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Abstract—Water transport across the cell plasma membrane
and intracellular ice formation (IIF)—the two biophysical
events that may cause cell injury during cryopreserva-
tion—were studied by cryomicroscopy and modeling using
mammalian (Peromyscus) oocytes. Unusually high activation
energy for water transport across the cell plasma membrane
was identified indicating that the water transport process is
unusually sensitive to temperature (and cooling rate).
Although literally all studies on IIF were conducted using
protocols with ice-seeding (seeding extracellular ice usually
at 2—7°C), it is not used for cell cryopreservation by
vitrification that is becoming increasingly popular today. In
this article, we show that ice-seeding has a significant impact
on IIF. With ice-seeding and cooling at 60 °C/min, IIF was
observed to occur over a wide range from approximately —8 to
—48 °C with a clear change of the ice nucleation mechanism
(from surface- to volume-catalyzed nucleation) at approxi-
mately —43 °C. On the contrary, without ice-seeding, IIF
occurred over a much narrower range from approximately
—19 to —27 °C without a noticeable change of the nucleation
mechanism. Moreover, the kinetics of IIF without ice-seeding
was found to be strongly temperature (and cooling rate)
dependent. These findings indicate the importance of quanti-
fying the IIF kinetics in the absence of ice-seeding during
cooling for development of optimal vitrification protocols of
cell cryopreservation.

Keywords—Water transport, Intracellular ice formation (IIF),
Cryomicroscopy, Modeling, Cryopreservation, Vitrification.

INTRODUCTION

Oocyte cryopreservation is of great importance to the
advancement of assisted reproductive medicine and
maintenance of animal resources and endangered
species. #4801 However, the outcome of oocyte
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cryopreservation has been largely dismal so
far,!3:17:18:37:39.52 The two major biophysical events that
may result in damage to oocytes during cryopreserva-
tion is the formation of a significant amount of ice inside
the cells (intracellular ice formation or IIF) and exces-
sive cell dehydration as a result of water transport out of
the cells.*’-*® Conventionally, oocyte cryopreservation
was done by the so-called slow-freezing approach which
relies on the use of an optimal slow cooling rate (usually
<2 °C/min) to dehydrate the cells so that IIF can be
minimized while, at the same time, without incurring
significant cell damage by excessive cell dehydration. As
the slow-freezing approach is unable to completely
avoid cell injury due to either IIF or excessive cell
dehydration,*’ cryopreservation by vitrification is
becoming increasingly popular as an alternative to slow
freezing for long-term preservation of oocytes.”*3-%-62
Vitrification is the non-equilibrium transition of
liquid water into a metastable, amorphous glass rather
than ice crystals. Conventionally, this was done by
using an abnormally high concentration (4-7 M) of
cryoprotectant (CPA).'*>* However, such a high CPA
concentration can cause significant osmotic and
metabolic damages to oocytes within a few min-
utes. &7 15:16:27:29 A g o result, efforts have been made to
minimize the high CPA concentration induced cell in-
jury using multiple CPAs and multiple steps of CPA
loading with short CPA exposure time (restricted to a
few minutes) in each step, which make the cryopres-
ervation procedure complicated and difficult to control
because it also takes a few minutes for the diffusion of
CPA into oocytes to reach equilibrium.**?"#>>! More
recently, research has been done to achieve cell vitri-
fication at a much-reduced (and much less toxic) CPA
concentration (£1.5-2.5 M) (low-CPA vitrification)
with promising outcomes. This can be done by cooling
the cells at an ultrafast cooling rate (=10° °C/min)
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and/or confining the cells in sub-nanoliter space.”*¢’

The low-CPA vitrification approach should combine
all the advantages of slow-freezing and conventional
vitrification using a high concentration of CPAs while
avoiding all their shortcomings.

Although studies have been reported on quantifying
water transport across the plasma membrane of a vari-
ety of cells during freezing,*'***! it has not been done for
the Peromyscus oocytes. Compared to water transport,
quantitative studies on IIF have been scarce in the lit-
erature.”® Moreover, literally all the studies on IIF were
performed using freezing protocols with an ice-seeding
step (i.e., seeding extracellular ice at a high subzero
temperature usually >-7 °C).® Although such an ice-
seeding step is required to achieve the optimal outcome
for slow-freezing, it should be excluded from the
protocol for cryopreservation by vitrification. This is
because the goal of vitrification is to eliminate both
intra- and extracellular ice formation altogether. There-
fore, it is of great importance and interest to understand
how ice-seeding will affect the kinetics of IIF.

In this study, the two biophysical processes (i.e.,
water transport across the cell plasma membrane and
IIF) during freezing Peromyscus oocytes were investi-
gated using cryomicroscopy and by modeling. Our
results show that ice-seeding at a high subzero temper-
ature has a significant impact on IIF, suggesting that the
existing data on IIF reported in the literature obtained
using freezing protocols with ice-seeding might not be
applicable for studying IIF during vitrification.

MATERIALS AND METHODS

Animals

The outbred virgin Peromyscus (deer mouse) mani-
culatus bairdii animals were obtained from the collec-
tion of the Peromyscus Genetic Stock Center at the
University of South Carolina (Columbia, SC), where
they were maintained at 16-8 h light—dark cycle.

Chemicals

Pregnant mare serum gonadotropin (PMSG) and
human chorionic gonadotropin (hCG) were obtained
from the National Hormone & Peptide Program
(Harbor-UCLA Medical Center, LA, CA). The M2
culture medium for oocytes was purchased from Sig-
ma—Aldrich (St. Louis, MO).

Isolation of Peromyscus Oocytes

The procedure for isolation of the Peromyscus oocytes
was reported elsewhere.® In brief, 12-24-week-old virgin

Peromyscus maniculatus bairdii females were hormone
primed with 15 IU of PMSG followed by a second
151U of PMSG 24 h later. At 48 h post the second
PMSG, the females were further hormone primed with
15 IU of hCG. At 24 h after the hCG injection, the
females were cervically dislocated, and oviducts with an
attached fragment of the uterus were excised. A 32-gauge
blunted needle connected to a 1-cc or 3-cc glass syringe
was inserted into the infundibulum, and the oocytes were
flushed with M2 medium pre-warmed to 37 °C.
Approximately six mature oocytes were isolated per
animal on average. All the procedures for the isolation
of oocytes were approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of
South Carolina.

Cryomicroscopy Study of Cell Dehydration
and Intracellular Ice Formation (IIF)

For cryomicroscopy studies, a small drop (~5 uL) of
culture medium with Peromyscus oocytes was pipetted
into the center of a quartz crucible (15 mm in diame-
ter). Within a few seconds, the oocytes sunk down on
the bottom surface of the crucible because they are
heavier than the carrying solution. The crucible (bot-
tom) was then placed on the top surface of a Linkam
(Waterfield, UK) BCS 196 cryostage mounted on an
Olympus BX 51 microscope for real-time monitoring
during freezing.

The cryomicroscopy studies were performed to
investigate both dehydration (or water transport
across the plasma membrane) of Peromyscus oocytes
during freezing with ice-seeding under three different
cooling rates (0.5, 6, and 60 °C/min) and IIF during
freezing the cells at a cooling rate of 60 °C/min either
with or without ice-seeding.

To study freezing-induced cell dehydration (or
water transport) and IIF with ice-seeding, the oocytes
were first cooled to —4 °C at 10 °C/min followed by
holding at —4 °C to seed ice using a syringe needle pre-
cooled in liquid nitrogen. After 2 min post ice-seeding,
the cells were warmed up to —2 °C at 10 °C/min to
minimize the initial cell dehydration as a result of ice-
seeding and for better visualization of the cells during
further freezing. After equilibrating at —2 °C for
2 min, the cells were cooled to a deep subzero tem-
perature (down to —60 °C) at 0.5, 5, or 60 °C/min.
Finally, the cells were thawed by heating to room
temperature at 10 °C/min. For the study on IIF
without ice-seeding, cells were cooled to 0 °C at 10 °C/
min, held for 5 min to achieve equilibrium, further
cooled to —50 °C at 60 °C/min, and finally heated
back to room temperature at 10 °C/min. The whole
cooling and heating processes were observed with a
10x long working distance objective and recorded
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using a Qimaging (Survey, BC, Canada) QICAM CCD
microscope camera at full resolution every one
and 20 s for the IIF and water transport studies,
respectively.

Modeling of Water Transport During Freezing

Water transport across the cell plasma membrane
(leading to cell dehydration) during freezing was
modeled using the following equations®**%4°:
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where T is the temperature (in K), V'is the volume, A4 is
the cell surface area, B is the cooling rate, n is the
molar amount, v is the molar volume (18 mL/mol for
water), AH¢ is the molar enthalpy of fusion of water
(6016.52 J/mol), R is the universal gas constant
(8.314 T mol ™' K™'), and Ty is a reference tempera-
ture (272.59 K), ¢ is the dissociation constant of salt (2
for NaCl), L, is the water permeability of cell plasma
membrane at Tr, £y, is the activation energy for water
transport across cell plasma membrane, V7, is the
osmotically inactive volume in cells, and the subscripts
¢, s, and w represent the cell, the solute, and the water,
respectively. Among the various parameters, Lys, Efp,
and V7, are the three model parameters that are cell
type-dependent and they need to be determined using
experimental data.

Modeling the Probability of IIF During Freezing

As with any crystallization process, ice formation in
cells involves two consecutive steps: nucleation to form
ice nuclei, and the subsequent growth of the nuclei.
When freezing cells in isotonic solutions at a cooling
rate less than a few hundred Celsius per minute, ice
nucleation is the rate-limiting step of IIF. In other
words, once ice nuclei form in cells, they will grow
instantly to result in significant IIF that is manifested
as darkening of the cell cytoplasm under a bright field
of light microscopy. Nucleation of ice in cells can be
either surface-catalyzed nucleation (SCN) or volume-
catalyzed nucleation (VCN), and the probability (Pyir)
of IIF can be modeled as follows’*>":
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where ¢ is the time, Ty is the equilibrium freezing

temperature of isotonic solutions (272.59 K), and I is

the ice nucleation rate that can be modeled using the

following equation for both SCN and VCN*":
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where T} is the equilibrium freezing temperature of the
cytoplasm during freezing, N and N, are the number of
water molecules either in the cells (for VCN) or in
contact with the cell plasma membrane (for SCN)
during and before freezing, respectively (the ratio of
N to Ny is equal to 1 if cell dehydration during freezing
is negligible), the superscript XCN represents either
SCN or VCN, Q and « are, respectively, the kinetic
and thermodynamic model parameters that need to be
determined using experimental data, nq is viscosity of
the cell cytoplasm at 7, under isotonic condition, and
n is viscosity of the cell cytoplasm during freezing and

can be estimated using the following equation™*:

_ 2.5¢;
’7 - nw CXp <1 _ 061(P;) (7)

where ¢, is the volume fraction of salts, and #,, is the
viscosity of water that can be calculated using the free
volume model as follows°:

My = My0 €XP <(K11//1) (K21W— Tow + T)) (8)

where 7y is a pre-exponential constant (3.33 x
107° Pa s), v, is the specific volume of water at 0 K
(091 mL/g), K/ (1.945mLg 'K and K
(—19.73 K) are the two free volume parameters for
water, and Ty, is the glass transition temperature of
water (136 K).
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Determination of Model Parameters

The model parameters for water transport (L.,
Ey,, and V) and IIF (Q5MN, 15N, QYN and kg N)
were determined by fitting the above models, respec-
tively, to experimental data on the cell volume and the
probability of IIF as a function of temperature during
freezing obtained from the cryomicroscopy studies.
The fitting was done with a non-linear optimization
procedure (the flexible tolerance method®®) to mini-
mize the root mean square between the model predic-
tions and the experimental data, which has been used
by the authors in a number of studies to extract mul-
tiple parameters in a variety of models for various
applications.?*?3:2326

RESULTS AND DISCUSSION

Cryomicroscopy Study of Water Transport/Cell
Dehydration

Figure 1 shows typical micrographs of a Peromys-
cus oocyte in culture medium (a) before cooling, (b) at
—2 °C after seeding extracellular ice, (¢) at —9 °C
during freezing, and (d) at 22 °C after thawing.
Clearly, after seeding ice and during freezing, the cells
become shrunken due to the formation of extracellular
ice that freeze-concentrates the extracellular solution

Cytoplasm

(€
Plasma /

membrane

"\ Zona

pellucida

and are deformed presumably due to the formation of
large (tens of microns) extracellular ice crystals
(asterisks in Figs. 1b and 1c).

To quantify the cell (cytoplasm) volume, the irreg-
ular area of the deformed cytoplasm (indicated by
arrows in Figs. 1b and Ic) was measured using the
Linksys software specially designed for the cryomi-
croscopy system by Linkam (Waterfield, UK) and an
equivalent diameter was calculated by assuming the
area to be circular. The volume of the deformed
cytoplasm was then estimated by assuming a spherical
geometry. Although these assumptions inevitably
introduce some error, it is the best available approach
for studying freezing-induced dehydration in oocytes.
Another method that has been commonly used to
study water transport during freezing is DSC
(differential scanning calorimetry).'®'" However, the
DSC-based method usually requires the presence of
thousands of cells in a sample. As a result, it is difficult
to apply for studying the water transport process
during freezing mammalian oocytes since the number
of oocytes available is usually small (<~100 per iso-
lation for Peromyscus).

The normalized cell volume (i.e., the ratio of the cell
volume during freezing to the initial cell volume) as a
function of temperature at three different cooling rates
is shown in Fig. 2 as symbols. It is interesting and
important to note that there is a significant drop

FIGURE 1. Typical micrographs showing a Peromyscus oocyte in culture medium (a) at 22 °C before cooling, (b) at —2 °C after
ice-seeding, (c) at —9 °C during freezing, and (d) at 22 °C after thawing: Cooling rate, 0.5 °C/min; arrows indicate the boundary of
cell cytoplasm; asterisks indicate ice crystals, and scale bar, 100 um.
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(~30%) in the cell volume after ice-seeding and equil-
ibrating at —2 °C although the subcooling is only
~1.5°C (the equilibrium freezing temperature is
—0.56 °C). With the further decrease of temperature,
the cells dehydrated further and significantly when
cooled at both 0.5 (Fig. 1c) and 5 °C/min particularly
above —5 °C. However, further dehydration beyond
that of ice-seeding is negligible (~2%) when the cells
were cooled at 60 °C/min. The cell volume did not
change much at all with further cooling beyond
—15 °C for all the three cooling rates tested. More-
over, the final cell volume is strongly dependent on the
cooling rate (i.e., both time and temperature during
freezing) used.

After thawing, the cells lost their morphologic
polarity (or heterogeneity, Fig. 1d) and appeared
degenerated under all the cooling rates studied, which
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FIGURE 2. The ratio of oocyte volume during freezing to the
initial cell volume before freezing in culture medium at three
different cooling rates (0.5, 5 and 60 °C/min): The symbols
represent the experimental data (mean = SD, n = 5); solid
lines are fitting results; and dashed line represents the equi-
librium freezing conditions predicted using an extremely slow
cooling rate (0.01 °C/min).

indicates the necessity of cryoprotectant to protect the
cells during freezing. When the cells were cooled at
0.5 °C/min, no apparent IIF was observed indicating
that the cells were damaged as a result of excessive
cell dehydration. At 60 °C/min, no further significant
cell dehydration beyond that after ice-seeding was
observable, indicating that the cells were damaged by
significant IIF (to be discussed further later). The cells
cooled at 5 °C/min were damaged by both cell dehy-
dration and IIF (data not shown). Similar phenomena
have been observed when freezing metaphase II mouse
oocytes in isotonic solutions.®

Modeling of Water Transport/Cell Dehydration

The experimental data shown in Fig. 2 from the
cryomicroscopy studies were fit using the water trans-
port model (Egs. (1)-(2)), and the results are also
shown in the figure as solid lines (R> = 0.965).
The resultant three model parameters (Lps, Erp, and
Vu/Vecen) are listed in Table 1. With the three model
parameters, we further predicted the change of the
normalized volume with temperature at an extremely
slow cooling rate (0.01 °C/min to approximate the
equilibrium freezing condition), and the results are
shown in Fig. 2 as a dashed line. Clearly, further
decrease of the cooling rate to <0.5 °C/min will not
significantly affect the temperature dependence of the
freezing-induced dehydration of Peromyscus oocytes.
Moreover, cell dehydration mainly occurred above
—5 °C at such an extremely slow cooling rate, which
explains the observed significant cell dehydration
(~30%) after equilibrating the cells at —2 °C.

The three model parameters reported in the litera-
ture for oocytes (in isotonic solutions without cryo-
protectant) of several other mammalian species are
also shown in Table 1 for comparison. It is clear from
the table that all the three parameters vary from spe-
cies to species. The value of Vy,/Vey for the various

TABLE 1. A comparison of the three model parameters of water transport obtained in this study for Peromyscus
oocytes and that reported in the literature for some other oocytes.

Oocyte type Ref. Logx 107 m3N~"s™) Eip (kJ/mol) Vo/ Ve
Peromyscus (mature) This study* 5.24 at —0.56 °C 196.5 0.169
Human (mature) Hunter et al.3%®' 15 at 37 °C 14.1 0.29
41at0°C
Rhesus monkey (metaphase II) Younis et al.®®* 3.8at0°C 1415 0.1
Karlsson et al.®® 9.17 at 23.5 °C n/d 0.197
Bovine (in vitro matured) Ruffing et al.>** 41 at0°C 32.8 0.247
ICR mouse Litkouhi et al.*’ 10.5 at 20 °C n/d 0.247-0.28
Benson and Critser? 6.58 at 22 °C 47.65 0.22
BeD>F4 mouse (metaphase Il) Toner et al.58* 0.733 at 0 °C 55.7 0.214
Leibo®® 7.24 at 20 °C 60.7 0.18

L4 reference water permeability, £, , activation energy of water transport, and Vi/ Ve ratio of osmotically inactive volume to
initial cell volume. References marked with asterisk (*) were done with freezing (i.e., extracellular ice formation).
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oocytes varies between 0.1 and 0.3 and the value
(0.169) obtained in this study is within the usual range.
The critical parameters that govern the cell dehydra-
tion in response to freezing are the reference water
permeability (L,s) of the cell plasma membrane and
the activation energy for water transport across the
plasma membrane (E; ). The L, determined here for
Peromyscus oocytes (524 x 107 m?* N~'s™! at
—0.56 °C) is similar to that of oocytes from large
animals including mature human oocytes, metaphase
II monkey oocytes, and in vitro-matured bovine
oocytes at 0 °C, although it is more than seven times
higher than that for the metaphase II oocytes from the
small hybrid-inbred B¢D,>F; mouse at 0 °C. A high
value of L, indicates a high permeability of the cell
plasma membrane to water at the given reference
temperature.

Unlike L, the activation energy (E,) for water
transport across the plasma membrane of Peromyscus
oocytes during freezing is much higher than that
reported for all the other oocytes determined either
with or without freezing (Note: in a few studies,**> the
activation energy determined under the freezing con-
dition was reported to be higher than that at superzero
temperatures, although the trend does not appear to
apply to the B¢D,F; mouse oocytes, listed in Table 1).
According to Eq. (2), a higher £, means that the
plasma membrane water permeability will drop more
with the decrease of temperature. In other words, the
plasma membrane water permeability of Peromyscus
oocytes can be much lower than that of mature
human oocytes, metaphase II monkey oocytes, and

in vitro-matured bovine oocytes at a subzero temper-
ature (e.g., —5 °C) even though their plasma mem-
brane has similar water permeability at the same
reference temperature (i.e., ~0 °C).

Using Eq. (2) and the water transport parameters
for the Peromyscus oocytes given in Table 1, the water
permeability of the plasma membrane of the cells at
—15°C is found to be less than 1% of that at the
reference temperature (—0.56 °C) (5.24 x 10~'* vs.
4.10 x 107" m* N™' s71). In other words, the plasma
membrane of the oocytes is essentially shut off to water
transport at —15 °C, which may explain why the cell
volume did not change much at all with further cooling
beyond —15 °C for all the cooling rates shown in
Fig. 2. Therefore, it is crucial to maintain a slow
enough cooling rate (e.g., 0.5 °C/min) to sufficiently
dehydrate the cells before the temperature becomes
low enough to significantly slow down the water
transport if maximum cell dehydration is the eventual
goal. Otherwise, significant residual water will be
retained in the cells (e.g., at 5 and 60 °C/min shown in
Fig. 2) which renders the cells vulnerable to IIF during
slow-freezing.

Cryomicroscopy Study of IIF: The Effect of Ice-seeding

Typical micrographs showing three Peromyscus
oocytes in culture medium (a) before ice-seeding, (b) at
—2 °C after ice-seeding, (c) at —11.1 °C during freez-
ing, (d) at —14.7 °C during freezing, (¢) at —11.6 °C
during thawing, and (f) at room temperature after
thawing are given in Fig. 3. Similar to what we

FIGURE 3. Typical micrographs showing three Peromyscus oocytes in culture medium (a) at 22 °C before cooling, (b) at —2 °C
after ice-seeding, (c) at —11.1 °C during freezing, (d) at —14.7 °C during freezing, (e) at —11.6 °C during thawing, and (f) at 22 °C
after thawing: Arrowheads indicate significant lIF (darkening); asterisks indicate extracellular ice crystals; and scale bar, 100 um.



Biotransport Phenomena in Freezing Mammalian Oocytes

observed during the water transport study, the cells
were deformed and shrunken at —2 °C after seeding
extracellular ice (b), and no apparent intracellular ice
was observable in any of the cells at the temperature.
With further cooling, ITF occurred in two of the cells at
—11.1 °C (arrowheads in ¢) and in all of the three cells
at —14.7 °C (arrowheads in d). Moreover, the cells
marked by the downward arrowhead appeared darker
at —14.7 °C than at —11.1 °C, indicating ITF could
continue to accumulate over a small temperature range
in some of the cells. No apparent morphological
change could be observed with further cooling to
—60 °C and the subsequent heating until approxi-
mately —15°C when the intracellular ice started
melting with further heating (e.g., in the cell marked by
the upward arrowhead in d and e). It is interesting to
note that the intracellular ice formed in the cell marked
by the upward arrowhead at a lower temperature also
started thawing at a lower temperature than ice in the
other two cells, presumably because the highest tem-
perature required for maintaining phase equilibrium of
the intracellular ice is dependent on the temperature at
which the ice is initially formed. The three oocytes lost
their structural polarity (or heterogeneity) and
appeared degenerated (F) after thawing, which is not
surprising as significant IIF is a lethal event to cells
during freezing.

Typical micrographs showing the morphological
change of three Peromyscus oocytes in culture medium
(a) underwent freezing without ice-seeding are shown
in Fig. 4. No significant IIF (or darkening) was
observable at —18.6 °C when extracellular ice first

formed (b). With a slight further cooling to —19.8 °C,
significant IIF was observable in all the three cells
(marked by arrowheads in ¢). In contrast to the sig-
nificantly deformed morphology of the three Pero-
myscus oocytes during freezing with ice-seeding shown
in Fig. 3, no apparent deformation was observable to
the cells during freezing without ice-seeding. Presum-
ably, this is due to the difference in the crystal size of
extracellular ice between the two conditions: The
crystals of extracellular ice were much bigger and more
clearly visible in samples with ice-seeding (asterisks in
Figs. 3b, 3c, and 3d) while they were much finer, and it
is difficult to identify individual ice crystals in the
samples with no ice-seeding during freezing (Figs. 4b
and 4c). Moreover, significant IIF in the oocytes
occurred usually at a temperature less than 3 °C lower
than the temperature at which extracellular ice sto-
chastically formed. Consequently, the time for water
transport is short, and cell dehydration during freezing
without ice-seeding is negligible. Of note, cell dehy-
dration during freezing the Peromyscus oocytes with-
out ice-seeding should be negligible regardless of the
cooling rate used as long as the stochastic event of
extracellular ice formation occurs below approximately
—15 °C at which the cell plasma membrane is essen-
tially shut off to water transport according to our cell
dehydration studies (Fig. 2).

No apparent change in the intracellular ice was
observable with further cooling of the cells to —50 °C
(Fig. 4d) and the subsequent heating to ~—15 °C when
an interesting phenomenon was consistently observed:
The cell cytoplasm became much darker than that

FIGURE 4. Typical micrographs showing three Peromyscus oocytes in culture medium (a) at 22 °C before cooling, (b) at —18.6 °C
when extracellular ice first formed stochastically, (c) at —19.8 °C when significant IIF (darkening) occurred, (d) at —50 °C during
freezing, (e) at —11 °C during thawing, and (f) at 22 °C after thawing: Arrowheads indicate significant IIF (darkening) and scale bar,

100 pm.
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during freezing (Figs. 4e vs. 4d) with further heating to
approximately —8 °C indicating more IIF during
heating from —15 to —8 °C, which is in contrast to
what we observed for the intracellular ice formed
during freezing with ice-seeding. The latter started
melting without apparent recrystallization when
heated to above ~—15 °C (Fig. 3e). Presumably, the
additional ice formation (recrystallization) in the cells
during the warming phase is a result of the slow
heating rate (10 °C/min) used in our experimental
protocol. Further study is warranted to understand the
effect of heating rate on the ice recrystallization pro-
cess during the warming phase after freezing the cells
without ice-seeding. The intracellular ice gradually
disappeared with further heating from ~—8 °C to
room temperature. As with the cells frozen with ice-
seeding and thawed shown in Fig. 3f, the three oocytes
appeared degenerated after thawing (Fig. 4f) presum-
ably as a result of the significant IIF during both
freezing and melting phases (Figs. 4c, 4d, and 4e).
The cumulative probability of IIF (Pyr) as a func-
tion of temperature during freezing was further quan-
tified, and the results are shown in Fig. 5 as symbols
for both freezing with (triangle) and without (circle)
ice-seeding. The data were obtained by pooling the
temperature at which 50 and 59 oocytes became
darkened (indicating significant 11F) for the freezing
conditions with and without ice-seeding, respectively.
Clearly, ice-seeding has a significant impact on the
kinetics of IIF in the Peromyscus oocytes during
freezing. Without ice-seeding, no IIF in the oocytes
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Temperature (°C)

FIGURE 5. The cumulative probability of IIF (P,g) in Pero-
myscus oocytes: The symbols are experimental data for
freezing either with (triangle) or without (circle) ice-seeding;
the dashed lines are fitting results considering only the SCN;
the solid line is the fitting result considering both SCN and
VCN; and the experimental data were pooled from a total of 50
and 59 oocytes (isolated from at least 20 animals) for the
conditions with and without ice-seeding, respectively.

was observed until the cells were cooled to ~—19 °C
and the event of IIF occurred over a small temperature
range from ~—19 °C to —27 °C.

On the contrary, with ice-seeding, significant IIF in
the Peromyscus oocytes started at a much higher sub-
zero temperature (~—8 °C) and occurred over a much
wider temperature range from ~—8 to —48 °C.
Moreover, there is an apparent kink point (at
~—43 °C) where the slope of Py vs. temperature
increased abruptly, indicating that there is a change of
the dominant ice nucleation mechanism for IIF at
~—43 °C when freezing the Peromyscus oocytes at
60 °C/min with ice-seeding. Presumably, the SCN
dominates above —43 °C, while below —43 °C, it is the
VCN that dominates according to the classical two-
mechanism theory of IIF during freezing.”” The VCN
has been reported to occur usually below —38 °C.%*%
The temperature at which 50% cells with IIF during
freezing the Peromyscus oocytes with ice-seeding is
~6.5 °C higher than that for freezing the cells without
ice-seeding at 60 °C/min (—16.6 vs. —23.1 °C).

The above observations clearly indicate the signifi-
cant role of extracellular ice in inducing IIF presum-
ably through the surface (cell plasma membrane)
catalyzed mechanism. An apparent difference between
extracellular ice formed with controlled ice-seeding at
a high subzero temperature and that formed stochas-
tically as a result of deep subcooling is their mor-
phology: The crystal of the latter is much finer than
the former (see the images in Figs. 3 and 4). The fact
that IIF was usually observed at a temperature less
than 2-3 °C lower than that at which the stochastic
formation of extracellular ice occurred (rather than up
to ~40 °C lower than the seeding temperature) sug-
gests that the fine ice crystal is much more effective to
catalyze IIF than the big ice crystals growing out of
ice embryos seeded at high subzero temperatures. This
could be because the fine ice crystal is much more
capable of penetrating through the plasma membrane
(e.g., via aquapores*®) into the cytoplasm to initiate
IIF. If this is true, the effect of extracellular ice on IIF
might not be as significant when VCN is the dominant
mechanism of ice formation in the cells below —43 °C.
Further studies to understand the impact of ice-seed-
ing on volume catalyzed IIF are warranted. The better
capability of the fine extracellular ice formed during
freezing without ice-seeding may result in more nuclei
and finer crystals of intracellular ice than the large
extracellular ice formed during freezing with ice-
seeding. During warming, the finer intracellular ice
formed during freezing without ice-seeding may
merge, which gave rise to the recrystallization
phenomena presented in Fig. 4 (freezing without ice-
seeding) while it was not observable for freezing with
ice-seeding (Fig. 3).
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Modeling of IIF

To enable us to obtain further understanding of the
data on ice formation in Peromyscus oocytes shown in
Fig. 5, the IIF model**? given by Egs. (3)—(6) were fit
to the experimental data. In view of the wide temper-
ature range from ~0 to —50 °C involved, the free
volume theory-based model®® given by Eqs. (7)~(8)
were used to estimate the temperature-dependent vis-
cosity of the cell cytoplasm. We first fit the data of Py
obtained under both freezing conditions (i.e., with and
without ice-seeding) using the model assuming that
SCN is the only ice nucleation mechanism. The fitting
results are shown in Fig. 5 as dashed lines. Clearly, an
excellent fit (R? = 0.994) was achieved for the data
obtained by freezing without ice-seeding, suggesting
that SCN should be the dominant mechanism of IIF
when freezing the oocytes at 60 °C/min without ice-
seeding.

For the condition with ice-seeding, however, the fit-
ting was not as good (R? = 0.975) overall. Particularly,

the single mechanism model cannot capture the sudden
change of slope at the kink point (~—43 °C) at all,
suggesting that more than one ice nucleation mecha-
nism is involved over the wide temperature range
under the condition with ice-seeding. Therefore, we
further fitted the data obtained with ice-seeding using
the model considering both SCN and VCN, and the
results are shown in the figure as the solid line. Clearly,
an excellent fit over the whole temperature range was
achieved (R* = 0.995). Moreover, the fitting results
clearly captured the sudden change of slope of the Py
data at the kink point. A further breakdown of the
model prediction of Py indicates that the sudden
increase of slope below —43 °C was because of VCN of
ice in the cells, while SCN dominated above —43 °C.

The two model parameters of SCN and VCN
obtained for Peromyscus oocytes are further listed
together with that reported in the literature for some
other types of cells in Table 2. Clearly, the two
parameters of SCN with ice-seeding for Peromyscus

TABLE 2. A comparison of the kinetic (Qp) and thermodynamic (ko) model parameters of both surface- and volume-catalyzed
nucleations (SCN and VCN) of ice obtained in this study for Peromyscus oocytes either with or without ice-seeding and that
reported in the literature for other cells during freezing with ice-seeding in the absence of cryoprotectant.

Cell type Ref. QO,SCN: m2s! K0,SCN;» K®
SCN
Peromyscus oocyte This study

Without ice-seeding 7.61 x 10" 5.35 x 10"

With ice-seeding 2.38 x 107 1.23 x 10°
Mouse oocyte Toner et al.® 3.56 x 108 4.6 x 10°
Monkey oocyte Younis et al. %© 8 x 10° 2.2 x 10°
One-cell mouse embryo Toner et al.5® 8.2 x 107 7.8 x 10°
D. melanogaster embryo Myers et al.*® 6 x 10° 5.49 x 10°
Islet p-cells Toner®® 7.5 x 108 1.0 x 10°
Human pvascular—endothelial cells Berrada and Bischof® 6.8 x 108 8.3 x 10°
Hepatocyte (human) Bischof et al.® 1.08 x 10° 1.04 x 10°

Darr and Hubel® 7.6 x 108 7.5 x 108

Hepatocyte (pig) Darr and Hubel® 1.3 x 10° 4.8 x 108
Hepatocyte (rat)

Suspended Harris et al.?° 1.1 x 10"° 1.4 x 10°

Cultured (Day 7) Yarmush et al.®® 54 x 10° 3 x 108

Digested (Day 7) Yarmush et al.®® 2.37 x 10" 3.3 x 108
Smooth muscle cell (pig) Balasubramanian et al.’

Suspended 1.13 x 108 1.6 x 10°

Monolayer 3.54 x 10'° 1.8 x 10°

In fibrin matrix 3.78 x 10'° 2.1 x 10°
Protoplast Dowgert and Steponkus'2

Non-acclimated 1.5 x 108 3.4 x 10°

Acclimated 1.1 x 108 1.6 x 10'°

m*S 371 K5

VCN
Peromyscus oocyte (with ice-seeding) This study 2.87 x 10% 1.32 x 102
Mouse oocyte Toner et al 2.0 x 10%° 1.1 x 10"
Erythrocyte Mathias et al.** 1.0 x 10%* 1.7 x 10"
Islet g-cell Toner® 0.3 x 10% 0.6 x 10"
Acclimated protoplast Fabbri'2 1.6 x 10% 1.5 x 10"
D. melanogaster embryo Myers et al.*® 1 x 10% 1.0 x 10"
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oocytes are within the usual range of the one reported
in the literature for the various cells also with ice-
seeding. However, the two parameters of SCN without
ice-seeding are much higher than the literature data.

A high value of Q, indicates that a high rate of ITF
at high subzero temperatures, and a high value of kg,
indicates a fast decrease of the rate of IIF with
decreasing temperature according to Eq. (6). There-
fore, the SCN-induced IIF during freezing without
ice-seeding can be effectively depressed by cooling the
cells using an extremely fast cooling/heating rate to
allow minimum stay time in the high subzero temper-
ature regimen, which is exactly the procedure of the
emerging ultrafast cell vitrification technique using a
much-reduced concentration (£1.5-2.5 M) of cryo-
protectant.”*®” The two model parameters of VCN
obtained for Peromyscus oocytes are within the usual
range of the two parameters reported for the various
cells in the literature.

For future study, the model parameters determined
in this study will be important as the input to a model
recently established for investigating the cell type-
dependent, diffusion-limited intracellular ice nucle-
ation and growth when freezing/cooling the Peromys-
cus oocytes in the presence of cryoprotectants,®® for
which experimental study using cryomicroscopy is
difficult. The model together with the parameters
determined in this study can be used to predict the
percentage of IIF in Peromyscus oocytes under various
CPA concentrations and cooling rates, which can be
further correlated to the experimental data on cell
survival under the various conditions. With such cor-
relation being established, the model can be used to
determine the desired CPA concentration to achieve a
high survival of Peromyscus oocytes for a given cooling
device (which determines the cooling rate during
cryopreservation), and vice versa.

SUMMARY AND CONCLUSIONS

A systematic experimental and modeling study was
performed to understand the water transport and IIF
processes during freezing Peromyscus oocytes in cul-
ture medium without cryoprotectant as the first step
toward cryopreservation of the Peromyscus oocytes,
which has not been successful to date. It was found
that the activation energy (Ep,) for water transport
across the plasma membrane of Peromyscus oocytes is
high compared to that of other oocytes reported in the
literature. Since a higher Ep, indicates a stronger
temperature dependence of the membrane water per-
meability, the water transport across the plasma
membrane of Peromyscus oocytes is more strongly
dependent on cooling rate than that of most other

oocytes. It was further found that ice-seeding at a high
subzero temperature has a profound impact on the
kinetics of IIF in Peromyscus oocytes during freezing.
With ice-seeding, IIF (surface-catalyzed) occurs at a
much higher subzero temperature and over a much
wider temperature range. Moreover, there is a change
of the dominant mechanism (from surface- to volume-
catalyzed nucleation ie., SCN to VCN) of IIF at
~—43 °C with ice-seeding. The kinetic () and ther-
modynamic (xy) model parameters of surface-cata-
lyzed ice nucleation during freezing without ice-seeding
are much higher than that during freezing with ice-
seeding. Since a higher x; indicates a stronger tem-
perature dependence of the nucleation rate of IIF, IIF
should be able to be effectively depressed by using an
ultrafast cooling/heating rate to minimize the stay time
at high subzero temperatures when cryopreserving the
cells by vitrification (without ice-seeding). The micro-
scopic observations and the model parameters indicate
the importance of quantifying the IIF kinetics in the
absence of ice-seeding during cooling for developing
optimal vitrification protocols of cell cryopreservation.
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