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ABSTRACT

In recent years, ice-free cryopreservation by vitrification has been demonstrated to provide superior preservation
of tissues compared with conventional freezing methods. To date, this has been accomplished almost exclusively
for small model systems, whereas cryopreservation of large tissue samples—of a clinically useful size—continues
to be hampered by thermomechanical effects that compromise the structure and function of the tissue. Reduction
of mechanical stress is an integral condition of successful cryopreservation of large specimens. The current study
focuses on the impact of sample size on both the physical events, observed by cryomacroscopy, and on the out-
come on tissue function. To this end, the current study sought to address the question of functional recovery of
vitrified carotid artery segments, processed as either artery rings (3—-4 mm long) or segments (25 mm long) as se-
lected models; the latter model represents a significant increase in sample size for evaluating the effects of vitri-
fication. Tissue vitrification using an 8.4 M cryoprotectant cocktail solution (VS55) was achieved in 1-ml samples
by imposing either a high (50-70 °C/min) or a low (2-3 °C /min) cooling rate, between —40°C and —100°C, and a
high rewarming rate between —100°C and —40°C. Following cryoprotectant removal, the artery segments were cut
into 3 to 4-mm rings for function testing on a contractility apparatus by measuring isometric responses to four ag-
onist and antagonists (norepinephrine, phenylepinephrine, calcium ionophore, and sodium nitroprusside). In ad-
dition, nonspecific metabolic function of the vessel rings was determined using the REDOX indicator alamarBlue.
Contractile function in response to the agonists norepinephrine and phenylepinephrine was maintained at the
same level (~50%) for the segments as for the rings, when compared with noncryopreserved control samples. Re-
laxation in response to the antagonists calcium ionophore and sodium nitroprusside was maintained at between
75% and 100% of control levels, irrespective of cooling rate or sample size. No evidence of macroscopic crystal-
lization or fractures was observed by cryomacroscopy at the above rates in any of the samples. In conclusion, this
study verifies that the rate of cooling and warming can be reduced from our baseline vitrification technique such
that the function of larger tissue samples is not significantly different from that of smaller blood vessel rings.
This represents a step toward the goal of achieving vitreous cryopreservation of large tissue samples without the
destructive effect of thermal stresses.

INTRODUCTION

IN RECENT YEARS, techniques have been devel-
oped to preserve native tissues, such as blood
vessels and articular cartilage, in an essentially
ice-free condition.'™* However, although vitre-
ous cryopreservation has been demonstrated to

provide superior preservation, compared with
conventional freezing methods in small model
systems, cryopreservation of large tissue sam-
ples continues to be hampered by thermome-
chanical effects.”> These include problems aris-
ing from the limits of heat and mass transfer in
bulky systems and damage induced by me-

1Cell and Tissue Systems, North Charleston, South Carolina.
?Department of Mechanical Engineering, Carnegie Mellon University, Pittsburgh, Pennsylvania.
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chanical stress, with fractures as its most dra-
matic outcome.*®7 It is our opinion that in
some circumstances even a single major frac-
ture may prevent the tissue from recovery or
its effective clinical use after cryogenic storage.
Reduction of mechanical stress, and thereby
prevention of fracture formation, is a necessary
integral condition for successful cryopreserva-
tion of large specimens. For example, immer-
sion of frozen human valves directly into lig-
uid nitrogen, for as little as 5 min, may result
in tissue fractures.? This problem came to light
when a hospital-based frozen valve storage
system overfilled during an automatic refill cy-
cle. Valves from this accident were discovered
to have numerous full thickness fractures of the
valve conduit, following normal thawing pro-
cedures in the operating room.? Adams et al.8
reproduced this phenomenon experimentally.

Fractures are attributed to stresses that arise
either due to nonuniform thermal expansion,
resulting from nonuniform temperature distri-
bution in larger tissues, or to volume changes
associated with phase transition; frequently, it
is the combination of both that leads to struc-
tural damage of the tissue. Whereas pure vitri-
fication eliminates phase transition effects all
together, the higher cooling rates necessary to
facilitate vitrification typically lead to a higher
nonuniformity in thermal expansion distribu-
tion, resulting in higher mechanical stresses.
The competing needs of rapid cooling to facil-
itate vitrification and minimization of mechan-
ical damage demand a greater understanding
of both vitrification and stress development.
Although mechanical stress has long been rec-
ognized as an important mechanism of tissue
destruction, it has received very little attention
in the context of cryobiology until recent years.

Kroener and Luyet!® suggested that fractur-
ing in aqueous glycerol solutions is associated
with abrupt changes in the thermal expansion
of the vitrifying tissue matrix around its glass
transition temperature. Subsequently, they re-
ported!! that the formation and the disappear-
ance of cracks depend on the interaction of sev-
eral factors, in particular the mechanical
properties of the material, the concentration of
solute, the temperature gradients, the overall
temperature, and the rate of temperature
change. Although the thermal expansion has
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been recognized as the driving mechanism of
thermal stress,'? this physical property has
been measured only recently for crystallized
biomaterials,!® and for vitrifying cryoprotec-
tants in the absence!#!> and presence!®!” of bi-
ological material.

Mathematical models have been offered to
predict the level of stress in crystallized'®!? and
vitrified?%2! biomaterials. The key physical prop-
erties to be used in these models, such as elastic
modulus, viscosity, and fracture strength are
only at the beginning of their exploration.?02!
Nevertheless, it has been demonstrated that
mathematical modeling can explain various ef-
tects associated with thermal stress. For exam-
ple, it has been demonstrated why fractures of-
ten appear at the beginning of rewarming, rather
than during cooling of a crystallized material.!?
In another study, it has been demonstrated why
differential thermal expansion is responsible for
fracturing in a vitrified material 2

As part of an ongoing integrated research
program, a new imaging device has been de-
veloped recently, called a “cryomacroscope,”??
to study macroscopic events and physical
changes in samples of vitrified tissues. The
principal objectives for this development were
to identify thermophysical events, such as de-
vitrification?? and fracturing?! in vitrified sam-
ples of blood vessels, and to correlate these
events with the functional recovery of the tis-
sue, which is the subject matter of the current
report. Furthermore, this study was designed
to evaluate the impact of sample size on both
the physical events, observed during cooling
and rewarming, and on the outcome on tissue
function. To this end, the current study sought
to address the question of functional recovery
of vitrified carotid artery segments, processed
as either artery rings (3—4 mm long) or seg-
ments (25 mm long) as selected models; the lat-
ter model represents a significant increase in
sample size for evaluating the effects of vitrifi-
cation. This is the next step in scale-up follow-
ing our demonstration that blood vessel rings
can be successfully vitrified in small volumes
(1 ml) with a high degree of functional recov-
ery.!# The thermal protocol applied in the cur-
rent study has been developed to ensure vitri-
fication and prevent fracture formation, using
the same cryomacroscope setup.
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MATERIALS AND METHODS

For the present study, 13 New Zealand white
rabbits (male, average weight 3.5 kg, Myrtle’s
Rabbitry Inc, Thompson Station, TN) were
used as tissue donors. Two carotid arteries per
rabbit were recovered under anesthesia, using
a standard “no-touch” technique,’?® and the
vessels were immersed in cold Dulbecco’s
modified eagle’s medium (DMEM) for trans-
portation to the research laboratory. One artery
was immediately ice-free cryopreserved while
the other was refrigerated overnight in DMEM.
The overnight hypothermic storage did not af-
fect tissue viability and functionality as deter-
mined by preliminary testing (not shown). The
vessels were vitrified either as 3 to 4 mm-long
rings or as 2.5-cm-long artery segments. The
vitrification of arteries as rings or segments was
alternated between being immediately cryop-
reserved or refrigerated overnight.

An 8.4 M cryoprotectant vitrification solu-
tion (VS55; 3.1 M DMSO, 2.2 M 1,2-propane-
diol, and 3.1 M formamide) was used.?* Tissue
vitrification was performed by imposing either
a high (50-70°C/min) or a low (2-3°C/min)
cooling rate between —40°C and —100°C, and
a high re-warming rate between —100°C and
—40°C. For VS55, the temperature range be-
tween —100°C and —40°C is considered the
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hazardous range for crystal formation and
growth during both cooling and rewarming.
Table 1 summarizes the cryopreservation cool-
ing rates as measured and averaged over 13
rabbits and expressed as mean * standard er-
ror of the mean (SEM). The tissue was loaded
and unloaded with cryoprotective agents (CPA)
using a stepwise addition and removal proto-
col at 0°C, as shown in Fig. 1. The loading and
unloading of the cryoprotectant was performed
by either passive diffusion or gravity-driven
perfusion, for the rings and vessel segments,
respectively. The addition and removal of the
cryoprotectant cocktails in a stepwise manner
by perfusion of carotid segments was accom-
plished using the method described and illus-
trated previously for vein segments.?> Follow-
ing cryoprotectant loading, the tissue was
placed in 1 mL of precooled (0°C) VS55 in a 20-
mL (25-mm diameter X 60 mm high) glass scin-
tillation vial. The sample vial was mounted on
the cryomacroscope, comprising a borescope-
video camera connected to a computer data ac-
quisition system that allowed for real-time vi-
sualization and recording of the cooling and
rewarming phases, as described previously.??
Preliminary experiments without tissue were
carried out to determine the conditions and set-
up necessary to replicate on the cryomacro-
scope those conditions previously shown to

TaABLE 1. EXPERIMENTAL COOLING RATES, REWARMING RATES, AND THERMAL CONDITIONS
Cooling® Warming®
H1 H2 H3 H4
(—40°C to —100°C) (—100°C to —130°C) (—130°C to —100°C) (—=100°C to —40°C)
High cooling 63.50 = 1.84 10.22 = 3.96 26.8 += 0.60 175.05 = 9.58

protocol
(°C/min)

Experimental =~ Sample vial with Sample vial in air at Sample vial in Sample vial in

conditions sleeve (5-mm wall liquid nitrogen ambient air 30% DMSO-water

thickness) in liquid

boiling temperature

bath at room

nitrogen temperature
Low cooling 2.53 = 0.08 1.33 = 0.08 4.73 = 0.10 1729 = 1247
protocol
(°C/min)
Experimental =~ Sample vial with Sample vial with Sample vial with Sample vial in
conditions sleeve (15-mm wall sleeve (15-mm wall sleeve (15-mm wall 30% DMSO-water

thickness) in air at
liquid nitrogen
boiling temperature

thickness) in air at
liquid nitrogen
boiling temperature

bath at room
temperature

thickness) in
ambient air

aThe experimental set-up used to achieve these conditions has been described in more detail elsewhere.??
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CRYOPROTECTANT ADDITION AND REMOVAL PROFILE
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FIG. 1. Schematic diagram of the sequential incubation
steps, adapted from a previously reported technique for
adding and removing the vitrification cocktail, V555.24
For artery rings, the loading and unloading of the cryo-
protectant mixture was accomplished by immersing of
the rings in the precooled solutions (passive diffusion) for
15 min at each concentration step. For vessel segments,
the process was facilitated by gravity perfusion of the so-
lutions through the lumen of the artery segment.?®> Simi-
larly, after vitrification and rewarming, the tissue sam-
ples were returned to physiological medium by eluting
the cryoprotectants sequentially, using stepped changes.
The cryoprotectant solution used at each step in the di-
lution was supplemented with 300 mM mannitol as an
osmotic buffer to prevent excess cell swelling.

yield high survival of vein rings after vitrifica-
tion. To achieve the desired cooling and re-
warming rates, the experimental conditions
summarized in Table 1 were developed and ap-
plied. Temperature control was achieved pas-
sively by introducing the sample to a convec-
tive cryogenic environment, as previously
described.?? For these conditions, predeter-
mined constant-volume baths of liquid nitro-
gen (cooling) and a 30% dimethylsulfoxide
(DMSO)-water mixture (warming) were used.
The former was employed to cool the air (in-
side of a 600-mL glass beaker) surrounding the
tissue sample vial. Moving from one condition
to another was rapidly performed, without in-
terrupting the normal course of temperature
and cryopreservation process.

Following cryoprotectant removal (Fig. 1),
the vitrified segments were cut in 3 to 4-mm-
long rings for function testing on a contractil-
ity apparatus as previously described.!?3 Each
ring sample, either vitrified or unpreserved,
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was mounted between two stainless steel wire
hooks, suspended in a physiological tempera-
ture tissue organ bath (Radnoti Glass Technol-
ogy, Monrovia, CA), which contains 5 mL of
continuously gassed (95% O5-5% CO;) Krebs-
Henseleit (KH) solution. After 1 h of equilibra-
tion, the baseline pretension of each artery ring
was adjusted, in the range of 0.25 and 0.75 g-
force, and the isometric response of the rings
to a selection of four agonist and antagonists—
norephinephrine (N), phenylephrine (P),
calcium ionophore (Ca-I), and sodium-nitro-
prusside (SNP)—was tested to assess the
endothelium-independent and dependent smooth
muscle cell mechanical function. Changes in
ring tension relative to their baseline, in re-
sponse to various doses of these pharmacolog-
ical agents, were recorded by a digital data
acquisition and analysis system (Gould Instru-
ments Systems, Valley View, OH); results are
expressed in percent relative to the fresh-un-
preserved mechanical response of control rings
from the same artery.

The viability of cryopreserved and fresh con-
trol rings was determined using alamarBlue
(Trek Diagnostics Systems, Cleveland, OH),
which is a noninvasive, nonspecific cell meta-
bolic activity indicator. It incorporates a water-
soluble oxidation-reduction (REDOX) indicator
that fluoresces and changes color in response
to a cell’s innate metabolic activity. After 3 h of
incubation (37°C, 5% CO,) of the rings with
10% alamarBlue working solution, 100-uL
aliquots of the supernatant medium were re-
moved, placed in a 96-well plate, and read on
a microtiter plate spectrofluorometer at 590 nm.
The relative fluorescence intensity was nor-
malized to the dry weight of the tissue, and ex-
pressed in percent normalized fluorescence in-
tensity of untreated controls.

RESULTS AND DISCUSSION

For small cryopreserved samples, it is well
established that increasing the cooling rate
leads to two desirable outcomes: the likelihood
of complete vitrification increases, and the tox-
icity potential of the cryoprotectant decreases;
the toxicity effect is known to be more signifi-
cant at higher temperatures. In large samples
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however, even if the cooling rate at the sam-
ple’s outer surface is extremely high, the cool-
ing rate distribution within the sample is dom-
inated by a mechanism of heat transfer, and by
the thermal properties of the tissue. It is the
cooling rate at the center of the sample that
must exceed the conditions for vitrification, to
ensure complete vitrification of the sample; at
the center, the temperature is the highest and
the cooling rate is lowest. The larger the sam-
ple is, the slower the cooling rate becomes at
the center of the sample, which defines a sam-
ple-size effect on vitrification. The sample size
also affects the likelihood of structural damage,
such as fracture, as reviewed in the introduc-
tion; the likelihood of fracturing increases with
the increasing sample size.
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In a previous study,?? the minimum cooling
rate to achieve vitrification and the minimum
rewarming rate to prevent devitrification (crys-
tal nucleation during rewarming) or recrystal-
lization (crystal growth around existing nuclei
during rewarming) were established, with the
objective of exceeding these threshold values in
scale-up experiments. Those previous studies
were performed on a 1-mL cryoprotectant sam-
plein a 20-mL vial. Furthermore, the maximum
allowable cooling rate and the lowest allowable
temperature to prevent fracture formation
were established, using the exact same sample
volume and vial size.?!

The outcome of cryopreservation via vitrifi-
cation is a clear and transparent domain of
cryoprotectant containing the blood vessel

Cooling, -20.0°C

US55 —
95/06723 TH

{1:33:56

Cooling, -131.1°C

US33 .
95706723 TH 11:33:408

US35 .
95/86723 TH 11:33:40

Rewarming, -89.9°C

US33 .
95/86/23 TH 12:01:12

FIG. 2. Representative cryomacroscopy images of a blood vessel segment (its centerline is represented by a dash
line) immersed in VS55, subject to H; = 6.3°C/min, H, = 4.4°C/min, Hj = 18.2°C/min, and Hy = 137.1°C/
min, and minimum temperature of —137.2°C. (Top left) The specimen surrounded by CPA at the beginning of cool-
ing (—20°C). (Top right) The specimen is surrounded by crystallized material, while the remainder of the domain is
vitrified (—131.1°C); (Bottom left) Fracture formation in the glassy region of the VS55, at the top center portion of the
image. (Bottom right) Complete devitrification during rewarming (—89.9°C).
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specimens. For illustration purposes of the ap-
plication of cryomacroscopy in the current
study, Fig. 2 displays results from an unsuc-
cessful cryopreservation protocol. Above the
heterogeneous nucleation point of the cry-
oprotectant, it appears as a transparent fluid
(top left of Fig. 2). In this particular experiment,
crystallization formed around (and probably
inside) the specimen, while the remaining part
of the domain vitrified. The crystallized region
started to grow in a cylindrical shape, having
a curved centerline roughly coinciding with the
specimen’s centerline. The rate of growth of the
crystallized region decreased with the decreas-

Vitrified Segment, -132.2°C

USSS em—
06/66786 TU 11:83:55

Vitrified Rings, -131.4°C

FIG. 3. Representative cryomacroscopy images of vitri-
fication of a blood vessel segment at a minimum tem-
perature of —132.2°C (fop: the arrows point to the ends of
the specimen and the dotted line represents its center
line), and rings at a temperature of —131.4°C (bottom: se-
lected rings are circled). In either image, the visibility of
the polar grid underneath the CPA indicates that the VS55
vitrified, in contrast to the bottom right image of Fig. 2.
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FIG. 4. Typical thermal protocols during the vitrifica-
tion process on the cryomacroscope set-up. Details on the
experimental set-up used to achieve these thermal proto-
cols are summarized in Table 1.

ing temperature. The top right image in Fig. 2
is taken at a temperature of —131.1°C, which is
7.3°C below the glass transition temperature of
—123.8°C for VS55. Due to thermal expansion
mismatch between the crystallized and the vit-
rified regions, and possibly between the glass
vial and the vitrified material, 222! fractures
form at the center top of the bottom left image.
Note that these fractures occurred very rapidly,
propagating in a time frame of milliseconds. Fi-
nally, devitrification is demonstrated in the
bottom left image of Fig. 2. Devitrification is the
formation of crystals during rewarming,
whereas recrystallization is the crystal growth
around already existing nuclei. Because a crys-
tallization front was demonstrated in this par-
ticular experiment (its effect can only be seen
in the video recording), while recrystallization
is expected to be observed as a volumetric ef-
fect, the current process is identified as devit-
rification rather than recrystallization. Figure 3
displays representative images of a vitrified
blood vessel segment (top) and rings (bottom),
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where macroscopic events of crystallization or
fracture formation were not observed. The
thermal protocol developed for the current
study consistently led to the results displayed
in Fig. 3.

Experiments described in the current study
focus on functional recovery of carotid artery
samples post-vitrification, subject to the mini-
mum cooling rate established previously.?? Ad-
ditional experiments were performed at a ref-
erence (much higher) cooling rate, which yet
does not lead to fracturing of the sample, as
verified by means of imaging (all experiments
were performed while the testing vial was con-
nected to the cryomacroscope). More specifi-
cally, the current study was designed to com-
pare the functional recovery of carotid artery
samples prepared either as 3-mm-thick rings or
2.5-cm-long segments, on either one of the two
thermal protocols described above and illus-
trated in Fig. 4. The 2.5-cm segments were se-
lected as a model system that represents a sig-
nificant increase in size when compared with
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the 3-mm rings, which have previously been
used as a standard model system for develop-
ing a successful technique of tissue vitrifica-
tion.! Moreover, steps were taken to reproduce
predetermined vitrification protocols on the
cryomacroscope, as specified in Table 1, where
the reference data was not available for the cry-
omacroscope setup. These steps represent em-
pirical selection of appropriate thermal sleeves
and cooling and rewarming media, as dis-
cussed previously.??

Figure 5 shows that for both cases of low
and high cooling rates, there was no signifi-
cant difference in the functional recovery
between rings and segments. Contractile
function in response to the agonists norepi-
nephrine and phenylepinephrine was main-
tained at the same level (~50%), for the
segments as for the rings, compared with
noncryopreserved control samples. More-
over, relaxation in response to the antagonists
calcium ionophore and sodium nitroprusside
was maintained at between 75% and 100% of

High Cooling Protocol
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FIG. 5. Functional recovery of artery segments and small artery rings after either the high or low cooling rate pro-
tocol (see Table 1). Function was assessed as either contractile or relaxation responses to the pharmacological ago-
nists norepinephrine (N) and phenylepinephrine (P) or the antagonists calcium ionophore (Ca-I) and sodium nitro-
prusside (SNP), respectively, and normalized to the responses of control, untreated, tissue samples. Controls were
obtained from the same artery in each experiment. Data are expressed as the mean = SEM.
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control levels, irrespective of cooling rate or
sample size.

The cooling and heating protocols used in
the current experiments on tissue models were
devised in a previous cryomacroscopy study in
the absence of tissue samples. The previous
study focused on the minimum cooling rates
necessary to attain vitrification and the mini-
mum heating rates to avoid devitrification
and/or recrystallization for the baseline VS55
medium.?!?2 These predetermined conditions
were emulated in the current study, which now
incorporated biological tissue for evaluation of
the effects of a lower cooling rate on the func-
tional capabilities of the carotid vessel seg-
ments, coupled with observations of physical
events in the samples by means of cry-
omacroscopy. Experimental data verifies that
the level of contractile and relaxation function
was maintained when samples were either
cooled at a lower rate or the tissue sample size
was increased from 3-mm rings to 2.5-cm
segments. Furthermore, metabolic activity, as
measured by the alamar Blue indicator (Fig. 6),
was reduced on average with the decreasing
cooling rate but was unaffected by increasing
the size of the blood vessel segments. On the
contrary, the 2.5-cm segments showed a higher
mean value of functional recovery, although
this was not statistically significant compared
with the ring samples. We have no explanation
for this observation and, because this was not
statistically significant, it is unlikely that this is
a real effect.

150+

i;

High Cooling Low Cooling

3 Segments
CRings

-

[=]

o
1
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FIG. 6. Viability of artery rings and segments after vit-
rification, using either the high cooling rate (top) or low
cooling rate protocol. Viability was determined using the
alamarBlue metabolic indicator. Data were normalized
with respect to fresh control tissue samples, obtained from
the same artery as the vitrified samples. Data are ex-
pressed as the mean = SEM.
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Cryomacroscope images recorded during
these experiments have been analyzed, but a
detailed description of the observations is be-
yond the scope of this communication and will
be reported separately. Nevertheless, we can
report that no evidence of macroscopic crys-
tallization or fractures was observed during
cooling at high or low rates of any of the sam-
ples containing rings or segments. The cry-
omacroscope again proved to be a useful tool
to verify the absence of ice crystallization
and/or fractures that would compromise the
function of the artery rings and segments
demonstrated in this study.

In conclusion, we have verified that the rate
of cooling and rewarming can be reduced from
our baseline vitrification technique such that
the function of larger tissue samples (segments)
is not significantly different from that of
smaller blood vessel rings. This represents a
step toward improving recent developments in
the vitrification of tissues to larger samples
than the small model systems typically used in
the development of these techniques.!*?*
On going experimental efforts focus on in-
creasing the surrounding cryoprotectant vol-
ume, as well as the tissue size, in an attempt to
achieve successful vitrification of clinically de-
termined dimensions, without danger of com-
promising structure and function due to ther-
mal stress. We anticipate that this will be
achieved by further systematic studies of the
optimal thermal protocol for the specific for-
mulation of the vitrification medium. Results
of only one cryoprotectant are presented in this
study, while other cryoprotectant formulations
are being explored. Integration of the data pre-
sented here into mathematical modeling of vit-
rification and fracture formation is work in
progress by the current research team. This
study represents another step toward our long
term goal of achieving vitreous cryopreserva-
tion of large tissues, while avoiding the de-
structive effect of thermal stress.
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