
focused on the lower part, where it behaves as a solid. The synthetic ice modulators helped to
suppress ice crystallization in DP6 and allowed for the experimental setup to measure thermal
expansion down to much lower temperatures than was achieved in the past [2,37]. Then, with
knowledge about the thermal expansion of DP6+SIM, the thermal expansion of tissues
permeated with those solutions was then studied. This was the first study which investigated the

mechanical properties of CPAs combined with synthetic ice modulators.

2.1 Previous studies measuring mechanical properties relevant to cryopreservation via
vitrification

This chapter, along with the two subsequent ones will report on studies measuring the
mechanical properties of CPAs and tissues permeated with CPAs. There have already been
some studies measuring mechanical properties of materials relevant to cryopreservation via
vitrification. For instance, a series of studies conducted by Bell and Rabin [40,41] and Plitz and
Rabin [37] measured the thermal expansion of various CPAs and CPA cocktails within the upper
part of the cryogenic temperature range, where the CPA still acts as a fluid [37,40,41].
Additional experiments then measured the thermal expansion of goat arteries and bovine muscles
permeated with the 7.05M DMSO, VS55, and DP6, (the latter two are CPA cocktails whose
constituents will be described in the section 2.3) within the same temperature range [1]. While no
experiments to date have measured the thermal expansion of CPAs below the glass transition
temperature, Jimenez and Rabin [3] designed a device which they then used to measure the
thermal expansion of blood vessels permeated with 7.05M DMSO and VS55 at temperatures low
enough that they reacted elastically [42]. Additionally, they modified the device and used it to
measure the elastic modulus of the blood vessels permeated with the same CPAs below the glass

transition temperature [38] and the viscoelastic response near glass transition [39]. The device
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was modified further by Dan Noday and used to measure the viscosity of DSMO, VS55, and
DP6 [43].

2.2 Synthetic Ice Modulators

Compounds that influence the formation and growth of ice nuclei and crystals by various
purported mechanisms are grouped in the current study under the generic term Synthetic Ice
Modulators (SIMs). This general classification embraces several categories of molecules that
have been shown to modulate ice formation and growth. For example, molecules such as 1,3
cyclohexanediol (1,3 CHD) that specifically attenuates the growth of ice crystals by virtue of its
chemical structure have been referred to as synthetic ice blockers (SIB) [20,44]. In contrast,
compounds such as synthetic polyvinyl alcohol have been suggested to be ice modulators
primarily by inhibiting heterogeneous nucleation [26]. Such compounds should be considered as
“anti-nucleating agents” as opposed to “ice blockers”, but clearly fall within the general category
of “ice modulators” since they are now reported to demonstrate other properties, including
inhibition of ice recrystallization [28,45], thermal hysteresis and ice crystal shaping [46],
indicating direct adsorption to ice. The present study includes three contrasting SIMs: 1,3CHD
represents the best published example of an SIB [20,44], and 2,3 butanediol and polyethylene
glycol (PEG-400), which are included as compounds known to facilitate the stability of the
amorphous state by virtue of their interactions with water (reviewed in [20]). In general, ice
modulators have a greater effect on influencing ice nucleation and growth and stabilizing the
amorphous state than accounted for on a purely colligative basis [20].

As with any cryoprotectant, the practical utility of SIMs in cryobiology represents a
balance between physical and chemical properties and their interactions with living cells. It is
generally recognized that toxicity is dependent upon concentration, and often temperature,
irrespective of intrinsic physical properties. This study is focused purely on an intrinsic physical
property (thermal expansion) of CPA cocktails containing a variety of SIMs without specific
regard for potential toxicity other than choosing compounds that have been demonstrated to have
some utility in biological applications. Nevertheless, the rational approach of reducing the
inherent chemical toxicity of the CPA cocktails by reducing the total concentration of solutes
while retaining desirable physical attributes is an underlying value of incorporating SIMs
[20,47].
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The combination of ordinary CPA cocktails with SIMs is further expected to reduce the
rapid cooling rate necessary for vitrification, which is critical to scale-up cryopreservation for
two primary reasons: (i) regardless of the cooling mechanism at the outer surface, the achievable
cooling rate at the center of a bulky specimen is always lower—Ilimited by principles of heat
conduction through the tissue, and (ii) lower cooling rates often mean lower thermo-mechanical
stress and diminishing risk to structural damage.

While the concept of using a SIM as a controlling agent of crystal growth is not new, very
limited corresponding information is available in the literature of cryobiology. Of particular
relevancy to the current study is a recent report on the application of the CPA cocktail DP6
combined with 1,3 cyclohexanediol (1,3-CHD) as an experimental SIB and found that the
addition of 1,3-CHD to DP6 significantly improved its tendency to vitrify in the preservation of
pancreatic islets [47]. That study showed comparable islet viability for islets preserved in
DP6+1,3-CHD and VS55, where the latter is a reference solution with a significantly higher
concentration of permeating CPAs. More information on relevant SIMs is given in the Material
and Methods below.

As a part of an ongoing effort to investigate thermo-mechanical effects in cryopreservation
[1,3,35,37-39,42,48-52], the current study focuses on measuring key physical properties of the
vitrifying specimen along the path of cryopreservation. In particular, thermal expansion is
measured in the current study, which is the driving mechanism for thermo-mechanical stress.
Since the vitrifying material changes behavior from fluid-like [1,37] to solid-like [38,39], two
different experimental systems are required for mapping the effects of thermal expansion. The
current study is focused on the upper part of the cryogenic temperature range, where the CPA-
SIM cocktail behaves as a fluid. Beyond its key role in the formation of mechanical stress,
thermal expansion can be used to study the extent of partial crystallization, when present.

2.3 Experimental Apparatus

A prototype of the apparatus for thermal expansion measurements used in the current study
has been developed previously by Rabin, Plitz, and Bell [1,37,40] and is presented here in brief,
for the completeness of presentation. With reference to Fig. 2.1, the experimental system consists
of two main components: (i) a cooling chamber, which contains the specimen and is cooled to

cryogenic temperatures, and (ii) a pressure tube, which includes a pressure transducer and
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contains air at room temperature. The two components are connected by means of a flexible
tube, which is filled with the same CPA solution under investigation, but has a negligible volume
compared with the volume of the cooling chamber. This is a closed system, where expansion of
the specimen due to temperature changes causes pressure changes in the system. It follows that
the measured quantity is the pressure, whereas the modeled parameter is the thermal expansion.
In order to passively control the cooling rate, the cooling chamber is placed in a cylindrical
insulation shell, which is immersed in liquid nitrogen. The shell thickness is designed to achieve
the desired conditions for vitrification. T-type thermocouples are placed on the outside of the
cooling chamber and at its center, in order to monitor the temperature and verify that it is close to
uniform across the chamber. For the purpose of the current study, the cooling chamber has been
modified from 11.1 ml [1] to 3.0 ml, in order to increase the cooling rate. The thermal insulation
shell was further modified accordingly to achieve pre-specified cooling rates, as demonstrated in

the Results and Discussion section.
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Figure 2.1: Schematic illustration of the experimental apparatus [1] (with permission).

While the experimental protocol, a detailed mathematical analysis of the system, and
uncertainty analysis have been previously presented [40], the key equations are represented here

in brief, as they are important for interpretation of results. The analysis requires a pressure-

volume calibration curve for the specific pressure tube, which was generated by substituting the

cooling chamber with micro-syringe and recording pressure versus displacement data.

Since the cooling chamber is made of brass, which is a well-characterized material, the

linear strain in the sample can be extracted as:

19
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— lA‘/l + AVbrass,i
3 Vo

where Vj is the initial volume of the cooling chamber containing the specimen, AV; is the

& (2.1)

volume change of the specimen, and AV, IS the volume change of the brass chamber between
its initial temperature, Ty, and a specific given temperature, T;. The change in brass volume

AVrassi IS calculated by:

T;
AVbrass,i =3I, BbrassdT (2-2)

To
where Bprass IS the thermal expansion property of brass.
The rate of change of the thermal strain with respect to temperature is defined as the
thermophysical property of thermal expansion, B, which can be derived from:
de
F=ar
where € is a polynomial approximation of the thermal strain g;, at all measurement points. While

(2.3)

the property of thermal expansion is intrinsic, the thermal strain is a relative measure specific to
a particular process (i.e., the integral of thermal expansion between two relevant temperatures).
Hence, the polynomial approximation & can be conveniently shifted for the purpose of analysis
and/or presentation.

Equations (2.1)-(2.3) conveniently describe the analysis of thermal expansion for a
chamber filled with a fluid (CPA-SIB cocktail in the current study). In order to analyze the
thermal expansion of a CPA-permeated specimen, the experimental analysis must be performed
in two consecutive steps: (i) measuring thermal expansion of the pure cocktail as described
above, and (ii) measuring the thermal expansion of a chamber containing CPA-permeated tissue
specimens, where the remainder of the chamber is filled with the same CPA under investigation.
Once the ratio of specimen volume to chamber volume, X, is established, the thermal strain in the
second step of experimentation is calculated by:

_ 1AV + AVprass,i
3 o

where ecpa IS the thermal strain of the CPA solution as measured in the first step of

& = (1 - x)SCPA + XEtissue (2.4)

experimentation. It follows that:
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& — (1 —x)ecpa (2.5)
X

Etissue =

2.4 Materials Tested

In previous studies along the current line of research, the following CPA cocktails have
been tested: VS55, DP6, and DMSO in various applicable concentrations [1,37,49]. DP6 is a
cocktail of 234.4 g/L DMSO (3M), 228.3 g/L propylene glycol (3M), and 2.4 g/L HEPES in
EuroCollins solution. VVS55 is a cocktail of 242.14 g/L DMSO (3.1M), 168.38 g/L propylene
glycol (2.2M), 139.56 g/L formamide (3.1M), and 2.4 g/L HEPES in EuroCollins solution. The
two cocktails are similar, excepting the exclusion of formamide from DP6 to reduce its toxicity.
In return, DP6 contains a higher concentration of propylene glycol. While VVS55 has been found
to be a much better glass promoting cocktail [1,49], DP6 appears to be more promising due to its
reduced overall CPA concentration, and therefore its toxicity.

DP6 with, or without additional ice modulators, has not yet been used extensively in
biological cryopreservation principally because the focus to this point has been to characterize
the physical properties and attributes of the formulation, which by design has a significantly
lower total solute concentration than the baseline reference VVS55 solution. It was also formulated
to omit the formamide component of VS55, which has been proposed as an unnecessary and
potentially toxic element of VVS55 that does little to promote the vitreous state. Some pilot studies
comparing DP6 with VVS55 for cryopreservation of pancreatic islets provide initial support for
the hypothesis that DP6 will be less toxic by virtue of the lower total CPA concentration [53].
The downside in the application of DP6 is the high cooling rate typically required for
vitrification. Hence, the current pilot study focuses on DP6 combined with SIMs, in an effort to
improve its performance.

While many SIMs could be selected for the current pilot study, the choice of practice is
based on recent experience developed by the current research team [20]. The following
compounds were thus selected as representing the broad classification of ice-control molecules:
6% 1,3-cyclohexanediol (1,3-CHD), 6% 2,3 butanediol, and 12% polyethylene glycol 400
(PEG400), which is a low molecular weight grade of polyethylene glycol.

Attempts to understand the requirements of vitrification solutions at the molecular level

have led to identification of new solutes with physical properties that would promote the vitreous
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state during cooling. A promising class of compounds is the polyalcohols such as 1,2-
propanediol (1,2PD), which is a component of DP6, and butane-2,3-diol (2,3BD), the optical
isomers of which have been shown to vitrify at significantly lower concentrations than any other
known CPA [54,55]. This is important to minimize the toxic effects of using high concentrations
of CPAs. The use of 2,3 BD (6% = 0.7M) as a supplemental SIM in this study is well within the
toxic limits since we have previously published data showing tolerance of pancreatic islets
exposed to up to 3M 2,3 BD [47,56]. Moreover, it is now established that both the concentration
needed to vitrify and the toxicity can be reduced by incorporating a wide variety of non-
permeating disaccharides or polymeric compounds [54,57]; hence the selection of PEG400,
which we have previously reported to elevate the glass transition temperature, reduce the energy
associated with the transition, and reduce the risk of devitrification in a concentration dependent
manner [102]. 1,3-CHD falls within the sub-classification of SIBs that are specifically designed
to lattice-match with the basal plane of an ice crystal by hydrogen bonding and thereby inhibit
ice crystal growth [20,44].

The tissues models used in the current study are bovine muscles and goat carotid arteries.
All tissue samples were donated by local slaughterhouses and no animals were sacrificed for the

purpose of this study.

2.5 Results and Discussion

Figure 2.2 displays a typical thermal history during experimentation, with a temperature
difference of less than 3°C across the specimen. The small temperature difference and the
exponential decay in chamber temperature indicate that the chamber can be treated as a lumped-
capacity system, which is consistent with the mathematical formulation presented above. Hence,
results in Fig. 2.2 indicate that modifying the cooling chamber to have a smaller volume and

faster cooling rate did not affect system performance.
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Figure 2.2: Thermal history in a typical experiment, where T, and T, are the temperatures at
center and the wall outer surface of the chamber, respectively [2].

Figure 2.3 displays typical results for the pressure versus temperature curve, obtained in
DP6 and DP6+12% PEG400 experiments. Note that the pressure in the system is proportional to
the overall volumetric contraction and therefore to the strain. With respect to the DP6 curve
(upper curve), the material contracts nearly linearly with temperature in section A-B, exhibiting a
simple fluid behavior during cooling. Volume expansion is evident in section B-C, indicating
crystallization in the specimen. Due to the extent of crystallization, the system stopped
functioning in sections C-D and D-E, and the related output is meaningless. The material regains
flow capability at point E during rewarming, where additional crystallization during rewarming
is evident in section E-F; that is rewarming phase crystallization (RPC) in a partially vitrified
material. The crystals start to melt at point F, a process which is completed by point G. The
material regains its simple fluid behavior in section G-H. The range between point G and point B

is the range of super cooling. In sharp contrast, no crystallization or RPC are demonstrated for
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DP6+12% PEG400 following the same thermal history. Here, the exceptional system response
between point B and G is associated with the high level of viscosity and departing from a simple
fluid-like behavior. Thermal expansion analysis in the current study is performed on section A-B

of each curve.
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Figure 2.3: Experimental results for pressure versus temperature for two typical cases: (i) DP6
without SIM, and (ii) DP6 + 12% PEG400 (the letters represent key points in the process, as
described in the text) [2]

Figure 2.4 presents the measured cooling rates from the experiments displayed in Fig. 2.3.
It can be seen from Fig. 2.4 that the cooling rate in the temperature range of interest is close to
linearly dependent upon temperature, which means that the thermal history can be approximated
as a second order in time in the range of interest. The CPA cocktails were cooled at similar rates,
ranging from -4.5°C/min at the beginning of cooling down to below -1°C/min as the CPA
cocktail approached -100°C. The rewarming phase followed a somewhat similar pattern.
Interestingly, the effects of RPC are evident from the pure DP6 results, which support the

observations of RPC followed by melting in the rewarming phase. It is noted that those rates of
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cooling and rewarming are considered very slow in the context of vitrification, which supports

the effort to achieve large-scale vitrification in due course.
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Figure 2.4: Cooling and rewarming rates for the two experiments shown in Fig. 2.3 [2]

Figures 2.5-2.8 display experimental results, whereas Table 2.1 lists parametric estimation
results for the corresponding thermal expansion coefficient. Figure 2.5 displays the effect of
SIMs on thermal expansion of DP6 in the presence and absence of bovine muscle specimens. In
the absence of tissue specimens at -55°C for example (which is the onset of crystallization for
pure DP6 at the corresponding thermal history, Fig. 2.4), the thermal strain increases by 8% to
11% when the different SIMs are added, with 12% PEG400 displaying the most significant
effect. Suppression of crystallization is evident when SIBs are combined, as the minimum

temperature achieved (point B on Fig. 2.3) has been significantly lowered.
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Table 2.1: Coefficients of best-fit polynomial approximation of thermal strain, £ =a,T?+a,T +a,, and the thermal expansion,
B =2a,T +a, where R? is the coefficient of determination.

Solution Material Temperature Range, °C | 3x10* | a;x10* | a,x10’ R n | Source
Pure solution 0...-55 2472 | 1992 | 2705 | 0.9967 |6 |Current
DP6 Bovine muscles 0...-45 4276 | 1957 | 1150 | 0.9915 |7 |Current
Goat Artery 20...-40.5 -44.47 | 1653 | 1041 | 09984 |6 | [37]
Pure Solution 0...-95 -4959 | 2313 | -0.2188 | 0.9991 |6 |Current
DP6 + 12% PEG400 Bovine Muscle 0...-85 9.822 | 2118 | 1.697 | 0.9845 |6 |Current
Goat Artery 0...-80 4866 | 2392 | L1777 | 0.9896 |6 |Current
Pure Solution 0...-80 0.2699 | 1957 | -0.6272 | 0.9963 |7 | Current
DP6 + 6% 1,3-CHD Bovine Muscle 0...-80 1366 | 2175 | 4.411 | 0.9823 |7 |Current
Goat Artery 0...-80 5477 | 2232 | 1054 | 0.9974 |5 |Current
Pure Solution 0...-90 4518 | 2080 | 06309 | 0.9932 |6 |Current
DP6 + 6% 2,3 Butanediol | BOVine Muscle 0...-85 1117 | 2004 | 1431 | 0.9895 |6 | Current
Goat Artery 0...-90 -11.04 | 1.912 | 0.7383 | 0.9937 |5 |Current
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Figure 2.5: Polynomial approximation of the thermal strain for DP6 combined with various SIMs
in the presence and absence of bovine muscle specimens [2].

In order to demonstrate repeatability and consistency, Fig. 2.6 presents all experimental
data used to approximate the polynomials displayed in Fig. 2.5, for experiments in the absence of
tissue specimens. In general, data scattering for DP6+12%PEG400 is at a narrower range than
that found for DP6 combined with the other two SIMs. In fact, it simply appears as one would
expect from a cocktail with a higher concentration than DP6. The effects of 6% 1,3-CHD and 6%
2,3 butanediol are expressed in increased data scattering, which is likely to be associated with the
stochastic nature of ice nucleation and the SIM interference with crystal growth. Nevertheless,
the absolute volume fraction that this strain scattering represents is less than 0.25% (i.e.,
€=0.0025). While such a small volume represents insignificant portion of crystals, if indeed the
scattering is directly related to crystallization, such a variation in strain may be quite significant
in solid mechanics analysis. In general, while a ductile material, such as the tissue above freezing

temperatures, may sustain strains of the order of 1%, strains of a smaller order may lead to
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fracture formation in a brittle material such as glass. One example of generating such strains
would be when cooling of an organ, where its outer portion vitrifies first due to a radial process
of heat transfer, which results in applied forces on the inner-warmer region. In such a case, the
outer surface would experience tensile circumferential stresses, which can potentially lead to
fracture propagation from the surface inwards.

With regard to the bovine muscle experiments displayed in Fig. 2.5, CPA-SIM cocktail
permeation was achieved by immersion of approximately 1.5 ml of tissue into 3 ml of full
concentration solution in three steps. These steps are not optimized for tissue functionality nor
viability, as the experimental protocol is aimed at physical testing only. In order to test the
assumption that the solution fully equilibrates, bovine muscles permeated with DP6 + 12%
PEG400 were immersed for varying time periods of 2, 4, 8, 12, 24, and 48 hours, with each step
taking up to a third of the complete immersion time. Based on those tests and for data analysis
based on the cooling portion of the curve (Section A-B in Fig. 2.3), there appears to be no
correlation between the immersion time and the measured thermal expansion. While not relevant
to thermal expansion measurements in the current study, RPC was evident for shorter immersion
times for bovine muscles permeated with both DP6 + 12% PEG400 and DP6 + 6% 1,3-CHD.
Regardless of permeation time, RPC was always evident in experiments performed on bovine
muscles permeated with DP6 + 6% 2,3 butanediol. In general, the critical rewarming rate to
prevent crystallization is higher in magnitude than the critical cooling rate to prevent
crystallization in the process of vitrification. However, the specific cooling rates and the kinetics
of SIB permeation are yet to be explored by means of DSC and spectroscopy, respectively.
Interesting to note that in the pure DP6 experiments in the current study, Unisol was replaced
with EuroCollins as a buffer solution, which had no effect on thermal expansion results, as
compared with a prior study [37].



Figure 2.2: Thermal strain data from all the individual
experiments used for the polynomial
displayed in Fig. 5: (a) DP6+12% PEG400 (b) DP6+6%
1,3-CHD, and (c) DP6+6% 2,3 butanediol; j is the
experiment number and solid lines represent the best-fit

polynomial approximations [2].
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It can be seen from Fig. 2.5 that permeated tissue specimens contract less than the pure cocktails,
which is consistent with previous studies in the absence of SIMs [37]. However, lower minimum
temperatures were achieved in the current study, due to the particular combinations of CPA and
SIMs. Such a differential expansion between the tissue and the surrounding CPA has
implications on the design of packaging for vitrified materials, in an effort to reduce resulting
fractures. It has been shown previously that such a difference may result in fracture initiation in
the surrounding solution [52]. Once fractures are triggered, their propagation requires smaller
driving forces, and it is difficult to predict where or by what fractures may be arrested. In
general, a thermal expansion difference of up to 15.1% is observed between tissue permeated

with a CPA-SIM cocktail and the thermal expansion of the pure cocktail.
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Figure 2.7: Polynomial approximation of the thermal strain for DP6 combined with various
SIMs in the presence and absence of goat artery specimens [2].

Figure 2.7 displays results for goat artery samples, following a similar procedure to the one
described above for bovine muscle samples. The thermal strain of DP6 + 12% PEG400 in the
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absence of tissue samples is in a much closer range with permeated arteries (up to 3.5% for a
temperature range of 80°C) than with permeated muscle specimens (up to 15.1% for a
temperature range of 80°C). Interestingly, the thermal strain of goat arteries permeated with 6%
1,3-CHD is actually greater than that of the solution itself from an unknown reason at this stage
(up to 6.5% for a temperature range of 80°C) and is quite similar to that of goat arteries
permeated with DP6 + 12% PEG400. Finally, the thermal strain for goat arteries permeated with
6% 2,3 butanediol showed less thermal strain than that of bovine muscles permeated with that
solution (up to 8.7% for a temperature range of 80°C). Overall, thermal strain in permeated goat
arteries tended to be closer to that of the pure solution than to that of permeated bovine muscles.
As indicated above, these differences may be associated with techniques and effects of
permeation, with an optimal procedure remaining to be explored in future studies for tissue
viability and functionality. Following a similar procedure to the one presented in [40], analysis of
the current system indicates absolute uncertainty range of 8% for a single independent
measurement with the experimental system, including systematic errors originated from
calibration, geometrical dimensions, and the characteristics of the pressure transducer (gain, bias,
repeatability, etc.). Taking into account that the above observations rely on differences between
polynomial approximations based on datasets and not on single independent measurements, and
taking into account that all datasets were obtained with the system after calibration, the above
observations are deemed significant.

The current experiments are conducted at very low cooling rates and, therefore, are deemed
relevant to scale-up efforts of cryopreservation by vitrification. In particular, the typical cooling
rates displayed in Fig. 2.4 were found to be at the threshold for vitrification of goat artery
specimens permeated with DP6 + 6% 1,3-CHD. Here, Fig. 2.8(c) displays results from ten
experimental runs under identical conditions, where the results could be grouped into two groups
of five: (i) crystallization is not evident—the strain curve is close to linear and scattering of
results is in a very narrow range (results included in Table 2.1), and (ii) crystallization is
evident—the strain curve is quadratic in nature and scattering of results is significant (results
omitted from Table 2.1). The reason for smaller strains during crystallization is that cooling with
no phase change is associated with contraction, while ice crystallization is associated with
volume expansion of the pure water. These are competing effects, causing the overall strain to

decrease. Since water crystallization is a dramatic effect of about 9% volume increase, the
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relatively small changes in the strain rate in Fig. 2.8(c) suggest partial vitrification only (more significant crystallization is shown

in Section B-C of Fig. 2.3).

Figure 2.8: Thermal strain data from all the individual
experiments used for the polynomial approximations
displayed in Fig. 7: (a) DP6+12% PEG400 (b) DP6+6%
1,3-CHD, and (c) DP6+6% 2,3 butanediol; j is the
experiment number and solid lines represent the best-fit
polynomial approximations [2].

0_
C AT
-0.005+ . /‘é/ o
’ﬁt’//’f
Partial Crystallization e
o o oL
o 001 R _
= Nt e =1
E e s =2
@ X -3
-0.015 o o =4
7 o j=s
A
-0.02+ -

L0.025 . . . L L : L : L
-fOO -90 -80 =70 -60 -50 -40 -30 -20 -10 0
Temperature, °C

Strain, £

Strain, £

Temperature, °C

]
or 3
¥
37
a 7
-0.005} et 4
A
//B .
-0.01F é/-é c 4
e & =2
. ,;/5 =3
/é’/ =4
-0.015F . o =5 J
e .
. ’,//" "6
7k
3
-0.02F 4
0.025 ‘ ‘ ‘ ‘ . ‘ ‘ ‘
o0 90 80 70 60 50 40 30 20  -10 0
Temperature, °C
U, -
&~
[
b o
-0.005 s
%/5
e
. e
-0.01 .
el =1
. /V' = j=2
/ér i=3
. o i=4
-0.015- - 1
2T o j=5
12
“0.02- ©
0.025 . ‘ . ‘ . ‘ . ‘ .
o0 90 80 70 60 50 40 30 20 -10 0



33

Figure 2.9 displays estimation for the extent of partial crystallization in Fig. 2.8(c). This
estimation is based on the difference between the two best-fit curves for goat arteries permeated
with DP6 + 6% 1,3-CHD (for small strains, the volumetric strain is triple the linear strain
displayed in Figs. 2.5-2.8). Note that uncertainty in strain measurements is estimated as 8%,
which is the strain difference between the different curves at -30°C, a point at which the extent of
partial crystallization is estimated as 1.8% (Fig. 2.9). Since the maximum value of partial
crystallization presented in Fig. 2.9 is 15.5%, partial crystallization is found to be a significant
effect in this experimental set. Nevertheless, the shape and distribution of crystals in the system
remains unknown at this stage. It is reemphasized that the SIMs selected for this study are
considered not to prevent ice nucleation but to prevent the growth of crystals. The presence of
nuclei or small portion of ice crystals is not necessary detrimental to the success of
cryopreservation via vitrification, as has been demonstrated recently on blood vessels at marginal

cooling rates [58].
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Figure 2.9: Volume fraction of ice crystals in the case of partial vitrification displayed in Fig.
2.8(c): goat artery specimens permeated with DP6+6% 1,3-CHD [2]
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2.6 Summary and Conclusions

Investigation of solid mechanics effects in cryopreservation represents a largely
unchartered area of research. To the best of our knowledge, this study represents the first
published example of an investigation into the thermo-mechanical effects associated with the
application of SIMs to vitrification. This study is focused on measuring the driving mechanism
to thermo-mechanical stress—the physical property of thermal expansion. This study focuses on
the upper part of the cryogenic temperature range, where the CPA behaves as a fluid for all
practical applications. Concurrent efforts were devoted to measure thermal expansion at lower
cryogenic temperatures, where the vitrified material behaves like a solid.

Results of this study demonstrate that the SIMs under investigation facilitate DP6
vitrification at low cooling rates in the range of 1 to 4 °C/min, which relaxes the constraints on
large-scale cryopreservation. In fact, cooling pure DP6 alone always resulted in crystallization at
some point in the process subject to the same thermal protocol. SIMs were found effective not
only in suppressing crystallization but also in preventing RPC. It appears that the addition of
SIM can potentially lead to two competing effects: (i) increased thermal expansion of the CPA-
SIM cocktail, which may lead to higher thermo-mechanical stresses for a particular cooling rate,
and (ii) decreased cooling/rewarming rates necessary to achieve a high degree of vitrification.
Nevertheless, the magnitude of each effect will be dependent upon the specific setup and
geometry of the problem and, thus, it is impossible to generate general rules on which effect will
be more significant.

The promising results of this study suggest the additional resources should be devoted to
study the application of SIM to vitrification, including, tissue viability and functionally, kinetics
of CPA-SIM permeation, and other thermo-physical properties of the CPA-SIM-tissue system.
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Chapter 3: Thermal Expansion Measurements in Lower Cryogenic Temperatures

This chapter expands upon a recently published study in [4]. In this study, the thermal
expansion of tissues permeated with DP6+SIM was measured in the lower part of the cryogenic
temperature range, where the material acts as an elastic solid. The results of this study, were
combined with the results from a previous study [2] to construct a combined thermal strain curve
that goes from room temperature down to approximately -160°C. The degree to which the
coefficient of thermal expansion matches at the overlap of these two datasets (each collected
using a different experimental setup) provides experimental verification for the measured data

and techniques.

3.1 Experimental Setup

The device used to measure thermal expansion in the lower part of the cryogenic
temperature range was previously developed and validated by Rabin and Jimez. [3], and is
presented here in brief for the completeness of presentation. With reference to Fig. 3.1, the
experimental system consists of six units: (1) a cooling chamber; (2) a low pressure cooling unit
for slow cooling; (3) a high pressure cooling unit for rapid cooling; (4) a closed-loop electrical
heating unit for thermal control of the cooling chamber; (5) a computerized sensory unit to
record specimen elongation and thermal history; and (6) a specimen gripping unit and telescopic
glass tubing for displacement measurements, where the displacement sensor operates at room
temperature. The experimental system was designed and constructed at the Biothermal

Technology Laboratory at Carnegie Mellon University.
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Figure 3.1: Schematic illustration of the experimental setup to measure the thermal expansion in

the current study [3] (with permission).

Figure 3.2 displays a schematic
illustration of the cooling chamber
assembly. The cooling chamber is
constructed of a yellow brass block. Due
to the high thermal conductivity of brass,
(k = 83 W/m-K) the cooling chamber
behaves as a lumped system in the thermal
sense. A groove is machined along one
side of the block in order to accommodate
the blood vessel specimen and is covered
with a brass plate. The cooling chamber is
attached to an aluminum beam which
extends from the low pressure cooling
unit, which operates at atmospheric

temperature. Between the cooling chamber
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Figure 3.2: Schematic illustration of the
cooling chamber of the experimental setup
displayed in Fig. 3.1 [3] (with permission).
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and the aluminum beam is a thin Plexiglass plate which acts as a thermal barrier (as shown in
Fig. 3.1). This slows down the heat transfer and conserves liquid nitrogen stored in the low
pressure cooling unit. The contact face of the chamber with the Plexiglass plate is on the face
opposite of the cooling chamber groove. The high pressure cooling unit consists of two heat
exchangers, one on each side of the cooling chamber, liquid nitrogen container, and a portable air
pressure container. The heat exchangers are connected in parallel to the high pressure liquid
nitrogen container. The high pressure cooling unit is manually operated while the low pressure
cooling unit is active throughout the experiment.

Two cylindrical holes are drilled along the cooling chamber, to accommodate a pair of
cartridge-electrical heaters, which are connected in parallel to the temperature controller and
power supply. A copper-constantan thermocouple (type T) is connected to the cooling chamber
in a drilled hole between the electrical heaters and the groove of the chamber, which closes the
feedback loop of the control system.

The computerized sensory unit comprises a regular desktop computer, an analog to digital
converter and multiplexer in one unit (OMEGA, OMB-DAQ 55) an array of T-type
thermocouples, a linear variable differential transformer (LVDT) sensor and a power supply to
excite the LVDT. In order to thermally isolate the LVDT from the rest of the experiment, a
system of telescopic glass tubing was used—a tube and a rod. The glass tube is vertically
connected to the cooling chamber at one end, and to the LVDT coil at the other end. The glass
rod is connected to the specimen at one end, and to the LVDT core at the other end. With
reference to Fig. 3.2, the blood vessel specimen is connected onto a threaded screw, which
extends from the plate covering the top side of the cooling chamber groove.

To operate the system, first the liquid nitrogen reservoir of the low pressure cooling system
is filled—in order to pre-cool the system, while the cartridge heaters are turned on—in order to
hold the cooling chamber at a steady initial temperature of 0°C. After the system has reached
steady state, the heater is turned off and the high-pressure cooling system is activated. The high
pressure cooling unit, working simultaneously with the low pressure cooling unit, allows the
cooling rate to be high enough (~ -40°C/min) to prevent crystallization while the system is
cooled down to the minimum temperature (typically between -160°C and -170°C). Next, the
high pressure system is turned off and the heater is turned back on until the system reaches room

temperature. The average rewarming rate is 8.25°C/min, starting at 11°C/min upon activation
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and reaching 5.5°C/min at -80°C, which is the upper temperature range for data collection in this
study (see [3] for further details on system operation).

The contraction of the cooling chamber, the telescopic tubing, and the blood vessel differ,
which causes an axial movement of the glass rod inside the glass tube. This moves the core of
the LVDT relative to its coil. The LVDT core movement is recorded through the USB-A/D
converter and multiplexer, concurrently with the thermal history of the specimen and cooling
chamber. With both the axial displacement and the temperature history, the thermal strain of the
blood vessel specimen and its thermal expansion coefficient can be calculated as described
below.

Each experiment produces a continuously varying thermal strain response as temperature
rises and is sampled at a rate of 1 Hz. The multiplexer was set to measure data from seven
different inputs with a measurement duration of 110ms. This led to a maximum time delay of
0.77s between the first and last measurements. The maximum rewarming rate for analyzed data
(Fig. 3.3) is about 9.5°C/min. It follows that the maximum temperature increment between
consecutive measurements is 0.16°C. Due to uncertainty relating to the actual time of
measurement within each sampling cycle (7 inputs at 110 ms each, results in a sampling cycle of
0.77s), the uncertainty in sampled temperature may reach up to 0.12°C. This uncertainty is
significantly smaller than the inherent uncertainty for the T-type thermocouple (0.5°C) used in
the current system. Nonetheless, the linear thermal expansion coefficient—the inferred property
in the current experimental investigation—is a monotonic and very slow changing property. The
effect of 0.16°C temperature increment on the correlation between the thermal expansion

coefficient and temperature is deemed negligible (see [3] for more detailed uncertainty analysis).
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Figure 3.3: Typical thermal history during experimentation, where Tsampie IS the blood vessel
temperature at its mid-height, and Tiop and Thotom are the temperatures measured at the top and
bottom of the cooling chamber [4].

With reference to [3], two modifications are integrated into the experimental setup: (i) the
glass rod and threaded screw diameter used in this study were changed from 3mm to 1.5mm, to
be compatible with smaller size blood vessel specimens, and (ii) a higher precision power supply
was used in the current study—Hewlett, Packard 6228B, instead of a Bested, Model BPS-2004-
4U. These modification necessitated recalibration of the experimental system, following the

process outlined in [3].

3.2 Artery Sample Preparation
All tissues used in this experiment were donated by a local slaughterhouse. No animals
were sacrificed specifically for the purpose of the current study. The main carotid artery was

harvested from goats (which were sacrificed for other purposes). Tested samples had a diameter
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in the range of 3 to 5 mm, length in the range from 40 to 52 mm, and a wall thickness of about 1
mm (diameter and wall thickness have no effect on the thermal expansion measurements).
Samples were immersed in SPS-1 organ preservation solution (Organ Recovery Systems, Inc.
Itasca, IL) immediately after harvesting and stored at 4°C for a period between one and five
days. This time period was selected due to availability of specimens and appeared to have no
effect on experimental results. While storing the specimens in such conditions is likely to affect
viability and functionality of the blood vessel, it has no effect on its thermo-physical properties,
as has been demonstrated previously [2,42]. Following the procedure outlined in [2], each
specimen was immersed in the DP6 + SIM solution for 2 h before testing.

The formulations for DP6 and VVS55 were presented previously in section 2.3 of this thesis.
While many SIMs could be selected, the choice of practice is based on recent experience
developed by the current research team [2,20], the following cocktails have been tested: DP6 +
12% PEG400 (n = 5), DP6 + 6% 1,3-CHD (n = 5), and DP6 + 6% 2,3-BD (n = 4), where n is the
number of specimens and each specimen was tested twice (a total of 2n experiments). Two
experiments were performed on each specimen to investigate the effect of repeated cooling-
thawing cycles. Experiments were repeated on multiple arteries in order to investigate variance
among tissue samples as well as to eliminate any systemic and preparation errors. All SIMs,
PEG400, 1,3-cyclohexanediol (98% mixture of cis and trans isomers), and 2,3-butanediol (2R,3R
isomer), were obtained from Sigma-Aldrich (St. Louis, MO) and DP6 was obtained from Cell
and Tissue Systems, inc. (Charleston, SC).

3.3 Data Analysis

The experimental protocol, a detailed mathematical analysis of the system, and uncertainty
analysis have all been presented previously [3,42]. Key equations and a brief description of the
data analysis process are presented here for the completeness of presentation. Due to the two
modifications described above, the system had to be recalibrated. First, a voltage-displacement
curve was obtained, by driving the glass rod with a depth micrometer and recording the LVDT
voltage output.

The LVDT displacement reading is the sum of:

AL,(t) = ALy(t) + ALy(t) — AL.(t) (3.1)
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where AL is the tissue sample elongation, ALy is the elongation of the portion of the glass rod
that extends into the cooling chamber, and AL is the elongation of the cooling chamber. In order
to obtain ALs, the unknown quantity (ALg - AL) has to be measured experimentally, following
the procedure described in [3]—this quantity is unique to the specific experimental setup.

Finally, the thermal strain (the relative contraction) of the blood vessel is calculated by:

_ AL (3:2)

& Ls

where L is the initial length of the specimen. The linear thermal expansion coefficient is the rate
of change of thermal strain with respect to temperature:

g=2 (3.3)

where € is a polynomial approximation of the temperature dependence of the strain, €. While the
property of thermal expansion is intrinsic, the thermal strain is a relative measure specific to a

particular process (i.e. the integral of thermal expansion over temperature along the process).

3.4 Results and Discussion

Figure 3.3 displays a typical thermal history in a thermal strain experiment. Due to the
large temperature distribution in the cooling chamber during the cooling phase of the experiment,
data analysis in the current study is focused on the rewarming phase, when the temperature
distribution is moderate (less that £7°C from the average in the experiment displayed in Fig. 3.3).
Data collection starts at the lowest temperature achieved and continues until the specimen
reaches a certain temperature, Tg, (Fig. 3.4a) where the material can no longer be approximated
as solid. While the precise location of Tg may vary between experiments, based on the data
collected in the current study and the conclusions drawn in [42], -80°C appears to be below that
temperature threshold for all experiments. Hence, data analysis in the current study is focused on
the temperature range of -80°C (point B) to the lowest temperature obtainable for a given
experiment (point C)—typically in the range of -170°C to -160°C. A second order polynomial
has been used in a previous study to approximate the thermal strain at low temperatures [42],
attempting a 2" order fit, resulted in a coefficient of determination (R?) value of 0.9914. Results

of this study suggest a better fit with a 4" order polynomial, resulting in an R® value of 0.9995
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(Fig. 3.4(b)). Data obtained in this study on the thermal expansion of DP6 matched reasonably
well previously obtained data [42]. However, due to the slow rewarming rate (between 5.5 and
9.5°C/min), which is below the critical rate of 185°C/min, we are unable to exclude rewarming
phase crystallization effects, and that data was not included in the current report.

While the property of thermal expansion is intrinsic, the thermal strain is an integral
property (the integral of the thermal expansion coefficient with respect to temperature), which is
dependent upon an initial condition. In these experiments, the initial condition is the initial
temperature, which varies between experiments. Since each experiment starts at a slightly
different temperature, the approximation of &; from a specific experiment, j (j = 1,...,2n), needs
to be shifted in the & direction (vertical direction) within the &-T plane so that the data sets
overlap. Once one experiment is arbitrary selected as a reference, é (k = j, j = 1,....2n),
experimental results from all other experiments are shifted by a constant value A¢;, so that the

parameter F; is minimized (a different value for each experiment):

m
k= z[ék,i — (4 - 28)]° (3.4)
i=1

L

where i represents all the overlapping points from the polynomial approximations &, and é;. Due
to the exponentially decaying rewarming rate, Eq. (3.4) is used on polynomial approximations of
the original experimental datasets, rather than on raw data; otherwise it would have over-
weighted the differences at higher temperatures. In practice, the temperature range of interest
was discretized in 5°C increments, with m value typically equal to 16. Decreasing that
temperature increment to 0.16°C, which is the maximum temperature increment at 1Hz (as

discussed above), had insignificant effect on Aé; of less than 1.52% of full scale.
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Finally, a polynomial approximation, é, is estimated for the combined shifted data from all
the experiments. Figure 3.5 displays the thermal expansion data for goat arteries permeated with
each of the three SIMs under investigation. The uncertainty range illustrated in Fig. 3.5
represents a 2¢ range, which is consistent with the odds of 1:20 for a particular measurement to
be outside of this range [59]).

In the process of estimating uncertainty, a consideration must be given to the fact that the
measured parameter is the strain but the inferred parameter is its slope—the linear thermal
expansion coefficient. Furthermore, the average slope from all experiments is calculated only
after strain curves are shifted to minimize their offset, as described above. It follows that a
standard deviation value of the strain distribution, when calculated independently at a particular
temperature for all data sets after curve shifting, may represent an overly optimistic estimation of
certainty (most likely to occur at the middle of the temperature range). Instead, the uncertainty
range in Fig. 3.5 is calculated as the average of all individual uncertainty values calculated at
each temperature point, a value which is assumed to better represent the overall uncertainty in
experimentation and analysis technique.

Distribution of results for each cocktail out of full range is: +6.9% for DP6+PEG400,
+4.3% for DP6+1,3-CHD, and +8.3% for DP6+2,3-BD. The differences between the best fit for
each cocktail is within the above uncertainty range as shown in Fig. 3.6, which suggests that
differences in thermal expansion between the different cocktails are relatively small. For clarity
in presentation, an uncertainty range is presented for DP6+PEG400 only, to display a

representative distribution of results.
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Figure 3.6: Polynomial approximations of the three DP6 + SIM solutions. Since data compilation
was performed for the rewarming stage, which started in the temperature range of -170°C to
-160°C, a strain value of zero was selected at the reference temperature of -160°C. For clarity in
presentation, representative error bars (£2c) are displayed for the DP6+12% PEG400 curve only

[4]

3.5 Unified Thermal Expansion Curves:

The thermal expansion in the upper part of the cryogenic temperature range, where the
material behaves as a fluid, has been recently studied [2], while the current study is focused on
the lower part of the cryogenic temperature range, where the material behaves as a solid for the
time scale of experimentation. Both datasets include overlapping thermal strain measurements,
centered around -80°C, which enables merging the separate sets of data into a unified curve
covering the entire cryogenic temperature range. The process for creating the unified thermal
expansion curve followed these steps: (i) While taking 0°C as a reference temperature for

datasets in the upper part of the cryogenic temperature range, each polynomial approximation for
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a specific cocktail was shifted in the ¢ direction within the &-T plane, until the strain at this
temperature became zero. (ii) While taking -80°C as a reference temperature for datasets in the
lower part of the cryogenic temperature range, each corresponding polynomial approximation
was shifted, until both datasets for the same cocktail received the same strain value at -80°C. (iii)
A fourth order polynomial approximation was fitted to the combined datasets.

Figure 3.7 displays the corresponding three unified curves and Table 3.1 lists the
corresponding fitted parameters. For a 2c range (twice the standard deviation; including 95% of
all measured data), distribution of results for each cocktail is found within: +1.5% for
DP6+PEG400, +1.0% for DP6+1,3-CHD, and +2.2% for DP6+2,3-BD, all with respect to full
range measurements. It was essential to construct the unified thermal expansion curve from the
individual polynomial approximations of the subsets (upper and lower parts of the cryogenic
temperature range) rather than from the raw data of all experiments combined, in order to resolve
issues associated with the variation in conditions inherent to the different experimental studies,

such as sampling rate, minimum temperature achieved, and the number of experiments.

Table 3.1: Coefficients of best-fit approximation of the thermal strain, ¢ =
a;THa,T3+asT?+a,T+as, for selected DP6-SIM mixtures, where the thermal expansion
coefficient is given by 4= 4a; T*+3a,T*+2a;T+as, and where R? is the coefficient of
determination.

SIM Temperature a;x10°  a,x10°  azx10°  asx10° asx10° R° n  Source
Range1 °C [°C'4] [oC-S] [oC-Z] [oC-l]

0to -80 0 0 0.01777 0.2392 0 0.9896 6 [2]
12% PEG400 -80to -160 1.065 0.6240 1.364 1.358 4911 09833 5 Current
Oto-160 -0.8668 -0.2995 -0.2358 -0.1757 -0.0275 0.9995 - Current

0to-80 0 0 0.01054 0.2232 0 09974 5 [2]
6% 1,3-CHD -80to -160 1.155 0.639 1.330 1.283 4550 09943 5 Current
Oto-160 -0.7969 -0.2771 -0.2210 0.1666 -0.0236 0.9994 - Current

0to -80 0 0 0.007383 0.1912 0 0.9937 5 [2]
6% 2,3-BD -80to -160 2.672 1.379 2.668 2.342 7562 09791 4 Current
Oto-160 -0.5587 -0.2066 -0.1747 0.1442 -0.0209 0.9994 - Current

In a previous study on DP6 in the absence of SIMs [42], a significant portion of the unified

curve had to be interpolated, since the two inherently different measurement techniques did not
enable overlapping results. Thermal expansion data of DP6 for the upper part of the cryogenic
temperature region [1] only extended down to about -40°C, due to the onset of crystallization for

the achievable cooling rate. That necessitated data interpolation, which reduced the quality of the



48

previously published unified curves [42]. No onset of crystallization was observed for DP6
combined with SIMs in the upper part of the cryogenic temperature range [2], for the same
thermal conditions previously applied in the absence of SIMs [1]. Due to this additional ice
suppressing ability, data from [2] was combined with data from the current study to form a
unified thermal strain curve without the need for any interpolated region. It should be noted that
due to the inherent uncertainties associated with fitting and re-fitting, if possible, it is probably
better to use the individual fits from either the upper or lower cryogenic temperature regions
instead of the unified fit for thermal strain calculations.
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3.6 Summary

Thermal expansion of goat arteries permeated with DP6, combined with selected SIMs,
was measured in the lower part of the cryogenic temperature range. Results obtained in the
current study were combined with recently obtained data from the upper part of the cryogenic
temperature range, in order to formulate unified thermal expansion curves. This database is
essential for computation of the formation of thermo-mechanical stress in vitrifying CPAs. The
application of SIMs enabled obtaining thermal expansion data in the temperature range of
-160°C to 0°C, which was not achievable in the same cooling rates in previous studies in the
absence of SIMs.

While thermal expansion is the driving mechanism of thermo-mechanical stress, which
may shed light on the likelihood of compromising the structural integrity of the material,
additional physical properties must be measured in order to fully characterize the special
cocktails combining SIMs. Given the demonstrated low cooling rates with no significant
crystallization effect (discussed in greater detail in [2]), the application of SIMs appears very

promising for the development of new cryopreservation techniques.
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Chapter 4: Stress-Strain Measurements in Vitrified Arteries Permeated With
Synthetic Ice Modulators

This chapter expands upon a recently published study in [5]. This study investigated the
stress strain behavior of vitrified arteries permeated with DP6+SIM cocktails. In particular, the
Young’s modulus, and failure stress were measured and can be used in future finite element
analyses. A previous study by Jimenez [38] investigating 7.05 M DMSO and VS55 found
Young’s modulus for larger vitrified blood vessels to be in the range of 0.823-1.039 MPa, the
data from this study suggested a broader range of 0.922-2.955 MPa.

4.1 Experimental Apparatus

The experimental apparatus used Reservoir of the
low-pressure
in the current study has been coolingunit T~

presented previously by Jimenez-Rios Mechaniadi

and Rabin [38]. This apparatus is testing rod
described here in brief for the temperature-controlled

completeness of presentation, while ~ &ectrical heater (one of two)
emphasizing a new modification to

the system. The experimental Heat exchanger of the

high-pressure cooling

apparatus is designed to achieve two unit (one of two)

main goals: (i) to cool the specimen
down to a selected testing temperature

at a high enough cooling rate to

promote vitrification, and (ii) to Cooling chamber

subsequently perform tensile testing .
Mechanical

on the vitrified specimen at a constant testing rod

temperature. The key elements of the

cooling system are illustrated in Fig.  Figure 4.1: Schematic illustration of the key elements
) ) of the cooling mechanism for mechanical testing.
4.1, where the illustrated loading rods  pyring experimentation, the artery is attached to the
are connected to a computer- Mechanical testing rods (see Fig.4. 2), the cooling
_ ) ] chamber is closed with a brass cover, and the system
controlled mechanical testing device s covered with thermal insulation from all sides [5].

(eXpert  1KN-12-M,  ADMET,
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Norwood, MA). In general, the cooling system comprises two units: (i) a couple of heat
exchangers powered by compressed liquid nitrogen, to achieve rapid cooling at the beginning of
the cooling protocol, and (ii) a reservoir of atmospheric-pressure liquid nitrogen, to cool the
specimen during mechanical testing. Thermal control is achieved by means of cartridge heaters
embedded in the cooling chamber wall and powered by a cryogenic controller. Automatically
logged data during experimentation

includes the mechanical testing Mechanical
parameters (load and elongation testing rod

histories) and thermal histories by a

set of T-type thermocouples, with e-clip
specific locations described below. “
Further design considerations and  Thermal I =
specifications  are  listed in Insulation— Sy

segment

[38].Mechanical testing of small-
diameter blood vessels has been
presented as a new challenge in the

current study for two reasons: (i)

Blood

vessel
adopter /F

the diameter of the blood vessels is
smaller than the testing-rod
diameter, and (ii) heat conduction
from the blood vessel to the testing Figure 4.2: Schematic illustration of the mechanical-
rod (steel) created non-uniform  rods thermal insulators, which were designed to
thermal  conditions along  the accommodate smaller diameter arteries [5].
specimen. To overcome this challenge, mechanical-rod thermal-isolators have been designed, as
illustrated in Fig. 4.2. Figure 4.3 displays a specimen connected to the thermal insulators, placed
in the cooling chamber, and ready for experimentation. Also displayed in Fig. 4.3 is the thick
thermal insulation placed around the cooling chamber. Before experimentation, a chamber cover
and a thick layer of thermal insulation are also placed between the specimen and the
surroundings.

The rod insulator is made in the shape of a Delrin cylinder, having an inner diameter of 4

mm, an outer diameter of 6 mm, and an overall length of 15 mm. The insulator is connected with
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an e-clip to the mechanical testing rod, while a threaded adapter is hosted at the other end, to
accommodate smaller-diameter blood vessels. This design has reduced temperature non-
uniformity along the specimen from 12°C to 4°C (as measured by thermocouples), by reducing

the conductive heating effect of the specimen by the mechanical-testing rods.

Thermal
insulator

Zip tie

Specimen
. Heat
. exchanger

Thermal
insulator

Figure 4.3: An artery sample placed in the cooling chamber and ready for testing, where the
cover of the cooling chamber has to be installed and insulated before experimentation. Also
shown are thermocouples connected to both ends of the sample, where an additional
thermocouple at the center of the sample is yet to be placed [5].
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4.2 Materials

All tissue samples used in this experiment were donated by a local slaughterhouse. In order
to maintain tissue quality, blood vessel specimens were harvested by members of the research
team shortly after the animal was slaughtered. No animals were sacrificed specifically for the
purpose of the current study. A main carotid artery was harvested from goats to create samples
for testing in a (inner) diameter range from 2.5 to 4.5 mm, a length range from 19 to 35 mm, all
with a wall thickness of about 1 mm (wall thickness measurement technique is discussed below).
Samples were immersed in SPS-1 organ preservation solution (Organ Recovery Systems, Inc.
Itasca, IL) immediately after harvesting and stored at 4°C for a period between one and five
days. This range of wait times was necessary due to availability of specimens and based on this
study and others [1,2,4,42], appeared to have no effect on experimental results. SPS-1 organ
preservation solution is based on the University of Wisconsin solution [60] and is designed to
prevent osmotic damage during short term refrigerated storage. Following the procedure outlined
in [2], each specimen was immersed in the DP6+SIM or 7.05M DMSO solution before testing.
Each sample is placed within a vial containing 3 ml of full concentration CPA. The artery is
allowed to drain and the CPA is forced through the artery using a syringe (to insure proper
mixing) every twenty minutes. After one hour, the artery is placed into a new 3 ml of full
concentration CPA and the process is repeated for another hour.

DP6 is a cocktail of 234.4 g/L DMSO (3M), 228.3 g/L propylene glycol (3M), and 2.4 g/L
HEPES in EuroCollins solution. While other CPAs have been found to be a much better at
promoting vitrification [1,49], DP6 appears to be more promising due to its reduced overall CPA
concentration, and therefore its toxicity. The drawback of reduced CPA concentration is the high
cooling rate typically required for vitrification of DP6. Hence, this proposal focuses on DP6
combined with SIMs, in an effort to improve its tendency to promote vitrification.

There are many possible SIMs that could be tested, the particular ones chosen for this
report were based on the experience of the current research team [2,7,20]. The following
cocktails have been tested: DP6 + 12% PEG400 (n = 6), DP6 + 6% 1,3-CHD (n =5), and DP6 +
6% 2,3-BD (n = 10) as well as 7.05M DMSO (n=9) as a reference solution, where n is the
number of specimens tested. All SIMs: PEG400, 1,3-cyclohexanediol (98% mixture of cis and
trans isomers), and 2,3-butanediol (2R,3R isomer), were obtained from Sigma-Aldrich (St.

Louis, MO); DP6 was obtained from Cell and Tissue Systems, inc. (Charleston, SC).
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4.3 Methods

Specimen Setup: After CPA permeation is completed, the specimen is removed from the
solution and held vertically to allow any CPA within the artery to drain. Next, it is placed
between the two mechanical-rod thermal isolators (Fig. 4.2) and fastened with cable ties (3.94
inch miniature indoor cable tie) as displayed in Fig. 4.3. The length of the artery between the
cable ties is measured with a caliper and T-type thermocouples are placed at the top, middle, and
bottom of the artery before the cooling chamber is closed with a brass cover plate.

Experimental protocol: Before the onset of experimentation, the mechanical-testing system
is set to zero load control and the temperature controller is set to 20°C. Next, the low-pressure
cooling unit is filled with liquid nitrogen, while the temperature controller maintains a cooling-
chamber temperature of 20°C, which facilitates precooling for the entire system. The thermal
protocol starts by turning the controller off, while simultaneously activating the high-pressure
cooling unit, with typical results displayed in Fig. 4.4. In practice, both low-pressure and high-
pressure units are working in tandem in this stage, resulting in a high cooling rate sufficient to
promote vitrification of the tested samples. Since the critical cooling rate to suppress
crystallization needs to be exceeded throughout the domain, and since crystallization is most
likely to occur between -30°C and -90°C, the cooling rate was measured for the slowest
responding part of the blood vessel between those temperatures. The measured cooling rate
between -30°C and -90°C is above 20°C/min for all experiments, where the critical cooling rate
for 7.05M DMSO is less than 1.4°C/min and for DP6 without SIMs is 40°C/min, which is why
experiments from [38] excluded this cocktail. However, when DP6 is mixed with SIMs, the
critical cooling rate is lower than 5°C/min as shown in [2] which facilitates vitrification within

the experimental conditions of the current system.
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Figure 4.4: A typical thermal history for tensile testing experimentations [5].

Once the specimen approaches the pre-selected testing temperature, the high-pressure
cooling unit is deactivated and the temperature controller is reactivated to maintain the specimen
at a mechanical-testing temperature. The mechanical-testing temperature range in the current
study is between -145°C and -155°C, where the glass transition temperature for DP6 and 7.05M
DMSO is -119°C and -123°C, respectively. Next, the cooling chamber is controlled to maintain
the mechanical-testing temperature for an intermediate period of time, to allow the specimen and
its holders to approach thermal equilibration. This intermediate time period is roughly between
400 s and 2150 s in the representative experiment displayed in Fig. 4.4. The slow-rate, low-
magnitude rewarming between 400 s and 800 s is related to a higher order effect resulting from
switching between two different cooling mechanisms, thermal inertia of their components, and
the change in control parameters. Nevertheless, the temperature during that time period does not
exceed the glass transition temperature, and the material can be considered solid over such an
extremely short period of time in terms of glassy materials. Finally, the control of the

mechanical-testing system is switched from zero-load control to displacement-rate control,
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subject to a constant rate of 2.54 um/s until failure, which usually occurs within 80 s.
Cross-section measurements: Once the system has reached room temperature after
completing a mechanical-testing experiment, the artery is removed from the cooling chamber
and sectioned into four thin rings, approximately 1 to 2 mm thick. These rings are selected away
from the top or bottom of the specimen (i.e., the location of the cable ties), and also away from
the specimen failure site. Next, the rings are placed on a black background, next to a ruler, and
two pictures are taken as displayed in Fig. 4.5. Using the image processing tool imtool of Matlab
and the ruler (Fig. 4.5a), the number of pixels per unit area is determined. The images are then
converted to black and white (Fig. 4.5b) and cropped for each artery (Fig. 4.5c). Next, the cross-
sectional area for each processed artery image is calculated via pixel counting. Finally, the
process is repeated for the second picture of the same rings, and the characteristic area for further

analysis is taken as the average of all the cross sections, from a total of eight images.
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Figure 4.5: Images used to calculate the cross
sectional area of the artery specimens,
including: (@ a stills image of four
representative segments and a ruler, to
determine area per pixel; (b) a black and white
processed image; and (c) an isolated segment
used for pixel counting [5].

4.4 Results and Discussion

Three representative stress-strain experimental cases are displayed in Fig. 4.6. Case 1 resembles linear-elastic behavior, which
exhibits a sudden stress drop at the point of fracture. All of the specimens permeated with 7.05M DMSO, DP6+1,3-CHD, and
DP6+2,3-BD exhibited the same behavior. While most of the specimens permeated with DP6+PEG400 also exhibited the same
behavior, selected exceptions are also illustrated in Fig. 4.6, where the response in Case 2 resembles a strain-hardening behavior and

the response in Case 3 may be related to plastic deformations. To remove any doubt, it is emphasized that all three specimens were
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subject to the same CPA loading protocol, thermal history, and mechanical loading
procedure. While the authors cannot currently offer definitive explanations to those exceptional
responses, they may be related to aspects of mass-transport during the permeation phase, or to
localized crystallization in the tissue, which may be more relevant to DP6+PEG400. Note that
early characterizations of the above CPA cocktails were done on small specimens (a differential
scanning calorimeter sample size) and in the absence of biological materials, while the current

line of investigation focuses for the first time on bulky specimens.
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Figure 4.6: Three typical stress-strain curves obtained in the current study: (Case 1) representing
the linear-elastic behavior found for specimens permeated with all solutions except for the
cocktail DP6+PEG400; (Case 2) a possibly hardening specimen, permeated with DP6+PEG400;
and (Case 3) a specimen permeated with DP6+PEG400, possibly exhibiting viscous flow or
plastic deformations [5].



In order to study the behavior of
the material under repeated loading
cycles, several specimens were
exposed to such a protocol before
failure, where Figs. 4.7(a) and 4.7(b)
display the loading and unloading
portions of a representative protocol,
respectively. In general, the same
linear-elastic behavior was maintained
the consecutive

throughout three

loading cycles displayed in Fig.
4.7(a). A closer inspection of the
stress-strain curves reveals three step-
like changes in strain, labeled A for
the first loading cycle, and labeled B
and C for the second loading cycle. In
the following

the

respective loading

cycles, stress-strain  curves
coincided at stress levels higher than
the respective points—Loads 1 and 2
above point A, and Loads 2 and 3
above point C. Furthermore, these
localized incidents did not change the
slope of the stress-strain curve (i.e.,
the Young’s modulus), suggesting
that the bulk behavior of the
specimen has been preserved. It is
plausible that the physical event
causing such a step-like change in
the

strain IS formation of a
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Figure 4.7: Results of repeated loading-unloading
cycles in of a blood vessel specimen permeated with
DP6 + 12% PEGA400: (a) the loading portions of the
protocol, and (b) the unloading portions of the
protocol; labels A, B, and C point to step-like changes
of strain, possibly associated with the formation of
microfractures [5].

microfracture, where the area of the fracture is much smaller than the cross sectional area of the
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specimen. A similar behavior has been observed under compression in frozen tissues in the
absence of cryoprotective agents, where the presence of fractures has been verified using routine
histology techniques [61,62]. Figure 4.7(b) displays deviation from the classical linear-elastic
behavior during unloading, but the same unloading pattern is preserved between consecutive
cycles. It can be concluded from Figs. 4.7(a) and 4.7(b) that no gross damage has occurred prior
to the dramatic macrofracture that defined the end of the specific experiment.

In all experiments, the macro-fracture at the end of load testing appeared with clear edges, at
the transverse direction to the artery axis. This observation can be explained by one or more of
the following reasons: (i) A brittle material under tension tends to fracture along the plane of
maximum tensile stress, which is the transverse cross section under uniaxial loading. (ii)
Structural failure may follow cell boundaries, which have a circumferential preference in a blood
vessel, allowing it to constrict and expand as needed [31].

In a previous study, Jimenez and Rabin measured Young’s Modulus of arteries permeated
with 7.05M DMSO and VS55, as well as frozen arteries in the absence of CPAs [38]. For arteries
permeated with 7.05M DMSO, Jimenez and Rabin measured the Young’s Modulus in the range
of 823 and 1039 MPa, while results of the current study suggest the Young’s Modulus to be in
the range of 922 and 2955 MPa. While the lower range values are quite close in both studies, the
upper range value in the current study is threefold higher than that in the previous study. The
differences between the two studies is the number of specimens (n=4 in [38] as opposed to n=9
in the current study), and the diameter of the blood vessels is 1 to 2 mm smaller in the current
study. The smaller diameter indicates younger animals, but there is no good documentation to the
animal ages for those donated specimens. Closer investigation of the differences reveals that the
stress-strain behavior reported in [38] more resembles Case 2 than Case 1 in Fig. 4.6, which was
found atypical to 7.05M DMSO in the current study. Perhaps this difference is also associated
with the lower temperature uniformity in the absence of thermal insulators (Fig. 4.2) in [38].
Interestingly, despite all of the differences listed above, the average fracture stresses as measured
in the current study are similar to those measured by Jimenez and Rabin [38]. For the current
study, the range of fracture stress is between 6.65 and 19.7 MPa with an average of 13.31+3.74
MPa, which is wider than the range measured in [38], which was between 10.46 and 15.74 MPa,
with an average of 12.96+£2.03 MPa. This range is particularly wide due to a few outliers, when

comparing average fracture stresses between the two studies, the difference is only about 15%.
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Table 4.1 provides a summary of all of experimental results. The arteries permeated with
DP6 + 6% 2,3-BD exhibited the highest average Young’s modulus. However, the variance
within each group is high compared with the average difference between the various groups, and
no statistical conclusions could be drawn based on a Student’s T-test. The current study extends
the available knowledge on mechanical properties of vitrified blood vessels at very low
temperature [38,39], where no other comparable data has been published elsewhere to the best of
the authors’ knowledge. By contrast, numerous other studies have measured mechanical
properties of blood vessels at room temperature temperatures [63,64]—the only available group
of reference. It is difficult to compare those studies, where the blood vessels behaves hyper-
elastically, with the current study, but it is interesting to note that the variation in measured
mechanical properties in those studies is comparable with the variation in Young’s modulus
measurements in the current study. It has been suggested previously [38] that the mechanical
properties of the vitrified CPA may dominate the behavior of the complex system of CPA-
permeated tissue. By contrast, the wide variance of Young’s modulus measured in this study, as
well as the variance in mechanical properties measured in [63,64], suggest that the tissue
structure may actually play a noticeable role in the mechanical response of the CPA-tissue

system.



Table 4.1: Summary of experimental data

Sample# L,mm A mm’ T,°C £x10% s? Ag x 10° E, MPa R? Failure Stress, MPa

1 35.00 8.84 -149.3 0.73 0.07 2279 0.999 6.99
2 31.66 7.54 -145.0 0.80 3.60 2475 0.999 11.21
3 26.48 8.04 -139.8 0.96 191 2006 0.999 9.67
PEG400 4 26.00 7.04 -143.0 0.98 2.34 2479 1.000 12.58
5 30.42 8.84 -139.8 0.84 2.41 2001 0.999 12.44
6 23.26 8.27 -143.9 1.09 6.21 2426 0.999 15.91

Average 28.80 8.10 -143.46 0.90 2.07 2248 £ 224* 0.999 10.58 + 3.01*
1 28.00 9.40 -150.0 0.91 6.35 922 0.999 7.38
2 25.70 10.33 -147.5 0.99 5.58 950 0.999 9.80
3 31.34 10.72 -153.9 0.81 6.88 1011 0.999 12.22
4 25.93 8.98 -142.9 0.98 10.30 1495 1.000 15.68
5 31.21 6.78 -167.7 0.81 1.83 2955 0.999 14.81
7.05 M DMSO 6 21.68 9.44 -146.2 1.17 7.88 1839 0.999 13.89
7 30.48 11.30 -148.6 0.83 4.99 2240 0.999 N/A
8 24.67 7.26 -163.1 1.03 4.61 2700 0.999 18.01
9 22.71 12.50 -138.2 112 8.15 1631 0.999 12.44

Average 28.44 9.24 -152.39 0.90 6.19 2143 £ 754* 0.999 11.98 + 3.36*
1 27.39 10.49 -151.0 0.93 2.32 1480 1.000 9.59
2 22.46 8.03 -142.8 111 7.03 2080 0.999 17.96
1 3-CHD 3 24.48 8.11 -150.0 1.04 2.69 2310 1.000 10.07
’ 4 27.19 8.31 -144.3 0.93 3.06 1777 0.999 6.65
5 25.63 8.66 -145.5 0.99 2.46 2448 0.999 15.92

Average 25.43 8.72 -146.7 1.00 3.51 2019 £ 394* 0.999 12.04 + 4.72*
1 21.31 7.21 -148.3 1.19 2.14 2940 0.999 12.83
2 28.31 10.71 -143.3 0.90 1.77 2868 0.999 10.05
3 29.07 8.80 -146.0 0.87 1.66 3012 1.000 19.72
4 22.68 6.93 -153.0 1.12 3.95 2811 0.999 18.68
2 3BD 5 19.35 8.15 -144.2 1.31 5.10 2062 0.999 15.64
! 6 24.24 9.79 -147.0 1.04 5.27 1688 0.999 14.65
7 24.26 8.67 -141.0 1.05 5.22 2298 0.999 19.32
8 19.07 8.62 -151.7 1.33 1.92 1675 0.999 12.19
9 24.01 8.52 -149.8 1.06 7.38 2416 0.999 16.46

Average 23.59 8.60 -147.14 1.10 3.82 2419+ 525* 0.999 15.50 + 3.39*
Frozen 1 23.29 9.79 -146.1 1.09 4.84 1226 0.996 5.25

*Standard deviation
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4.5 Summary and Conclusions

This study aims at measuring the Young’s modulus in vitrified blood vessels below the glass
transition temperature, in conditions relevant to cryogenic storage. This study expands on
previously developed data [39], with the unique contribution of testing CPAs mixed with SIMs, a
group of compounds of increasing interest in the cryobiology community. The effect of SIMs on
the mechanical behavior of the vitrified biomaterial is largely unknown. The experimental
apparatus used in the current study has been developed previously [38], and combines a new
modification in the form of thermal insulator to: (i) improve temperature uniformity within the
specimen, and (ii) facilitate mechanical testing at lower temperatures.

Results of this study indicate a linear-elastic behavior of the vitrified specimens below glass
transition. This behavior is regained under repeated loading/unloading cycles. Small step-like
strain changes have been observed during the loading without affecting the bulk behavior of the
specimen, suggesting microfracture occurrences. This observation agrees with previous
observation on microfracture formation under compression in the absence of CPA and SIMs.
While small deviation from the classical linear-elastic model during unloading has been
observed, this behavior is repeatable and indicates no permanent damage to the specimen due to
loading before the dramatic specimen failure defining the end of experimentation.

Results of this study indicate a Young’s modulus in the range of 0.92 to 3.01 GPa, with no
clear indication that the different SIMs affect the Young’s modulus value differently. It is
suggested that this range of values is attributed to variations between specimens of the same
species and not to the SIMs. Results of this study suggest that past computations of mechanical
stress during vitrification may have used values from the lower end of the measured range, most
frequently 1 GPa [49-51,65]. This is important for future analysis mechanical stress for

cryopreservation by vitrification.
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Chapter 5: Effects of Thermal History on Mechanical Stress in Cryopreservation
via Vitrification

This chapter expands upon a recently published study in [7]. This study investigated how the
cooling and rewarming histories affect the mechanical stress of a vitrifying domain. Two
separate cases were studied, one where the surface of the CPA domain was assumed to be
traction free (this models the CPA within some kind of highly pliable container, such as a bag)
and the other where the CPA was held within a rigid container. A realistic thermal protocol was
proposed and the various sections of this protocol were varied in order to investigate the effects
of each parameter on the mechanical stress history. This is the first study which quantitatively
investigated the effects of annealing on mechanical stress in cryopreservation.

5.1 Background information on mechanical stress in cryopreservation via vitrification

Several studies have investigated the formation of fractures in cryopreserved materials and
their dependency on the employed thermal protocols [30,31,33,34,66]. Fractures have been
observed in mouse blastocysts [30], blood vessels [31,66], Mexican fruit flies [33], as well as
CPA in the absence of biological specimens [34,66]. Pegg and co-workers [31] showed that
fractures in cryopreserved arteries generally formed during the initial stages of rewarming, and
that fractures could be prevented by lowering the rewarming rate while below -100°C. Kasai and
co-workers [30] and Rajamohan and Leopold [33] further suggested that the tendency to fracture
can be reduced by both lowering the initial rewarming rate and the final cooling rate. These
studies suggest that an optimal thermal protocol should involve two-stage cooling, with rapid
cooling to prevent crystallization followed by slower cooling to avoid fracturing, and
consistently two-stage rewarming, with slow warming followed by rapid warming. Cryogenic
protocols of similar nature are common practice in cryopreservation [20,21], where the specific
rates are often explored by trial and error.

Rabin and Steif [67,68] presented a mathematical model for calculating the developing
stresses in an inward freezing problem of classical cryopreservation. This model assumes that the
unfrozen region, being a low-viscosity material, can only sustain hydrostatic pressures but cannot
support deviatoric stresses. The main contribution in that study is that the deviatoric stress must
be zero at the freezing front but that the deviatoric stress at the melting front may be non-zero.

This outcome of modeling provides an explanation for the counterintuitive experimental
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observation that factures often develop at the beginning of the rewarming phase, when the stress
reaches its peak value.

The domain does not crystallize during cryopreservation via vitrification but, instead, over
a limited temperature range the viscosity increases dramatically by 12 orders of magnitude, from
a liquid-like to a solid-like material. Instead of having two distinct regions as in classical
cryopreservation, possibly modeled as a low viscous fluid and a linear-elastic solid, in
vitrification the material may be modeled from an engineering mechanics perspective as having
three regions, characterized as a low viscous fluid, a transition region, and a highly viscous
material—practically a solid. Additionally, since there is no crystallization, the large volume
expansion associated with water changing to ice does not occur during vitrification.
Nevertheless, the modeling approach in [67,68] remains applicable and the analysis of
vitrification protocols calls for further investigation—the subject matter of the current study.
Beyond temperature gradients within the domain, thermal stress may also develop in response to
differential thermal strain between the CPA and its container [50,52]. This effect is further
investigated in the current study in the context of vitrification.

As part of an ongoing effort to investigate thermo-mechanical effects in cryopreservation
[1-3,37-39,42,49,50,52,66], the current study aims at investigating the potential contribution of
including a temperature-hold step in cryopreservation protocols, in order to facilitate annealing
and thereby reducing the risk to structural damage. The current study focuses on large-size
specimens, where thermo-mechanical stress may lead to structural failure. While large-size per
se may commonly refer to specimens measuring a few millimeters or more in the context of
cryobiology, large-size in the analysis of thermo-mechanical stress may have a different,
outcome-dependent meaning. In the current study we refer to large-size specimens as specimens
that exhibit steep temperature gradients which can give rise to significant stresses, possibly
reaching the strength of the material. Hence, the term, large-size, is associated with the
temperature non-uniformity within the specimen along the thermal history, which may not be
known a priori. The vast experimental evidence summarized above support the notion of such a

relationship, while the current theoretical study is designed to explore it.

5.2 Modeling
Due to the high viscosity of the CPA within the temperature range relevant to the



67

development of thermo-mechanical stress, heat transfer in the domain is assumed solely by

conduction:
pC,T =V - (kVT) (5.1)

where T is temperature, p is density, Cy, is specific heat capacity, and a superposed dot represents
a time derivative. Note that heat generation due to viscous dissipation is negligible compared
with changes in energy due to heat flow. This has important computational implications as the
temperature field can be computed first, without consideration of stresses, and then the stresses

are computed while taking into account the temperature field.

5.2.1 Material Model

The viscosity of a CPA increases with the decreasing temperature until it acts as solid at
very low temperatures, which is modeled as a viscoelastic fluid. Following the simplest approach
that captures such behavior, the CPA is modeled as a so-called Maxwell fluid, where the total
strain rate is the sum of strain rates due to elastic deformation, viscous flow, and thermal
expansion. For uniaxial tension in a lumped-capacity system (uniform temperature distribution)
this relation is given by:

1ldo o dr

e - 5.2
Edt+3n+ dt (5-2)

é
where £ is the total strain-rate, o is the stress, E is the Young’s Modulus, 1 is the viscosity, and
is the coefficient of linear thermal expansion. Since the viscosity is temperature-dependent, the
viscous portion of the strain rate dominates its elastic portion at high temperatures. Conversely,
the elastic portion dominates the viscous portion at low temperatures, while at mid-range
temperatures both responses are significant.

A non-uniform temperature distribution will give rise to a general state of stress, not
necessarily limited to uniaxial tension or compression. The material model for the creep strain

rate given by Eq. (5.2) is generalized following a standard approach in mechanics as follows:

. S
Ecreep = 5 (5.3)

where S is the deviatoric stress tensor, corresponding to the stress tensor with the hydrostatic

pressure removed. The elastic strain rate is related to the stresses by the isotropic elastic relation:
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Eelastic = %[(1 +v)o —vI - tr(o)] (5.4)

where v is the Poisson ratio, | is identity tensor, and tr(a)is the trace of the stress tensor. Finally,

the container of the CPA is assumed to behave linear-elastically, with its own elastic properties.

5.2.2 Finite Element Solution

Figure 1 displays a simplified vial, which will be used in this study. This geometry is
representative of a wide class of cryopreservation applications, and is simulative of recent
experimental investigations using cryomacroscopy [6]. Two general cases are investigated in this
study, (A) a reduced problem where wall effects are negligible, and (B) a combined problem of
container and CPA.

The coupled thermal-stress problem is solved with the commercial finite element code
Abaqus (Dassault Systemes, Inc.). The heat transfer and displacement problems use identical
meshes consisting of 8-noded, axisymmetric, quadrilateral DCAX8 elements for heat transfer
and CAX8H for displacement calculations. For Case B, 1451 elements are used to geometrically
model the CPA subdomain and 190 elements are used for the container, while 414 elements in
total are used for Case A. The reduced number of elements in Case A is associated with the
simplified CPA boundary condition (Fig. 5.1)
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Figure 5.1: Schematic illustration of the axisymmetric model used for FEA in the current
study for two key cases: (Case A) CPA in the absence of a container, where identical
temperature boundary conditions are imposed on 1, ©,, and Q3; and (Case B) CPA
contained within a cylindrical vial, where identical temperature boundary conditions are
imposed on Q4 and Qs, while thermal insulation is assumed on 23, consistent with [6]. In
both cases zero normal stress is assumed on the outer most surfaces. In Case B, continuity in
temperature and displacement are assumed on ©; and ©,. Also illustrated for the purpose of
discussion the maximum principle-stress points, ox and og, for Cases A and B, respectively

[7].
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5.2.3 Material Properties

The material property values used in the current study are listed in Table 5.1. Due to
limited availability of relevant CPA properties and due to its high relevancy to vitrification, the
CPA cocktail VS55 is used as a model for material properties. In one case study, properties of
the CPA dimethyl sulfoxide (DMSO) and the CPA cocktail DP6 are additionally used. The
ingredients of VS55 and DP6 were described previously in section 2.3. Beyond being a classical
CPA and a key ingredient in both cocktails, the 7.05M DMSO has been demonstrated as a
reference solution for the study of thermo-mechanical stress [37].

With the exception of viscosity, all CPA properties used in the current analysis are
temperature independent, which simplifies the analysis. Consistent with recently published
studies to explain cryomacroscopy observations [69], the container material properties are
assumed similar to polystyrene. Despite all of the work that has been done, some material
property data for VVS55 is still unavailable. The density of VS55 was assumed to be the same as
8.4M DMSO (which is known) since they have the same solute concentration. Additionally, the
Poisson’s ratio of VS55 was assumed to be 0.25, which is typical of elastic solids.

Due to the high temperature dependency of the CPA viscosity, changing twelve orders of
magnitude in the relevant temperature range for vitrification, special steps were taken to ensure
stability and convergence of the FEA analysis in a realistic computer run time. At the beginning
of cooling, when the viscosity is extremely low, extremely short time steps would be required in
order to ensure stability within the simulation. Conversely, at extremely low temperatures, the
viscosity is so high that the material simply acts elastically. In order to simplify the solution, a
piecewise functional form was used to approximate the viscosity behavior, as listed in Table 5.1
[43].

While every attempt was made to select the most representative property values for the
current study, results of this study are considered somewhat qualitative rather than quantitative
for the following reasons: (i) some material properties are not readily available and, therefore,
are estimated; (ii) some material properties have been assigned constant values rather than
capturing their true temperature-dependent behavior in order to simplify the analysis; (iii) the
one term (Maxwell) viscoelastic model that has been chosen for this study may be too simplistic
to fully capture the full behavior for a given CPA; and, (iv) the selection of VS55 as a
representative CPA cocktail is a choice of practice, where other cocktails may exhibit somewhat
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different values. Nevertheless, the physical modeling in the current study is believed by the
authors to generate realistic level of stresses, and comparison between the different cases are
believed to provide credible guidelines on how to reduce the level of stress in similar protocols.
By comparing the effects of the various thermal protocols, it should be possible to determine
which protocols are likely to minimize stress (and thus the likelihood to fracture) in comparison

with the others.



Table 5.1: Physical properties used in this study
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Property Material Value Source
n=1.21x 10*Pa-s; -100°C < T
VS55 n=4.2783x 107 %7 pa_s: -140°C < T < -100°C [43]
n=4.63 x 10" Pa-s; T < -140°C
n=1.77 x 10*Pa-s; -110°C < T
Viscosity 7.05M DMSO n=2.8190 x 107" g%*'T: _147°C < T < -110°C [43]
n=4.06x 10" Pa-s; T < -147°C
n=5.11 x 10*Pa-s; -100°C < T
DP6 n=15.6503 x 10% ®%2°"T: _137°C < T < -100°C [43]
n=4.82 x 10" Pa-s; T <-137°C
VS55 -123°C [37]
Glass Transition
Temperature | 7.05M DMSO -132°C [70]
(DSC)
DP6 -119°C [37]
VS55 1100 kg/m® [71]
Density
Container 1075 kg/m? [72]
Thermal VS55 0.3 W/m-°C [114]
Conductivity Container -0.01274T + 0.02 W/im°C [73]
VS55 2400 J/kg-°C [74]
Specific Heat
Container 03.936T + 1121.1 J/Kg-°C [72]
-4 om-1
Thermal VS55 1.1x 10" °C [1,2,37,42]
Expansion Container 0.7 x 107 °C? [115]
Youne® VS55 800 x 10° Pa [38,39]
oung’s
Modulus Container 3.45x 10° Pa [75]
VS55 0.25 Assumed
Poisson’s Ratio
Container 0.35 [75]
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5.2.4 Thermal History at the Boundary

The goal of this study is to investigate how the thermal history affects stresses and, thus,
the likelihood to fracture, for which a variety of temperature boundary conditions are compared.
Consistent with cryopreservation practices [17,99,103], a reference thermal history at the
boundary is displayed in Fig. 5.2(a), combining five stages (labeled as R1, Rs3, R4, Rs, and Rg).
The reference thermal history at the boundary consists of (R;) fast cooling at a rate of 5°C/min
from room temperature (20°C) down to an intermediate temperature of -100°C, (R3) slow
cooling at a rate of 1°C/min down to the storage temperature of -196°C (liquid nitrogen boiling),
(R4) hold time of 20 min at the storage temperature, (Rs) slow rewarming at a rate of 7.5°C/min
up to an intermediate temperature of -100°C, and (Rs) fast rewarming at a rate of 100°C/min
back to room temperature. The Ry and Rg cooling/rewarming rates were chosen so that the entire
specimen would exceed the critical cooling/rewarming rate for VS55, which is estimated to be
2.5°C/min and 50°C/min respectively [21,70].

There has been some speculation that an intermediate stage of temperature hold at the
vicinity of glass transition would be favorable in reducing stresses, by facilitating annealing or
stress relaxation. In order to investigate this proposed practice, an additional thermal history at
the boundary is investigated, combining an intermediate temperature hold before cryogenic
storage. The latter thermal history is referred to as the modified thermal history, and the
additional temperature hold is labeled Ry, as displayed in Fig. 5.2(a). The modified thermal
history extends the cooling rate of R; to a lower temperature of -122°C, combined with a hold
time of 1200 sec, to potentially facilitate stress relaxation. The remainder of the modified
protocol is essentially the same as the reference one. The temperature selection of -122°C is not
arbitrary but is related to the glass transition process. Noday et al. [43] have measured viscosity
values of 10 and 10" Pa-s at temperatures of -122.4 and -129.9°C, respectively (the
temperature at which the viscosity gets to a value of 10*? P-s is one common definition of glass

transition). DSC studies indicate an intermediate glass transition temperature of -123°C [43].
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Figure 5.2: The key thermal histories used in the current study and the corresponding principle
stress for the case of uncontained CPA (Case A): (a) the thermal history imposed on the external
boundary (Fig. 1), where the modified protocol includes an annealing stage; and (b) the
corresponding principle stress at the center of the domain, subject to data shifted in time such
that both data sets have a common onset of rewarming in stage R5—the stage in which
maximum stress is found [7].
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In order to investigate the effects of each parameter of the modified case, the different
stages are methodically varied from the above nominal values. For the four cooling/rewarming
stages (R1, Rs, Rs, and Rg), four rate variations are further investigated, having slopes of either
one fourth, one half, twice, or quadruple the above nominal values. For the annealing stage (R»),
four hold temperature variations are studied, at +4°C, +2°C, -2°C, and -4°C of the nominal value
listed above. For the storage stage (R4), four additional storage temperatures are selected at
-140°C, -150°C, -160°C, and -170°C. Recall that the glass transition temperature for VS55 is
-123°C and any of the above storage temperatures can be conveniently achieved in the vapor
phase storage above liquid nitrogen (common practice in cryopreservation). Finally, the duration
of the temperature hold stages (R, and R4) was varied between the different cases to ensure
thermal equilibrium at the end of each respective stage. In practice, the material was assumed
thermally equilibrated when temperature non-uniformity of less than 0.1°C was achieved at each

respective case.

5.3 Results and Discussion

This study is theoretical by nature, encapsulating the underlying principles of thermo-
mechanical stress in viscoelastic materials, as they pertain to experimental observations collected
in previous studies. The current study does not include in vitro experiments, but is intended to
lay out a foundation for future design of in vitro investigations. Given the virtually endless
combinations of experimental variables and the cost of experimentations, such a systematic
approach to future studies is deemed essential. In a parallel study, polarized light and
photoelasticity principles are also explored to augment the design of such future investigations
[76]. With this approach in mind, the discussion below starts with thought experiments
explaining the key features of stress development in typical cryopreservation cases, and
gradually advances to more complex case studies, which may be studied experimentally in a

progressive manner.

5.3.1 Thought Experiments
The ideas presented in [67,68] are fundamental to the understanding of stress development
during cryopreservation via vitrification, so they will be adapted here to illustrate the effects of a

thermal protocol on thermal stress in a simple thought experiment. Consider a very long cylinder
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with temperature-independent material properties, initially at a uniform temperature. Starting at
room temperature, the boundary is cooled at a constant rate down to a storage temperature of
-196°C, held there for some period of time, and then rewarmed at a constant heating rate back to
room temperature. During cooling, a temperature gradient will develop, where the outside is
colder than the inside. At storage, this gradient will decay towards thermal equilibrium, while
during rewarming, the opposite temperature gradient will develop, with the outer surface warmer
than the inside. If the material would be an elastic solid throughout the process, then the outside
would undergo tension during cooling and correspondingly the inside would undergo
compression. With thermal equilibrium, the material would return to a stress-free state at the
storage temperature. Finally, from similar arguments, the outside would undergo compression
while the inside undergoes tension during rewarming. Through this thought experiment, the
stress state of the material is dependent only upon the instantaneous thermal gradient.

Consider another thought experiment where the viscosity of the material transitions
smoothly from a low viscous fluid at high temperatures to a highly viscous material at low
temperature, with such a high viscosity value that it can be considered solid for all practical
applications. Stress relaxation occurs so quickly at high temperatures that, despite the developing
temperature gradients during cooling, the material is initially cooled stress free. Further assume
that the temperature gradient in the material develops in the same manner during cooling,
whether the material behaves linear elastically or viscous. As the material approaches the storage
temperature, the vitrified material is stress free, has a thermal gradient built in, but now responds
elastically due to the low temperature. So, as the thermal gradient equilibrates, stresses build
with tension on the inside and compression on the outside. Thus, at storage temperature, the
material has a built in residual stress. This residual stress is equal in magnitude and opposite in
direction when compared to the stress that developed in the equivalent purely elastic body during
cooling. So, residual stresses left in the body at storage temperature are dependent on the thermal
gradient which formed during cooling, hence the current stress state is thermal-history
dependent. Finally, as the material rewarms, the inside undergoes additional tension on top of the
residual tension and the outside undergoes additional compression. These stresses then disappear
as the temperature becomes warm enough to allow for stress relaxation (as the material
transitions from elastic solid to viscous fluid). As described in [67,68], this additional tension at

the onset of rewarming, coupled with the fact that brittle materials such as glasses tend to fail due
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to tensile stress explains theoretically why CPAs are most likely to fracture at the onset of
rewarming, as seen empirically in [30,31,33-35].

In practice, many thermal protocols consist of two-stage cooling (fast then slow), storage,
and then two-stage rewarming (slow then fast). One can see why this approach may be effective
based on the stress history analysis above. Since gradients that form within the liquid phase have
no effect on stress, the cooling rate can initially be high; at lower temperatures, as the material
begins transitioning towards a more elastically dominated response, lower cooling rates are
beneficial because their smaller temperature gradients result in lower stresses at storage.
Additionally, the material reacts elastically at the initial stages of rewarming, so slow rewarming
is needed in order to reduce stress, but as the material transitions from elastic solid to viscous
fluid, faster warming will not lead to higher stresses. The initially high cooling rate and the
terminal high rewarming rate are required to suppress crystallization, when the viscosity is low.
Hence, high tendency to crystalize and high potential to significant thermal stress mostly reside
in complementary parts of the cryopreservation protocol. It is the transition between the different
regimes that is critical to the analysis in the current study.

These concepts are qualitatively illustrated in Fig. 5.3, where two infinite cylinders, having
the same thermal and mechanical properties are exposed to identical thermal histories. The
material that behaves linear elastically displays zero stress each time the temperature
equilibrates. The viscoelastic material (vitrified material) displays residual stress at cryogenic
storage, increased stress upon rewarming, and relaxation of stress at higher temperatures by
means of viscous flow.

Fractures tend to form in brittle materials due to maximum principal stress. The maximum
principal (also tensile) stress in the CPA in Case A (no container) always occurs in the axial
direction at the geometric center of the specimen. For this reason, all stress history plots for CPA
simulations in the current study are taken from that location unless specified otherwise. Finding
the location of maximum stress in Case B (with container) is somewhat more complicated as

described below.
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Figure 5.3: Qualitative results of a thought experiment subject to simplified boundary conditions
in Case A: (a) the expected thermal history at the center of the domain subject to imposed
temperature on the outer surface; and (b) the corresponding principle (also axial) stress at the
center of the domain for both an elastic and viscoelastic material models [7].
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5.3.2 CPA Simulations — Case A

Figure 5.2(b) displays the axial stress history at the center of the sample for both the
reference and modified thermal histories for Case A (no container). The stress due to the
reference boundary condition is consistent with the thought experiment described above (see Fig.
5.3). To summarize, there is zero stress state during cooling, residual tensile stress develops
during thermal equilibration at storage temperature, additional tensile stress at the onset of
rewarming, and stress relaxation as the sample transitions back into a viscous fluid. The
maximum stress due to the modified thermal history is somewhat lower and the stress history is
more complex: a “blip” in stress during annealing at R,, and compression during cooling in Rs.
These effects are explained below. The maximum stress in Fig. 5.2(b) is of the order of 1 MPa,
which is similar in magnitude to the stress-to-fracture in prior experimental investigations [65].
Results of other case studies below indicate even higher predicted stresses, which suggest

possible fracturing for the corresponding thermal histories.
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Figure 5.4: Maximum tensile stress for the in general Case A of the modified protocol (stress
relaxation stage included) for variable boundary conditions. In each special case, only one
parameter is varied at a time, while the maximum stress is always found in R5, qualitatively
consistent with Fig. 5.2 [7].



80

Figure 5.4 displays the maximum tensile stress for select boundary conditions and
additional numerical detail is summarized in table 5.2 including the cooling/warming rates, and
annealing temperatures. Sections R; and Rg occur exclusively at high temperatures, where
viscosity is low enough to allow for instantaneous stress relaxation. As a result, the cooling rate
in neither section has an appreciable effect on the maximum tensile stress, nor for that matter do
they have any appreciable effect on the stress state anywhere in the material. Empirical studies
have shown that neither of these sections have an appreciable effect on the likelihood to fracture
[30,31,33].

Table 5.2: Summary of thermal-history parameters and the resulting maximum stresses
resulting maximum stresses for the cases compared in Fig. 4.

Max

Protocol Stress
Section Description Label Value (MPa)
x0.25 1.25 0.893

Initial cooling XO.'S. 2:5 0.893

R1 rate (°C/min) Modified 5 0.890
X2 10 0.893

x4 20 0.893

+4 -118 0.924

Annealing +2 -120 0.914

R2 0 Modified -122 0.890
Temperature (°C) P Loa 0.858

-4 -126 0.835

x0.25 0.25 0.846

Final cooling rate XO.'5. 0.5 0.868

Rs (°C/min) Modified 1 0.890
X2 2 0.915

x4 4 0.933

x0.25 1.875 0.279

Initial rewarming XO.'5. 3.75 0.473

Rs rate (°C/min) Modified 75 0.890
X2 15 1.653

X4 30 2.508

x0.25 25 0.888

Final rewarming XO.'S. 50 0.888

Re rate (°C/min)  Modified 100 0.890
X2 200 0.892

x4 400 0.891

The maximum tensile stress is highly dependent on the rewarming rate in section Rs, as can



81

be seen in Fig. 5.4. At these low temperatures, the CPA is so viscous, that it acts like an elastic
solid. Thus, the stress due to Rs is directly dependent on the current thermal gradient. Faster
rewarming rates lead to higher tensile stresses and slower rates lead to lower stresses. By
reducing the rewarming rate in Rs to 25% of its reference value the additional stress at the onset
of rewarming can be reduced by 75%. Multiple studies [30,31,33] have noted that the likelihood
to fracture seems to be highly dependent on the rate of the initial rewarming—this effect is borne
out by the current model.
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Figure 5.5: Stress history for variable annealing temperatures (stage R2) in Case A. Datasets
have been shifted in time such that all have a common onset of rewarming in stage R5—the
stage in which maximum stress is found [7].

Temperature hold at a suitable level can noticeably reduce the maximum tensile stress. To
the best of the authors’ knowledge, this study pioneers the investigation of this effect in the
context of cryopreservation, while providing insight into the subtle role of the annealing
temperature. It is apparent from Figs. 5.4 and 5.5 that a lower annealing temperature leads to

lower maximum tensile stress. Also, a lower annealing temperature leads to higher compressive
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stresses during the R3 section. The change in stress associated with thermal equilibration at the
storage temperature is the same in all cases and depends upon the cooling rate R3; the response in
this stage is fully elastic. Maximum stress variation with the annealing temperature is associated
with how much stress arose when the temperature gradient first develops in Rs, with the stress
range being compressive in this process. If the hold stage is at a sufficiently low temperature,
the behavior is akin to the thought experiment for a fully elastic material: the material responds
predominantly elastically to the development of the thermal gradient in R; and equilibration at
storage largely reverses the stress, bringing the storage stress to zero. If the hold stage is at too
high temperature, when the viscosity is still relatively low, little stress accompanies the
development of the thermal gradient in Rz (equilibration produces tensile stress at storage like
the thought experiment for viscous material transitioning to solid). At intermediate hold
temperature level, some stresses arise with the development of the thermal gradient in Rz and
equilibration always producing the same increase in stress, which brings the storage stress to
intermediate levels.

Admittedly, lower annealing temperatures lead to slower stress relaxation and, thus, they
require longer stress relaxation times (seen in Fig. 5.5). An anneal temperature of -126°C seems
appropriate for a glass transition temperature of -129.9°C [43] (viscosity equals 10** Pa-s). This
requires a relatively long relaxation time of approximately one hour, while reducing the residual
stress at storage by 86% when compared to the reference case. In comparison, achieving a
similar reduction in stress merely by slowing the R3 cooling rate would require excessively slow
rates of about -0.25°C/min, elongating the cryopreservation protocol by 5 to 6 hours.

A limit appears to the extent in which the maximum stress can be reduced by lowering the
annealing temperature, when compared with the reference case. All the above scenarios presume
zero stresses at the commencement of Rs, which would be true only if the viscosity is still high
enough in R, that annealing can occur. Otherwise residual stress from temperature gradients
from the R; stage can further contribute to the residual stress at storage. To summarize, if a
temperature hold is to be beneficial, it must occur within a certain temperature range. At too high
temperatures (above, for example, -100°C), the stress relaxation occurs quickly enough during
R3 that residual stress at storage is unaffected by the annealing and is indistinguishable from the
stress state due to the reference boundary condition. If the hold temperature R, is too low,

relaxation is too slow and there is insufficient time to relax the stresses induced by equilibrating
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the temperature gradient from Rj; the stress at storage can be as high as if the cooling were
performed entirely at the high rate R; down to storage. Ideally, the anneal takes place at an
intermediate temperature that results in low residual stress following a relatively short
temperature-hold time.

Note that the stresses prior to equilibration at the storage temperature are tensile at the
exterior of the specimen, which can potentially exceed the strength of the material and induce
cracking (glassy materials tend to fail due to tension). Hence, an upper limit to R3 cooling rate
exists beyond which fractures would occur. Conversely, the maximum tensile stress during
rewarming occurs at the geometric center.

Generally speaking, the storage temperature in R4 has no effect on the maximum tensile
stress. However, this statement comes with one big caveat: the maximum tensile stress is only R4
independent if the thermal gradient is fully developed (i.e., the material is cooled at the exact
same cooling rate regardless of the spatial location) before the sample reaches the glass transition
temperature range. One could imagine a situation where R4 storage occurs at a high temperature
(such as R4 of -140°C) and Rs is fast enough that before the thermal gradient is fully developed
(i.e. before stress reaches its maximum), the material becomes warm enough that stress
relaxation begins. For example, this is exactly what happens when the Rs rewarming rate reaches
a value of 7.5°C/min. However, when using a slower Rs rewarming rate (such as
Rs=1.875°C/min, which also happens to minimize stress), the thermal gradient is fully developed
before the glass transition region for all R4 values tested, thus the maximum stress is completely
R4-independent.

The attention is now shifted to viscosity near glass transition. The logarithmic slope of the
viscosity with temperature is similar for all three solutions analyzed [43], where the primary
difference between the datasets is in a temperature shift corresponding to the different glass
transition temperatures. Hence, the maximum tensile stress for all three viscosity functions is
essentially the same as long as the annealing temperature is also shifted accordingly (-8.2°C for
DMSO and +2.73°C for DP6). While the material properties for the different solutions may vary
[1-4,37,39,42], unlike the simplified assumption in the current analysis, the thermal protocol
strategy to minimize stress would still work in all cases as long as the R, annealing temperature

is shifted appropriately.
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5.3.3 Simulations for CPA and Container — Case B

Case B models stresses that develop in many realistic cryopreservation protocols, such as
in a recent cryomacroscopy study [6]. Here, the top surface is assumed to be thermally insulated,
which is consistent with negligible heat transfer rate from the CPA upper surface to an air gap
above it. This assumption corresponds to free convection above the CPA as opposed to high
forced convection of the outer walls. The stress history in the CPA within the container
essentially follows the same process as in Case A, with an additional effect resulting from the
mechanical interaction between the container and the solution after it has entered into the elastic-

dominant state, as schematically displayed in Fig. 5.6.

2|\||\\\|||\\|||\\|\||\\\|||\\||

Rewarming/
Stress 1

Stress, MPa

Property
Mismatch -
Stress

| | | | I i

L R RO R ¢ R R:! R ,
1 2 : 451 6

1 Il 1 1 | Il Il ' Il 1 | 1 1 Il Il ‘ 11 1 Il | Il I| Il 1 | 1 Il Il Il Il 11 1 Il ‘ Il 11 i

0 1000 2000 3000 4000 5000 6000 7000

Time, s

Figure 5.6: stress history for CPA within a container with the three stress components clearly
labeled. The stress history was chosen so as to make each component clearly visible. Also, note
how the stress relaxation in R2 is slower when compared to the stress relaxation for a CPA
without a container [7].

The CPA and the container tend to contract at different rates consistent with their thermal
expansion coefficient values, with the CPA tending to contract more. Due to continuity in

displacement at the CPA-container interface, the container prohibits the CPA from contracting as
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much as unconstrained contraction would yield (Case A), and so the entire CPA domain goes
into a state of tensile stress. This effect may intensify the overall tensile stress that would
otherwise develop in the absence of a container.

One strategy to minimize the added stress imposed by the container is to reduce its ability
to restrain the CPA. A container with a lower Young’s modulus or a thinner wall is more
compliant, and thus less able to constrain the solution against thermal contraction. A different
strategy could be to select a container material with thermal expansion coefficient closer to that
of the CPA and, thereby, lower the thermal strain difference between CPA and container. While
all of these approaches could reduce the maximum tensile stress in the CPA, the current
investigation is focused on the thermal boundary conditions, and so the strategy adopted here is
to vary the boundary conditions instead of modifying the material properties or geometry. For
example, minimizing the differential thermal strain between the two materials by elevating the
storage temperature reduces the stress level.

The location of maximum stress in Case A was always at the geometric center due to
symmetric boundary conditions. Due to asymmetric wall effects and thermal boundary
conditions in Case B, the location of the maximum stress is now shifted off center. The location
of the maximum stress was found in one of two locations, depending on the thermal boundary
condition (see Fig. 5.1). When the stress due to differential thermal strain dominates, the
maximum stress is found where the base is connected to the wall. Alternatively, when the stress
due to thermal gradients (i.e. residual stress at storage and additional stress upon rewarming) are
more significant, then the location of maximum stress will be offset down and to the right from
the geometric center. Fig. 5.7 displays the differences between the stress histories at these two
locations. Using Fig. 5.6 as a guide, one can clearly see the distinct stress modes in Fig. 5.7(a),
while only the stresses due to differential thermal strain are visible near the container wall as
shown in Fig. 5.7(b).

Comparing the results displayed in Fig. 5.7 with those displayed in Figs. 5.4 and 5.6 it can
be concluded that, due to the restraining effects of the container, the rate of stress relaxation in
Case B is significantly slower than in Case A. This means that annealing times at R, for a given
temperature take significantly longer than for CPA without a container (over 100 min vs.
approximately 13 min at -120°C for the particular container properties and geometry used in the

current study). Even partial annealing can reduce the maximum residual tensile stress, as long as
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the portion of stress in R, which did not relax is smaller than the residual stress that would be
generated due to the thermal gradients in R3. However, this significantly slower annealing time
makes the benefits of annealing more ambiguous and dependent upon the particular system

geometry, container material, and cryopreservation protocol.
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Figure 5.7: (a) Stress history at the location offset from the center for the R4 variations, and (b)
stress history at the bottom right corner for the R4 variations; see og in Fig. 5.1 [7].
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5.4 Summary and Conclusion

Investigating the effects of the thermal history on the resulting mechanical stress has been
the subject of several previous studies and is a staple of efforts to cryopreserve large-size
samples. The current study focused on annealing effects, subject to varying thermal history
parameters, such as the rate of cooling, rewarming, and storage temperature. Several independent
empirical studies have reported on fractures in cryopreserved materials, subject to mechanical
stress levels similar to those simulated in the current study. Consequently, empirical studies have
suggested that the likelihood to fracture is strongly dependent upon the cooling rate when
approaching cryogenic storage (Rs3) and the subsequent initial rewarming rate (Rs). The current
study provided explanations for those previous observations and further insight into the affecting
mechanisms. This study theoretically investigated—for the first time—the effects of annealing,
and how it can reduce stress while minimizing its dependence on the cooling rate.

Theoretical results suggest that the residual tensile stress at storage can be reduced by 86%
compared with the reference by using low temperature annealing, and that additional stress upon
the onset of rewarming can be reduced by 75% by using a slower rewarming rate. Additionally,
it was shown that provided that the thermal gradients are fully developed before crossing the
glass transition region, the maximum tensile stress is independent of the storage temperature.
Finally, it was shown that for the three CPA solutions where viscosity data exists, the viscosity
value is not particularly important as long as the annealing temperature is appropriately shifted
with respect to the glass transition temperature.

Some of the mechanical effects present in CPA within a container were elucidated in this
study. Firstly, it was shown that stresses due to thermal gradients are controlled by the initial
rewarming rate (Rs) and by either the annealing time and temperature (R,) or the cooling rate
(R3). Additionally, it was demonstrated that stresses due to differential thermal strain between
CPA and container are dependent on the storage temperature. Also, the parameters that affect the
location of maximum stress for CPA within a container were discussed, while the restraining
effects of the container on the rate of stress relaxation were investigated. Based on these
observations, the authors suggest the following guidelines when developing a cryopreservation
thermal protocol: (i) use a container that is as compliant as possible, such as an FEP bag; (ii) if

this is not practical, storage temperature should be as high as possible (though still below the
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glass transition region); (iii) an annealing stage appears to be a better way of lowering residual
stress than using slow cooling rates with a compliant container, but slow cooling rates may be
more effective for cryopreservation within a rigid container; (iv) annealing significantly reduces
stress when carried out at a few degrees above glass transition; (v) stresses are highly dependent
upon the initial rewarming rate, with very slow rewarming up to an intermediate temperature
drastically lowering maximum tensile stress; and, (vi) thermo-mechanical analyses of specific
container geometry and materials can be used as an effective tool to further reduce the likelihood
to structural damage during cryopreservation.

While the critical stress threshold below which fractures will not form may be difficult to
evaluate, by learning which boundary conditions minimize stress and what the most significant
driving forces are, it is plausible to design more effective thermal protocols for the benefit of

cryopreservation practice

5.5 Effect of Container on Annealing Time
When this article was published, the precise
method by which the container affects the
annealing time was not fully understood. In
[104], George Scherer analyzes the thermal stress

in a sandwich seal composite, which consists of a

panel of elastic material, sandwiched between

two panels of a glassy material and are shown

Figure 5.8: Schematic illustration of
schematically in Fig 5.8. The details of the stress  sandwich seal composite

solution and its derivation are well outside the scope of this section. One very important equation

is the stiffness ratio, n:

_Zb EG 1_VE
al-v; Eg

n (5.5)

The stress relaxation time constant, t, is proportional to the stiffness ratio, n. This means that as
the stiffness ratio increases, the stresses in the system take longer to relax and vice versa. Since
the Young’s modulus of the elastic part of the sandwich seal is in the denominator, this means
that stiffer elastic components lead to faster relaxation times. When n is small, the glassy parts

are sustaining most of the stress and strain. Based on Eq. (5.2), the high stress will lead to high
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viscous strain rate, which will speed up the relaxation time. On the other hand, when n is small,
the elastic parts will be undergoing the majority of stress and strain, then there is very little
driving force for viscous strain and the relaxation times will be very slow.

The example of CPA within a container obviously has some very different characteristics
than the sandwich seal and Eq. 5.5 probably cannot accurately describe the relaxation time
constant. However, the basic idea of how stiffness ratio between the glassy and elastic parts will
affect relaxation time constant should still hold. This hypothesis was tested by using the same
model as in case B of the annealing study. The thermal protocol was simplified so that it was just
a single cooling rate followed by a hold at -120°C.

The CPA is initially stress free, then it undergoes tensile stress at its center as the temperature
gradient flattens at the beginning of the hold. As the hold continues, the stress relaxes toward
zero. The elastic modulus of the container was varied from 0.8625 GPa to 13.8 GPa to
investigate its effects on the relaxation rate. As shown in Fig. 5.9, stiffer containers initially lead
to higher stresses as the thermal gradient equilibrates. However, the stiffer containers also lead to
faster stress relaxation, and if allowed to relax long enough, can actually lead to lower stress
[104]. It is generally assumed that mechanical stress is reduced by using a more compliant
container. This is often the case, but there are definitely instances, especially when employing

annealing, when a stiffer container may actually help to reduce stress as shown in this simple

analysis.
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Chapter 6: Photoelastic Analysis

The cryomacroscope is a proprietary device invented at the Biothermal Technology
Laboratory for the in situ visualization of physical events in large-scale cryopreservation
[6,34,49,65,77,116,117]. The current study provides insight into thermo-mechanical effects in
scanning-cryomacroscopy experiments [6], as they pertain to polarized light and photoelasticity
effects [116,117]. Feig and Rabin [76,116,117] designed and constructed a scanning
cryomacroscope that integrates polarized light means with two primary objectives: to enhance
the visualization of physical effects associated with the Kkinetics of crystallization, and to provide
means for photoelasticity investigation. From the wide range of effects demonstrated previously
[116,117], this chapter focuses on interpretation of thermo-mechanical stress associated with

visualized photoelasticity.

6.1 History of the Cryomacroscope

At the cellular level, visualization of cryoprotocols is commonly done with the
cryomicroscope [15,77-79,105-107]. In cryomicroscopy, representative micro-slices are exposed
to conditions similar to those that would prevail in a large-scale specimen at selected points, such
that a complete picture of the process can be piecewise-assembled. Due to the large differences
in surface-area-to-volume ratio, thin samples may behave conceptually different than bulk
volumes under the same conditions. As a part of an ongoing effort to develop means for
cryopreservation of bulky specimens and organs, an early device prototype was developed to
visualize macro-scale physical events [49], which we termed the cryomacroscope. In
cryomacroscopy, the large-scale specimen is analyzed as a whole—in situ. The applications of
cryomicroscopy and cryomacroscopy are considered complementary, as observations made by
both applications may be useful to develop scale-up cryopreservation techniques.

The evolution of cryomacroscopy has resulted in four prototypes for various applications.
The first generation prototype (Cryomacroscope I) was developed to study vitrification in a 15
mL vial, using a dedicated passive cooling mechanism, where physical events were VHS
recorded with a monochrome CCD camera [49,108] Results obtained with Cryomacroscope |
demonstrated—for the first time—that micro-fractures in the glassy state may serve as nucleation
sites during the rewarming phase of the cryopreservation protocol. Furthermore, this device was

demonstrated as a critical tool for the investigation of mechanical stresses induced by the
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contraction of the container walls [34]. Additional investigations with Cryomacroscope | were
focused on correlating physical events of crystallization and fracture formation with functional
recovery of blood vessels [58,81].

Cryomacroscope Il was developed to study solid-mechanics effects in thin films [65]. This
device was designed to measure the yield strain (strain to fracture), the repeatability of fracturing
events, patterns of fracture formation, and the potential effect of tissue specimens on stress
concentrations in a large vitrified domain [109]. Unlike Cryomacroscope | which was used to
study representative common cryopreservation protocols, Cryomacroscope Il was designed
specifically to investigate solid mechanics effects and improve modeling. The thin-film model
was chosen due to its simplicity in solid mechanics analyses.

Cryomacroscope 11l has been recently presented to investigate physical events associated
with vitrification in the presence of synthetic ice modulators (SIMs) [77]. The main improvement
in Cryomacroscope Il is that it has been redesigned as an add-on to a commercially available
top-loading controlled-rate cooler, thereby improving its potential dissemination for the benefit
of the cryobiology community. This device further benefits from an improved high-speed color
camera and illumination via fiber optics. Another significant development is a computer code for
process control and post-processing of experimental data, with a single digital movie as the
Cryomacroscope Il end product. Results obtained with this device indicate improved
suppression of crystallization with the application of SIMs and unexpected phenomenon of
solutes precipitation during rewarming [77].

While Cryomacroscopes I-111 are designed to visualize physical events with a stationary
camera in a similar arrangement to the cryomicroscope setup (top-down viewing),
Cryomacroscope 1V is designed for vertical scanning of samples larger than the field of view of
the camera, using a computer-controlled stepper motor and a carriage system. Cryomacroscope
IV is design as an add-on unit for commercially available, top-loading, controlled-rate cooling
chambers. These scanning capabilities enable cryopreservation investigations on a wide range of
specimen configurations, containers, and commonly practiced thermal protocols. This setup

serves as the platform for development of polarized-light cryomacroscopy in the current study.
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6.2 Introduction to Photoelasticity

The history of light polarization began with the discovery of double refraction by Erasmus
Bartholinus in 1669 [110]. Visualization of stresses in transparent amorphous materials using
polarized light was first documented in 1815 by Brewster [111,112] and is commonly referred to
as photoelasticity [113]. The physical principles of light, optics, and their role in photoelasticity
have been well documented in the literature over the past two centuries and are addressed herein
in brief only, for the completeness of experimental-setup presentation.

When two similar polarization filters are placed on a common axis parallel to one another
in an orthogonal polarization orientation, any light ray pointing in the same direction through the
filters couple will be blocked. The filter closer to the light source is commonly referred to as the
polarizer and the other filter is commonly referred to as the analyzer or decoder. Any object
placed in between the two filters may refract the propagating light, which may cause some of it
to pass through the analyzer. It is this refraction effect that may enhance visualization, even from
small objects that otherwise could not have been seen using the same available optics. In the
context of microscopy and cryobiology for example, Luyet [82] used polarized light to better
view intermixed frozen and glassy regions in cells, whereas Menz and Luyet [106] enhanced the
appearance of fractured surfaces at the cellular level.

Photoelasticity is a whole-field, graphic stress-analysis method based on an optical-
mechanical property called birefringence which is possessed by many transparent media [113].
When a photoelastic specimen is placed between the polarizer and analyzer, fringe patterns are
exhibited, related to the difference between the principal stresses. For “dark-field”
photoelasticity, as used in this study, any unstressed area will appear dark as all the light will be
blocked by the orthogonally oriented filters. Areas of relatively higher stress will brighten due to
the increase in light refraction from increased mechanical stress. The increasing stress may
refract the light through the entire visible spectrum, and even create a spectrum-repetition pattern
when the stress range is very high [113]. An experimenter may estimate the magnitude of the
stress by quantifying the light spectra, but this process requires some a priori knowledge about
the field of stress for calibration purposes.

The current study combines for the first time polarized light with cryomacroscopy, using
Cryomacroscope IV as a development platform. Polarized light is used for visualization

enhancement as well as for demonstration of photoelasticity effects, as they pertain to the study
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of cryobiology. In particular, the current study builds upon recent studies by the authors [6,77],

where polarized light is now replacing non-polarized light.

6.3 Experimental Apparatus

Since Cryomacroscope IV [6] serves as the platform for developing polarized
cryomacroscopy, the cryomacroscope is presented here in brief only for the completeness of
presentation, while emphasis is given to the currently added polarization setup. With reference to
Fig. 6.1, due to the harsh environment surrounding the sample, all electronic components and
mechanisms are placed externally to the cooling chamber. Light is delivered by various fiber-
optics bundles, while the image of the specimen is delivered by means of a borescope (Hawkeye
HH2992, Gradient Lens Corporation, Inc., NY, USA). The cryomacroscope comprises of the
following key elements:

(i) A commercial cooling chamber and controller (Kryo 10-16 controlled by Kryo 10-20,
Planer PLC, UK).

(i) A cryogenic stage placed within the cooling chamber, Fig. 6.2. This unit is essentially the
experimentation platform, which has been modified for the purpose of the current study
and is described in more detail below.

(iii) A high-speed, light-sensitive, CCD camera (Grasshopper, Point Grey Research, Inc., BC,
Canada), connected to the external end of the borescope.

(iv) A stepper motor and a controller (AMH-22 controlled with DCB-274, Advanced Micro
Systems, Inc., VT, USA) to facilitate vertical scanning by the camera and borescope.

(v) A T-type thermocouples array for monitoring the thermal history, attached to a data
acquisition system (OMB-DAQ-56, Omega Engineering, Inc., controlled by
DagView™).

(vi) An LED light source and fiber-optics bundles to provide diffuse illumination onto the
sample (End Glow 5/16” cables illuminated with Photon-Lite, FO Products, Inc.).

(vii) A polarized-light source, a dedicated fiber-optics bundle, a mirror, and filters, to provide
polarized-light conditions as described below.

(viii) A proprietary cryomacroscope control code (C*) to control the various cryomacroscope
components, real-time monitoring of images and temperatures, data streamlining, and

post-processing to create a digital movie with time and temperature data overlaid.
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Figure 6.1: Schematic illustration of the Cryomacroscope 1V assembly incorporating polarized-
light illumination. A personal computer is used for hardware control, data acquisition, and post-

processing [116].

Figure 6.2 displays the modified cryomacroscope stage and its components. While different
transparent containers and vials can contain the specimen, the current study uses a cuvette due to
its superior optical properties and minimal specimen distortion. Two cuvette materials have been
tested: a disposable polystyrene cuvette (Plastibrand, BRAND GMBH + CO KG, Germany) and
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a quartz cuvette for cryogenic temperatures (NSG Precision Cells Inc.). While the polystyrene
cuvette was found to be inexpensive and of acceptable optical clarity in non-polarized-light
conditions [6], residual stresses and photoelastic effects prohibited its use in polarized-light
conditions. While the quartz cuvette was found to be superior for photoelastic investigation, it is
much more expensive and far more susceptible to structural failure when fractures form in the
CPA domain. The quartz and polystyrene cuvettes are of the same dimensions (12.5 mm x 12.5
mm x 45 mm) and preserve continuity in data analysis with previous studies [6].

The cryogenic stage is designed to alternate between non-polarized light and polarized light
on demand. With reference to Fig. 6.2(a), the non-polarized light is directed perpendicular to the
field of view, which was found to best enhance effects such as fractures and crystallization. The
fiber-optics spreader has been designed and 3D-printed (ABS) for illumination at 45° to the
cuvette surface, in order to further prevent reflections from the cuvette outer surfaces.

To facilitate the polarized-light investigation, light was delivered from an external halogen-
light source (150W at 3200K, Thorlabs Inc.), through a high-quality fiber-optics bundle (91 cm
in length, 6.4 mm in diameter; Core Fiber Bundle, Thorlabs Inc.) to an aluminum housing of a
silver-coated, beam-turning mirror (97.5% reflectivity, Thorlabs Inc.). The mirror directs the
light perpendicular to polarizer (50 mm in diameter), illuminating the cuvette in the direction of
the red-dashed arrows in Fig. 6.2(b). An analyzer (12.5 mm in diameter) has been retrofitted to
the tip of the borescope by means of a 3D-printed (ABS) housing. Note that the borescope setup
includes an internal 45° mirror to reflect the polarized light into the axial direction of the
borescope. Both polarizer and decoder are made of a 0.3 mm-thick dichroic polarizing film sheet
(>99% efficiency, Thorlabs Inc.), sandwiched between two protective glass windows. Each
window has an antireflective coating which is optimized for the visible spectrum of 400 nm to
700 nm.
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6.3.1 Polarized-light Protocol

Prior to experimentation, the rotational orientation of the polarizer and analyzer are set
perpendicular to one another. In practice, this is achieved by rotating the polarizer in its housing
until the illuminated image under investigation appears dark. Next, the brightness dial on the
halogen-light source is set in the range of 0 to 11, which corresponds to a power range of 0 to
150 W, respectively. Maintaining repeatable illumination power is critical for a comparative
study of visualization effects under similar conditions. While the highest brightness level may be
optimal for detecting the onset of crystallization and early stress formation, the increasing stress
may cause saturation to the CCD sensors, leading to blurring and low definition between
repeated color spectra created by photoelasticity. At the extreme, this artifact may lead to a
complete white image preventing any discernible observations. For the current combination of
CCD camera, polarizer, decoder, and optical components, a power range of 4 to 7 was found
effective (55 to 95 W, respectively). Analysis of captured images outside of this range led to
inconclusive observations, either too dark or too bright, respectively. In the current study, a
power setting of 4 (55 W) was found most efficient to visualize photoelasticity effects below
glass transition. Furthermore, a power setting of 7 (95 W) was chosen for experiments when

early stress development and the onset of crystallization were investigated.

6.4 Analysis of previously unknown phenomenon

Understanding the following section requires a little bit of knowledge about the structure of
glasses, so the next two paragraphs will take a slight detour in order to explain the relevant
issues. For a more exhaustive explanation, see [104]. As described by Tool [83] and refined by
Narayanaswamy [84], certain properties of a glassy material such as thermal strain and enthalpy
have temperature dependent derivatives composed of a glassy (time independent) component and
a structural (time dependent) component. Analogous to a step change in the strain for a Maxwell
fluid, a step change in temperature for a glassy material causes an instantaneous (glassy)
response as well as a transient (structural) response. The amount of time required for the
structural response to achieve structural equilibrium is characterized by the structural relaxation
time constant.

As temperature decreases, the structural relaxation time constant increases, meaning that it

takes longer for the material to achieve structural equilibrium. A property known as Fictive
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Temperature is the temperature the material would have to be at, while in structural equilibrium,
to have the same structure as the material at its current temperature. At high temperatures, the
material is in structural equilibrium and the fictive temperature equals the actual temperature. As
it cools, and the structural relaxation time constant becomes slower, the material deviates from
structural equilibrium and the fictive temperature falls behind the actual temperature. Once the
material is cold enough that the structural relaxation time constant is effectively infinite, the
fictive temperature cannot go any lower despite possible additional cooling (this is one definition
of the glass transition temperature). Just as actual temperature gradients can cause mechanical
stress, fictive temperature gradients (through material property gradients) have also been known
to cause mechanical stress [104].

Figure 6.3 displays a sequence of photoelastic images of the CPA within a container as it
rewarms. The thermal history of the free stream thermocouple is presented in Fig. 6.3(f); the
power setting of the polarized-light source is 65 W. In Fig. 6.3(a), the material is highly stressed
relative to the later images in Fig. 6.3(b) — 6.3(d) as evidenced by the comparatively bright
regions. This stress is mostly due to the thermal strain mismatch between the quartz cuvette and
the vitrified CPA. The temperature at the walls is in the proximity of the glass transition
temperature for 7.05 M DMSO [85]. In Fig. 6.3(b), the domain is at a higher temperature than in
Fig. 6.3(a), this has lessened the thermal strain mismatch, and is clearly visible from the reduced
intensity of the brightness, particularly in the center of the CPA domain. The temperature at the
walls is just above the glass transition temperature, allowing the material to relax as shown by
the dark front starting at the walls moving inward; this is expected for external warming in our
chamber.

As the material continues to warm, the material near the wall re-brightens (Fig. 6.3(c)),
then that brightness moves toward the center (Fig. 6.3(d)) until the entire domain darkens when
the material is finally warm enough to undergo significant stress relaxation (Fig. 6.3(e)).
Assuming constant thermal and mechanical properties, one would expect the stress in the
material to be decreasing everywhere in the domain during rewarming due to the reduced
thermal strain mismatch. To the best of the authors’ knowledge, this re-brightening at the walls
which then moves towards the center of the domain has not been viewed before in the context of
cryopreservation, and its cause is currently unknown. What follows is one plausible explanation

based on the ideas of fictive temperature as described above.
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For a constant cooling/rewarming rate, the effect of structural relaxation can be thought of
as causing a non-linear thermal strain curve as shown in Fig. 6.3(g). The slope of this curve,
known as the coefficient of thermal expansion, transitions from a high value, oy, to a low value,
ag, during the glass transition process and is equivalent to a change in the fictive temperature
gradient. This change in the coefficient of thermal expansion causes the material to experience a
jump in its stress value as it goes through glass transition even though the thermal gradient
remains unchanged. This effect has been well documented within the glasses literature [83,84];
however, to the best of the authors’ knowledge, it has never been observed, measured, or even
discussed within the cryobiology literature.

Based on this understanding of structural relaxation in glassy materials and how they can
affect stress, the following hypothesis is proposed to explain the “re-brightening” in
Figs. 6.3(c) and 6.3(d). There are two issues effecting stress (and thus the brightness of the
image) in Fig. 6.3. Firstly, as the material warms the thermal strain mismatch between the CPA
and the cuvette decreases, thus decreasing stress (and dimming the image as visible in
Figs. 6.3(a) and 6.3(b)). Additionally, as the CPA goes through glass transition (beginning at the
walls and proceeding inwards), there is a change in the fictive temperature gradient,
accompanied by a change in coefficient of thermal expansion, which increases the stress
(brightening the image in Figs. 6.3(c) and 6.3(d)) until the glass transition process is complete
and stress relaxation takes over and the image darkens again (Fig. 6.3(e)). During cooling,
stresses would be forming around glass transition both because of changes in fictive temperature
gradient and thermal expansion mismatch between the CPA and cuvette, thus it would be
difficult to differentiate between the two. However, during rewarming, stress due to thermal
expansion mismatch would be decreasing while stress due to fictive temperature gradients would
be increasing; this could potentially allow somebody to isolate the effects of the fictive

temperature gradient.

6.5 Experimental Investigation of Annealing
A study investigating the effects of annealing via FEA was presented in chapter 5 and has
previously been published [7]. Here, photoelasticity is used to experimentally validate that study.

Figure 6.4 displays annealing effects by means of photoelasticity in 7.05 M DMSO subject to
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illumination power of 95 W. This CPA type and concentration have been selected for
investigation due to superior glass forming ability and the low critical cooling rate to form glass
of 2.5°C/min [86]. DMSO at this concentration is very toxic and cannot be used for practical
cryopreservation applications. However, 7.05 M DMSO has been identified as a preferred
reference solution to study thermal stress in cryopreservation [37]. An intermediate hold
temperature at -125°C was selected for this experiment based on FEA [7], which is about 5°C
above the glass transition temperature as measured by DSC (T in the range of -130°C to -132°C
[37,85]).

The cavity formed at the center of the CPA-air interface shown in Fig. 6 is the result of
differential contraction [6], as the spatially distributed temperature field is cooled at a close-to-
uniform rate of 20°C/min throughout most of the initial cooling phase, Fig. 6.4(e). Figure 6.4(a)
displays the photoelastic effect in the specimen at the onset of the intermediate temperature hold,
implying stresses first forming closer to the outer walls. Figures 6.4(b) — 6.4(d) display how the
stress magnitude increases with time up to about 90 seconds from the beginning of the
temperature-hold phase, and anneal away thereafter. The domain was considered annealed when
there was no stress visible in the real-time image, and when the intensity of a screenshot image
closely resembled the original intensity before stresses start to develop at the onset of the
temperature-hold, with the comparison of Figs. 6.4(a) and 6.4(d) as examples. The annealing
process in this protocol took approximately 5 minutes.

Figure 6.5 compares the stress field at storage in a sample of 7.05 M DMSO for a protocol
that includes annealing against one that does not. Again, an intermediate hold-temperature at -
125°C was selected for this experiment. In the experiment presented in this section the saturation
properties of the camera are altered at the beginning of the experiment to enable a gray scale
image, opposed to the color images which were presented before. The purpose of the gray scale
image is to enable intensity analysis without having the loss of information when converting a

colored image to a gray scale format.
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Figure 6.4: Representative images showing the
process of stress build-up and subsequent annealing
in 7.05 M DMSO at 95 W, with an intermediate
temperature-hold of -125°C, which is 5°C above the
glass transition temperature: (a) stress starts to build
up at the beginning of the temperature-hold period,
with the highest level appearing at the walls; (b) the
stress level continues to increase with its maximum
value propagating inwards towards the cavity; (c) the
maximum stress was observed approximately 90
seconds after the beginning of the temperature-hold
time; (d) significant decrease in stress at the end of
the annealing process about 5 minutes after starting,
displaying a brightness level comparable with the
image presented in (a); and (e) thermal history of the
free stream thermocouple [116].
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Figure 6.5: Scanning cryomacroscope images of photoelasticity effects in the study of
annealing on 7.05M DMSO: (a) experiment #7 showing the beginning of annealing at -125°C
with a polarized-light source power of 100 W; (b) stress-relaxed sample at the end of the
temperature-hold stage in experiment #7; (c) the stress field in experiment #7 at 7°C below
the glass transition temperature as measured by the free stream thermocouple, using a
polarized-light source power of 45 W; (e) the stress field in experiment #8 at 7°C below the
glass transition temperature as measured by the free stream thermocouple, using the same
cooling protocol and illumination settings as in experiment #7 but in the absence of an

annealing stage [117].

Figure 6.5(a) presents the onset of annealing where stress initially increases as the thermal

gradient flattens as previously. Due to the viscoelastic nature of the CPA at this temperature,

stress will relax away over time as indicated by an absence of localized bright regions in the

image and as represented in Fig. 6.5(b). After annealing, any stress in the CPA at storage will

then mostly be due to thermal strain mismatch between the CPA and cuvette instead of residual

stress from thermal gradients. Figures 6.5(a) and 6.5(b) were captured when the polarized-light

source was set to a power of 100 W to enable detection of stresses early in the viscoelastic

regime.

Figures 6.5(c) and 6.5(d) display the stress in the vitrified material at 7°C below the glass

transition temperature (as measured by the free stream thermocouple) for thermal protocols with
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and without annealing respectively. These images are captured at a polarized light power setting
of 45 W to avoid the potential for any saturation of the CCD sensors, and to promote the ability
to detect any discrepancies in brightness between the two experiments (annealed vs. non-
annealed). From visual inspection, the stress in the annealed CPA appears to be lower (based on
image brightness) than in the non-annealed CPA, despite the fact that the temperature fields are
essentially equivalent for the two protocols, as shown in Figs. 6.6(c) and 6.6(d) respectively.
This implies that any excessive stress is not due to differences in thermal expansion mismatch
between the two experiments. The thermal histories of the two cryoprotocols shown in Figs.
6.5(c) and 6.5(d) as recorded by free stream thermocouples are presented in Figs. 6.6(a) and

6.6(b) respectively.
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Figure 6.6: Thermal history of the experiments displayed in Fig. 8: (a) free stream
thermocouple data from experiment #7 (with annealing at -125°C); (b) free stream
thermocouple data from experiment #8 (no annealing); (c) ANSYS simulation results
showing the temperature field at the center of the CPA from experiment #7 when the outer
surface of the specimen reaches a temperature of 7°C below the glass transition temperature
at 1200 seconds (corresponding to Fig. 8(c)); (d) ANSYS simulation results showing the
temperature field at the center of the CPA from experiment #8 when the outer surface of the
specimen reaches a temperature of 7°C below the glass transition temperature at 577 seconds
(corresponding to Fig. 8(d)) [117].
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The authors analyzed thermal stress in a vitrifying CPA within a rigid container via FEA
[7]. While annealing could not reduce stress due to material property mismatch, it could reduce
the residual stress due to thermal gradients. The experimental photoelastic results displayed in
this section agrees with the analysis performed in [7], and indicates that proper annealing can be
an effective strategy for minimizing residual stress during cryopreservation. To the best of our
knowledge, this is the first time that structural annealing has been visualized in the context of

cryopreservation by vitrification.

6.6 Summary of Photoelastic experiments

Polarized light was incorporated into the cryomacroscope device. It was used for (a) aiding
in detection of crystallization, (b) identifying contaminants and (c) visualizing the stress field via
photoelasticity, but in this chapter, the focus is on the analysis of photoelasticity. This allowed
the authors to visualize the stress field in real time of an ongoing cryopreservation protocol.
Using this method, the authors were able to identify a previously unseen phenomenon in the
context of cryobiology involving increased stress during rewarming as the CPA traverses the
glass transition temperature range. It is hypothesized in the current study that mechanical stress
is dominated by fictive temperature gradients. Finally, photoelasticity, coupled with thermal FEA
and image processing software was used to analyze annealing in-situ, and compare its
effectiveness with a non-annealing protocol. These results qualitatively confirm the effects of
annealing from the coupled thermal-structural FEA results presented in chapter 5.
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Chapter 7: Volumetric Rewarming in Cryopreservation

This chapter expands upon a recently published paper [7] to included ferromagnetic
nanoparticles heating in an oscillating magnetic field [118]. This work has been performed in
collaboration with Dr. John Bischof and his research team at the Bioheat and Mass Transfer

Laboratory at the University of Minnesota.

7.1 Volumetric warming techniques—background

In effort to implement a successful cryopreservation via vitrification protocol, designing
the rewarming phase represents key challenges [13]. Firstly, the critical warming rate (i.e. the
rate necessary to suppress crystallization) is about an order of magnitude faster than the critical
cooling rate [87]. For example, the critical cooling and warming rates for VVS55 are 2.5 and 50
°C/min respectively [70]. This means that without extremely rapid warming throughout the
domain, the risk for rewarming phase crystallization is significant [88]. Since conventional
rewarming techniques are applied at the outer surface of the specimen, and thermal conductivity
of CPAs tend to be low (thermal conductivity of 7.05M DMSO is approximately 0.25 W/m-K
[114]) the achievable rewarming rate at the center of the domain decreases as the size of the
domain increases. Furthermore, under common rewarming protocols, there is additional
rewarming stress that builds on top of the residual stress [7,51] which makes fractures most
likely to occur during rewarming [31,32]. The need for high warming rates in order to suppress
rewarming phase crystallization leads to higher thermal gradients, and thus, higher mechanical
stress.

For the above reasons, a growing interest in rewarming means which can uniformly heat
the entire volume of a vitrified sample has developed. This can potentially enable rapid heating,
even at the center of a bulky specimen, to avoid rewarming phase crystallization without large
thermal gradients and the mechanical stress that they cause. Most of these attempts have centered
on using electromagnetic waves in the microwave frequency range (100’s of MHz to GHz)
[48,89-93]. However, the absorption properties of CPAs and tissues are frequency and
temperature dependent subject to a non-linear relationship which may lead to problems for
practical applications associated with field attenuation resulting in a skin depth for absorption,

and spatial variation of the dielectric properties [94—96]. When these difficulties are coupled with
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the positive feedback of temperature dependent absorptivity, hot spots may develop, which may
lead to thermal runaway (i.e. some areas are far too hot while others are still too cold) [94,96,97].

Etheridge et al. [88] at the University of Minnesota have recently advanced an alternative
rewarming modality. First, the tissue is perfused with magnetic nanoparticles in a CPA solution
(5-10 mg Fe/ml of Fe3O4 particles with a diameter of 10 + 2.5nm). Then electromagnetic waves
in the radio frequency rage (100°s of KHz) are used. Radiofrequency electromagnetic waves can
pass through tissues without any attenuation and with extremely high uniformity. Additionally,
the absorptivity has very little temperature dependence, so there is little concern for thermal
runaway, which is the aspect major challenge in microwave rewarming [88]. Ideally, uniform
nanoparticle distribution and perfect insulation on the surfaces would lead to uniform heating
which could prevent stress from continuing to develop during rewarming, although residual
stress developed during cooling is not affected by the proposed rewarming technique.
Unfortunately, reducing this concept to practice comes with great challenges. Based on the
viscoelastic model developed in Chapter 5, if there has to be non-uniform heating, it would be
better (from a mechanical stress standpoint) to engineer the thermal gradients so that the inside is
hotter than the outside, as opposed vice versa, which is generally the case for boundary heating.

At high temperatures, the CPA behaves as a low viscous fluid, while the tissue behaves
hyper-elastically; at low temperatures, both CPA and tissue can be approximated as having
linear-elastic behavior [7,51,67]. It has been shown in those studies that when dealing with a
standard cryopreservation protocol, which cools at the boundaries, and then rewarms at the
boundaries, the stress induced during rewarming builds in addition to the residual stress formed
at storage (see Section 5.3.1 for an in depth explanation). This explains why cryopreservation
protocols often employ two stage cooling followed by two stage warming, a protocol which has
been found experimentally. The slow cooling down to storage is designed to minimize residual
stress, while the slow warming out of storage is designed to minimize the additional rewarming
stress. Annealing can also be used to minimize residual stress, in which case, slow cooling is
unnecessary [7].

However, a simple change to the thermal protocol can radically alter this picture. If after
boundary cooling, the rewarming is done from the inside out, then the rewarming stress will act
in the opposite direction of the residual stress. Instead of trying to minimize both the residual

stress and the rewarming stress, the two effects can be balanced so that only the total maximum
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stress needs to be minimized. That is, excessive rewarming stress can be mitigated by using
higher residual stress induced by a higher cooling rate. By designing the nanoparticle rewarming
protocol so that the temperatures are highest at the center and coolest at the surface, it will be
possible to take advantage of this competition between rewarming stress and residual stress

instead of having to fight against the cooperation between rewarming stress and residual stress.

7.2 Mathematical Model

The FEA model used to analyze the effects of nanoparticle warming is similar to that from
Chapter 5 (plus the inclusion of volumetric warming) with dimensions similar to those used in
[88]. It consists of a 1ml, axisymmetric cylinder with a radius of 5mm (thus a height of
approximately 12.7mm). During cooling and storage, temperature boundary conditions are
imposed on its surface. During rewarming, the domain has both convection at its surface
(uniform on all surfaces), and uniform heat generation throughout the volume. Displacement
boundary conditions are imposed radially and axially at the bottom corner on the axis of
symmetry and axially at the bottom corner on the outer surface in order to preclude rigid body
motions.

First the thermal analysis is performed, then the temperature history is used as input for a
displacement analysis. Thus, coupling between the thermal problem and the solid mechanics
problem is unidirectional, where the thermal results affect the displacement, but the displacement
has no effect on the thermal analysis. The equation governing the thermal analysis is:

pC,T =V - (kVT) + q" (7.1)
T(R) = Ty (7.2)
q(R) = h(Tr — Tw) (7.3)

Equation 7.1 is the same as Eq. 5.1, except for the inclusion of g’”, which is the volumetric
heat generation term (only nonzero during warming). The boundary conditions are realized in
Egns 7.2 and 7.3 which are the temperature boundary condition during cooling, and the
convection boundary condition during warming respectively. The convection coefficient, h, is set
to 150 W/m?K, which is typical of forced convection. Equations 5.2-5.4 are used for the

displacement analysis.
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Figure 7.1: Specific heat capacity (left) and specific absorption rate (right) of VS55 combined
with 10 mg/ml of Fe3O4 Nanoparticles

The specific absorption rate (SAR) and specific heat capacity of the CPA cocktail, VS55,
were measured in [88]. These are shown in Fig. 7.1. The specific heat capacity ranges from
approximately 850-2700 J/Kg-K and the SAR is about 300 W/g-Fe. The other material properties
are the same as were tabulated for the simulations performed in chapter 5. One thousand
elements were used for both analyses, using the same elements as was done for the simulations

in chapter 5. Figure 7.2 displays the ambient temperature history of the domain.
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Figure 7.2: Ambient temperature history consists of one stage cooling (-11.76 C/min), 500s hold
at storage, one stage warming (39.88C/min), and 250 s hold at room temperature



110

7.3 Results and Discussion

Figure 7.3 displays a typical axial stress history at the center of the domain for two cases:
(i) boundary heating and (ii) volumetric heating at a rate of 3MW/m? (conversion from SAR
shown in Fig. 7.1 to volumetric heat generation is done through dimensional analysis) so that the
resultant temperature distribution is hottest at the center and coolest at the boundaries. It can be
seen from Fig. 7.3 that the boundary rewarming causes a thermal gradient that induces tensile
stress which builds on top of the residual stress at storage. On the other hand, the volumetric
warming generates a thermal gradient which induces compressive stress, working against the

residual stress at storage temperature.
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Figure 7.3: Axial stress at center of domain. Both protocols consist of identical cooling profiles
and ambient rewarming temperatures. The volumetric rewarming case also includes uniform heat
generation due to nano-particle RF warming

Figure 7.4 displays the stress history for volumetric warming at both the center and the
wall. There are three distinct stress mechanisms. The first occurs around glass transition and is
due to the change in specific heat capacity associated with structural relaxation issues (see

section 6.4 or [104] for an explanation.) Note that the specific heat capacity was assumed
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constant in the analysis performed in chapter 5, while the specific heat value is temperature
dependent (as shown in Fig 7.1) in this analysis and so this stress mode is not seen in those
simulations. The second stress mode is due to the equilibration of the thermal gradient at storage
and the last one is due to the thermal gradient that forms at the onset of rewarming. The stresses
at the center and the wall act in opposite directions to create force equilibrium in this static
system. Since brittle materials such as vitrified tissue are most likely to fail due to excessive
tensile stress, the stress at the wall is the area of greatest concern (as opposed to boundary

warming where the stress at the center is of greatest concern).
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Since residual stress and rewarming stress work against each other in the volumetric
warming scenario, excessive rewarming stress can be mitigated through higher residual stress.
This effect is displayed in Fig. 7.5. The cooling rate can be increased in order to raise the
residual stress, and thus decrease the maximum tensile stress. This indicates a paradigm shift in

terms of designing cryopreservation protocols. The current art required extremely slow cooling
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rates, followed by extremely slow rewarming rates in order to minimize both residual stress and
rewarming stress. Unfortunately, these extremely slow rates (0.1°C/min and 1°C/min cooling
and warming rate respectively for the M22 CPA cocktail) require extremely high CPA
concentration (M22 is 9.3M) in order to prevent crystallization. This high CPA concentration
causes problems with both toxicity, and mass transfer due to the higher viscosity. By using inside
out warming instead of boundary warming, excessive rewarming stress can be mitigated through
higher residual stress. This allows for high warming rates and high cooling rates without
exceeding the maximum tensile stress threshold. Higher cooling and warming rates offer the
possibility of using lower CPA concentrations while still suppressing crystallization, thus

alleviating problems associated with CPA toxicity and mass transfer.
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Figure 7.5: (left) stress history for four different cooling rates, (right) zoomed in maximum
rewarming stress for those same cooling rates
7.4 Summary

Radiofrequency heating using magnetic nanoparticles could radically improve the
rewarming rate at the center of bulky specimens, thus minimizing problems associated with
rewarming phase crystallization without the same threat of thermal runaway as microwave
heating suffers. One of the potential drawbacks to this technology is the possibility of non
uniform temperature field due to either non uniform particle distribution or thermal interactions
with the surroundings. This study demonstrates—for the first time—that if there must be non

uniform heating in the domain, inside out heating offers significant advantages in terms of stress
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compared to outside in heating. By using inside out heating, we can engineer stresses to remain

within tolerable limits, even with extremely rapid cooling and warming rates.
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Chapter 8: Future Work

The overarching goal of this work is to develop tools for analyzing coupled phenomena of
heat transfer and mechanical stress in order to evaluate current cryopreservation protocols and to
aid in the design of new ones in terms of minimizing structural damage due to excessive
mechanical stress. This chapter begins with a brief summary of the work that has been

accomplished toward this goal, and continues with suggested areas for further research.

8.1 Synopsis of Research Projects

This thesis is a part of an ongoing research activity at the Biothermal Technology
Laboratory, with the unique contribution specified in Section 1.3, above. In the course of the
work described above, a class of CPA additives known as synthetic ice modulators (SIM) was
introduced. These SIMs were added to the CPA cocktail, DP6, in order to increase its
effectiveness. The material properties of these DP6-SIM cocktails were then investigated
experimentally in order to characterize their material properties. In particular, the thermal
expansion of DP6+SIM cocktails in the upper part of the cryogenic temperature range, where the
materials are still fluid (down to approximately -80°C) was measured. We also measured the
thermal expansion of tissues permeated with the DP6+SIM cocktails throughout the entire
cryogenic temperature range. Finally, we measured the stress strain properties such as Young’s
modulus, and fracture stress of vitrified tissues permeated with DP6+SIM cocktails.

A common cryopreservation thermal protocol (two stage cooling followed by two stage
warming) as well as a modified version that included a temperature hold between the two
cooling stages was modeled using finite elements. Using this work, we reproduced the empirical
results which showed that the initial cooling rate and final warming rate have little effect on
mechanical stress while the initial warming rate has a huge effect on mechanical stress. We also
showed—for the first time—that a low temperature thermal hold can drastically reduce the
amount of residual stress at storage, and renders the final cooling rate unimportant in terms of
mechanical stress. We also investigated the effect of the container properties on mechanical
stress. It was found that raising the storage temperature could reduce the mechanical stress due to
thermal strain mismatch between the container and the CPA. Additionally, based on viscoelastic

analysis of sandwich seals, we showed that rigid containers slow down the stress relaxation rate
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during annealing, and that—counter intuitively—this effect is exacerbated by less stiff
containers.

Furthermore, in collaboration with Dr. Justin Feig, we analyzed photoelastic images of
vitrifying specimens using the cryomacroscope. We verified the ability to reduce mechanical
stress via annealing. We also identified the novel phenomena of an increase in mechanical stress
as the material rewarms through glass transition and provided a plausible hypothesis to explain it
based on stresses due to fictive temperature gradients as discussed in [104].

Finally, we used finite element analysis to investigate the effects of volumetric rewarming
on mechanical stress. We showed that using volumetric warming not only reduces mechanical
stress due to reduced thermal gradient, but that by heating from the inside out, we can have the
rewarming stress work against the residual stress, instead of in concert as is usually the case.
This allows for a new paradigm with regard to stress minimization. Instead of trying to minimize
mechanical stress by minimizing the residual stress and minimizing the rewarming stress, by
heating from the inside out, the maximum stress can be reduced by increasing the residual stress

and using it to work against the rewarming stress.

8.2 Future Experimental Work

The experiments described in this thesis as well as others performed in the BTTL have only
measured a limited number of thermal and mechanical properties of a small number of CPAs,
CPA cocktails, and tissues permeated with those CPAs. In order to create a truly comprehensive
database to facilitate truly quantitative models, these efforts will need to be expanded greatly.
Some of this work is relatively straightforward, such as using the systems already built to run
similar experiments as before, but on a wider variety of materials. Obviously, the same
experiments described previously could be applied to additional CPAs or CPA cocktails or
tissues permeated with them.

We still have not measured the thermal expansion vitrified CPAs. Additionally, we need to
measure Poisson’s ratio and the extent of anisotropy of vitrified tissue. We will also need to
experimentally investigate the mechanical response of tissues embedded within a glassy matrix.
So far, there has been no effort to measure the structural relaxation properties (as described in
section 6.4) of vitrifying tissues and CPAs. Both of these issues could become important for

scale up of cryopreservation via vitrification.
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8.3 Future Theoretical Work

The models presented throughout this thesis were more qualitative than quantitative. They
could provide insight into the general nature of mechanical stress during cryopreservation via
vitrification protocols, but couldn’t accurately predict the actual level of stress for a given
scenario. Firstly, some material properties were unknown, such as Poisson’s ratio, and others
were simplified for ease of analysis, such as coefficient of thermal expansion in the study
presented in Chapter 5. Additionally, the viscoelastic model employed in these finite element
analyses appears to have been sufficient to capture salient features such as residual stress at
storage and stress relaxation, but is definitely not comprehensive. It is likely that there is actually
a spectrum of stress relaxation times, which would need to be measured experimentally and
could be modeled via a Prony series. In addition to stress being time dependent, the CPA is a
glassy material, and some of the material properties should also be time dependent as described
in section 6.4 (or in [104] in more detail). If these material properties are measured, then an even
more accurate, Narayanaswamy type material model could be incorporated into the finite
elements model in a manner similar to [98].

As discussed above, the tissue properties will need to be modeled in more detail in order to
generate truly quantitative models. The material properties of tissues permeated with CPAs will
need to be studied in more detail, particularly in terms of the interactions between the tissue and
the CPA and any possible anisotropy. Finally, the geometries investigated in the previous finite
element studies were unrealistically simple (axisymmetric cylinders). In an actual
cryopreservation via vitrification protocol, tissues with complex shapes may be vitrified in
pliable containers. Clearly, future modeling efforts will need to take these geometric issues into
account. After all relevant material properties of CPAs and tissues permeated with CPAs are
incorporated and complex Narayanaswamy finite element models are developed, we can realize

the goal of truly quantitative models for cryopreservation via vitrification.
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APPENDIX: Material Property Summary

Medium Property Tissue Temperature Value Source
Range
Fracture Stress Goat Arteries -138.5t0-142.2 13.93+1.83 [38]
Fracture Stress Goat Arteries | -138.2to -167.7 11.98 +3.36 [5]
Strain to Fracture Pure Solution Below Tg 0.28% to 0.36% [65]
Thermal Conductivity | Pure Solution 25.5 to -180.0 -2.95x10'°T*-5.76 x 10®T°- 2.31 x 10°T* + 5.57 x 10*T + 3.23 x 10" [114]
Thermal Expansion Pure Solution 22.5t0 -48 5.574x 10'T? + 1.637 x 10T - 3.995 x 10 [37]
7.05M Thermal Expansion | Bovine Muscles | 19.0to -65.3 1.033x 10°T*+2.136 x 10T - 3.901 x 10°° [1]
DMSO Thermal Expansion Goat Arteries 18.8t0-93.1 6.127 x 10'T? + 1.995 x 10T - 4.895 x 10 [1]
Thermal Expansion Goat Arteries | -93.1to-167.7 4.434x107T* +1.849 x 10T [42]
Thermal Expansion Goat Arteries 18.8 to -167.7 4.796 x 10'T? + 1.890 x 10T - 4.939 x 10 [42]
Viscosity Pure Solution -123to0 -134 2.8190 x 107 1064471 [43]
Young's Modulus Goat Arteries | -138.5to0-142.2 921+93 [38]
Young's Modulus Goat Arteries | -138.2to -167.7 2143 + 754 [5]
Fracture Stress Goat Arteries -129.4to 143.9 11.98 +1.94 [38]
Specific Heat Capacity | Pure Solution 20to -50 11T + 2650 [88]
Specific Heat Capacity | Pure Solution -50to0 -120 4.2857T +2314.3 [88]
Specific Heat Capacity | Pure Solution -120 to -150 8.333T + 2100 [88]
Strain to Fracture Pure Solution Below Tg 0.23% [65]
Thermal Expansion Pure Solution 17.5to0-77.1 2.012x 107T? +1.841x 10T - 3.839 x 10°® [37]
VS55 Thermal Expansion | Bovine Muscles | 19.3to -47.8 4118 x 10'T* + 1.852 x 10T - 2.655 x 10 [1]
Thermal Expansion Goat Arteries 19.4 to -63.6 9.425x 107T* +2.081x 10T - 3.711 x 10 [1]
Thermal Expansion Goat Arteries | -82.5to-165.3 4.781x 10'T? +1.785 x 10T [42]
Thermal Expansion Goat Arteries 19.4 to -165.3 5.312x 10T +1.911 x 10T - 3.652 x 10 [42]
Viscosity Pure Solution -117 to -124 4.2783 x 103009170 [43]
Young's Modulus Goat Arteries -129.4to 143.9 973 +157 [38]
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Strain to Fracture Pure Solution Below Tg 0.18% [65]

Thermal Expansion Pure Solution 18.6 to -67.9 3.899 x 10'T* +1.935x 10T - 4.130 x 10 [2]

Thermal Expansion Bovine Muscles 19.4to0 -35.5 1.017 x 10°T*+ 1.512 x 10T - 4.286 x 10°® [37]

DP6 Thermal Expansion Goat Arteries 19.2 to -40.5 1.041 x 10°T*+ 1.653 x 10T - 4.447 x 10°® [37]
Thermal Expansion Goat Arteries -85.1to0 -167.2 5.114 x 107T? + 1.893 x 10T [42]

Thermal Expansion Goat Arteries 19.2t0 -167.2 3.825x 10'T? + 1.564 x 10T - 4.321 x 10 [42]

Viscosity Pure Solution -114 to -121 5.6503 x 102627 [43]

Fracture Stress Goat Arteries -139.8t0 -149.3 10.58 + 3.01 [5]

Thermal Expansion Pure Solution 0to -95 -0.2188 x 107T* + 2.313 x 10™T - 4.959 x 10™ [2]

DP6 + Thermal Expansion | Bovine Muscles 0 to -85 1.697 x 107T* +2.118 x 10™*T + 9.822 x 10™ [2]
12% Thermal Expansion Goat Arteries 0 to -80 1.777 x 107T*+ 2.392 x 10T - 4.866 x 10™ [2]
PEG400 | Thermal Expansion Goat Arteries -80to -160 1.065 x 10™°T* + 0.624 x 107T> + 1.364 x 10°T* + 1.358 x 10°T + 4.911 x 10 (4]
Thermal Expansion Goat Arteries 0to -160 -0.8668 x 107'°T* - 0.2995 x 10'T° - 0.2358 x 10°T*- 0.1757 x 10°T - 0.0275 x 10 (4]

Young's Modulus Goat Arteries | -139.8 to -149.3 2248 + 224 [5]

Fracture Stress Goat Arteries | -142.8 to -151.0 12.04+4.72 [5]

Thermal Expansion Pure Solution 0to -80 -0.6272 x 107T* + 1.957 x 10™T + 0.2699 x 10 [2]

DP6 + Thermal Expansion | Bovine Muscles 0to -80 4.411Ex10'T* +2.175x 10T - 13.66 x 10™ [2]
6% 1,3- Thermal Expansion Goat Arteries 0to -80 1.054 x 107T*+2.232 x 10*T - 5.477 x 10 [2]
CHD Thermal Expansion Goat Arteries -80to -160 1.155x 10™°7* + 0.639 x 107T> + 1.330 x 10°T* + 1.283 x 10°°T + 4.550 x 10 (4]
Thermal Expansion Goat Arteries 0to-160 -0.7969 x 10'°T*- 0.2771 x 10"T%- 0.2210 x 10°T* + 0.1666 x 10°T - 0.0236 x 10> | [4]

Young's Modulus Goat Arteries -142.8 to -151.0 2019 + 394 [5]

Fracture Stress Goat Arteries | -141.0to -153.0 15.50 + 3.39 [5]

Thermal Expansion Pure Solution 0 to -90 0.6309 x 107T* + 2.080 x 10T +4.518 x 10™ [2]

DP6 + Thermal Expansion | Bovine Muscles 0 to -85 1.431x107T* +2.094 x 10T - 11.17 x 10" [2]
6% 2,3- | Thermal Expansion Goat Arteries 0to -90 0.7383x107T* +1.912 x 10T - 11.04 x 10™ [2]
BD Thermal Expansion Goat Arteries -80to -160 2.672 x 10°T* + 1.379 x 107T> + 2.668 x 10°T + 2.342 x 10°T + 7.562 x 107 (4]
Thermal Expansion Goat Arteries 0 to -160 -0.5587 x 10°T*- 0.2066 x 107> - 0.1747 x 10°T* + 0.1442 x 10°T - 0.0209 x 10° |  [4]

Young's Modulus

Goat Arteries

-141.0to -153.0

2419 £ 526

(5]




