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MODELING CELL OSMOTIC BEHAVIOR DURING COOLING
AND WATER CRYSTALLIZATION

Selection of cryopreservation parameters, such as cooling rates, is crucial for the successful preservation of cell suspensions.
The objective of this study was to assess the impact of cooling rates and nucleation on the survival of testicular interstitial
cells (ICs) and to model cell osmotic behavior based on the Kedem-Katchalsky formalism during water crystallization. The
ICs were cooled in the serum-free medium supplemented with 0.7 M DMSO and 100 mg/ml dextran 40 (0.7DMSO + D40).
The modeling of IC osmotic behavior in the medium, based on experimentally determined water and DMSO membrane
permeability coefficients and activation energies, revealed the potential to increase the cooling rate from the "standard"
1 °C/min. This possibility was tested experimentally using higher cooling rates of 2, 5, and 10 °C/min. A cooling rate of
2 °C/min, combined with controlled nucleation parameters, was shown to be beneficial for preserving ICs in 0.7DMSO +
+ D40. The approach including modeling, the use of defined serum-free compositions, controlled nucleation and optimization
of cooling rates, can be applied to other cell types cryopreserved in multicomponent cryopreservation media.

Key word: cooling rate, nucleation, Kedem-Katchalsky formalism, serum-free media, dextran, dimethyl sulfoxide, testicular
interstitial cells, cryopreservation.

Cryopreservation of cell suspensions consisting of
cells that differ in size, volume, origin, and physical
and chemical membrane properties (a heteroge-
neous cell suspension) is a very complex and chal-
lenging task. One of the key cryopreservation pa-
rameters is the cooling rate. According to Mazur’s
two-factor theory, excessively high cooling rates
may lead to insufficient cell dehydration and, con-
sequently, an increased probability of harmful in-
tracellular ice formation, while excessively low rates
can result in excessive cell volume loss and pro-
longed, unnecessary exposure to the hyperconcen-
trated solution formed by extracellular ice, leading
to cell death by the "solution effect” [15]. Selecting
optimal cooling rates is a typical task for a cryobi-

ologist. However, an optimal cooling rate for one
cell type may be far from optimal for another in a
heterogeneous cell suspension. This task becomes
even more complicated if some cells fall into the
category of so-called poorly cryopreservable bio-
logical objects [25, 29].

One approach to address this challenge is to use
the combined cryoprotective compositions, with
components that create optimal conditions for
most cell types during cryopreservation. In our
previous studies [18], we identified several serum-
free and serum-containing media that may be ben-
eficial for cryopreserving testicular interstitial cells
(ICs), a heterogeneous cell suspension that includes
various cell types such as Leydig cells and immune
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system cells. In particular, the serum-free medium
0.7DMSO + D40, supplemented with 0.7 M DMSO
and 100 mg/ml dextran 40 (D40), can promote
moderate cell dehydration before cooling, influ-
ence the size and shape of ice crystals in a way that
facilitates cell survival, inhibit eutectic crystalliza-
tion/melting, provide an optimal glass transition
temperature, and preserve the physical and chemi-
cal properties of cell membranes [19, 24]. This me-
dium also presents a lower potential risk of infec-
tion transmission and DMSO toxicity compared to
its serum-containing counterpart, 1.4DMSO +
+ FBS, which includes a higher DMSO concentra-
tion (1.4 M) and 10% FBS [21].

Another approach is to modify cryopreservation
parameters, such as the duration of cell exposure
to the cryoprotective solution before cooling and
the cooling rates. The optimal exposure time and
cooling rate for each individual cell depend on
membrane permeability to water and cryoprotec-
tive agents (CPAs) such as DMSO. Based on the
determined average osmotically inactive volume,
permeability coefficients for water and DMSO, and
corresponding activation energies, we modeled the
IC osmotic behavior in the cryopreservation me-
dia, assessed the optimal exposure time, and con-
firmed it experimentally [20].

The objective of the present research was to mo-
del cell osmotic behavior based on the aforemen-
tioned averaged biophysical indices of cell mem-
brane permeability and the Kedem-Katchalsky for-
malism during cooling at various rates, to correlate
the modeling results with empirical data and ex-
plain the observed impact of cooling rates on the
heterogeneous cell suspension of ICs in 0.7DMSO +
+ D40. Additionally, a technical issue related to sto-
chastic nucleation was addressed, and the limita-
tions of the Kedem-Katchalsky formalism for mod-
eling cell osmotic behavior in certain cryoprotec-
tive media were discussed.

MATERIALS AND METHODS

Experimental animals. Male Wistar rats from the
animal house of the Institute for Problems of Cryo-
biology and Cryomedicine of the NAS of Ukraine
(Kharkiv) were used. The animals were provided
with standard laboratory chow and water ad libi-
tum. All manipulations with animals were ap-
proved by the Bioethics Committee of the Institute
for Problems of Cryobiology and Cryomedicine of
the NAS of Ukraine (Protocol No. 4, dated of June
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16, 2025) and comply with the main provisions of
the ‘European Convention for the Protection of
Vertebrate Animals Used for Experimental and
Other Scientific Purposes’ (Strasbourg, 1986) and
the Law of Ukraine ‘On the Protection of Animals
Against Cruelty.

Isolation of testicular interstitial cells. Testis isola-
tion was performed as described [5]. Cervical dis-
location was used for the slaughtering of rats. The
animals’ bodies were immersed in 75% ethanol for
5 minutes. The testes were isolated, decapsulated,
and the blood vessels were trimmed from the tes-
tes. They were then placed in 15-ml centrifuge
tubes containing 4 mL DMEM F12 per testis, sup-
plemented with enzymes: 0.2 mg/mL collagenase
(type I) (Sigma-Aldrich, USA) and 0.1 mg/mL
DNase I (Sigma-Aldrich, USA) for 10 minutes. The
tubes were incubated in a thermostated shaking
water bath at 90 cycles/min and 34 °C. Then, 10 mL
of collagenase-free DMEM F12 (Biowest, France)
were added to each tube. The seminiferous tubule
mass was removed by filtration through doubled
100 pm nylon mesh. The filtrates were centrifuged
at 325 g for 3 minutes at room temperature. Super-
natants were discarded, and the residues were re-
suspended in 10 mL phosphate-buffered saline
(PBS). The sedimentation procedure was repeated.
Cell concentration was adjusted to 4 x 107 cells per
mL with PBS. Then, the cell suspensions were di-
luted 1 : 1 with concentrated cryoprotective media
to reach the final concentration of additives (see
below). Thus, the final cell concentration in the
sample came to 2 x 107 cells/mL.

For the measurement of cell survival parameters,
ICs mixed with 0.4% Trypan Blue dye (1 : 1) were
counted using a hemacytometer chamber. General
cell survival was determined as the ratio of the total
number of cells in the sample after incubation to
the number of cells in PBS (300 mOsm) before in-
cubation, multiplied by 100%. Cells unstained by
Trypan Blue dye were considered to have intact
membranes. The survival of cells with intact mem-
branes was calculated as the ratio of the number of
unstained cells in the sample after incubation to the
number of unstained cells in PBS (300 mOsm) be-
fore incubation, multiplied by 100%.

To measure the IC metabolic activity after incu-
bation, 50 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) (Sigma-Al-
drich, USA) solution in PBS (5 mg/mL) was added
to 500 pL of the IC suspension following incuba-
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tion at 4 °C and medium removal. The cells were
incubated with MTT for 2 hours at 35 °C. Then, ICs
were sedimented at 325 g for 3 minutes, and the
supernatant was discarded. Next, 450 pL of DMSO
was added to the stained pellet, and the samples
were stirred. After 5 minutes, the samples were cen-
trifuged, and the optical density (extinction) of the
supernatant was measured at 530 nm. Samples con-
taining no cells were used as a reference. Metabolic
activity preservation was calculated as the ratio of
the optical density of the sample after incubation to
that of a sample in PBS (300 mOsm) before incuba-
tion, multiplied by 100%.

Modeling. The modeling was based on a non-
linear equation and the Kedem-Katchalsky model
[13], as modified by Gordienko Ye.A. and Push-
kar M.S. [8], and adapted for a single cell. It
was used to determine the hydraulic conductivity,
DMSO coeflicient of penetration, the activation en-
ergies of water and DMSO transport across the
membrane [20]. Prediction of the osmotic behavior
of cells under various cooling rates was carried out
using these previously determined values of activa-
tion energies as described by Tarusin D.N. et al
[26]. The used activation energies are represented
in Table 1. The kinetics of changes in the concen-
tration of the solution surrounding the cells during
crystallization were modeled by approximating
the phase diagram of the melting process of aque-
ous DMSO solutions, as described by Todrin O.E
et al. [27].

The ICs were subdivided into two groups. One
specific type was microscopically distinguishable
from the other cells due to its noticeably larger vol-
ume. The diameters of these "large cells" came to
about 18.3 to 19.8 um. Thus, they were referred to
as "large cells" (L-ICs), in contrast to the remain-
ing cells within the ICs, which were designated as
"small cells" (S-ICs).

Cryopreservation. A volume of 0.5 mL of ICs
(4 x 107 cells/mL) was diluted 1 : 1 with concen-
trated cryoprotective media (4 °C) in 1.8 mL cryo-
containers (Nunc, Denmark) to achieve the final
cryoprotective media composition. The nucleation
procedure, based on the capabilities of the freezer,
was applied. However, the selection of parameters
for this procedure was a technical task addressed in
this study and described in detail in the "Results
and Discussion" section. After nucleation initia-
tion, samples were cooled at one of the program-
mable rates: 1, 2, 5, or 10 °C/min. A copper-con-
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stantan thermocouple was used to monitor tem-
perature changes in control samples and within the
cryochamber of the programmable freezer. Once
the final temperature was reached, samples were
held at -30 °C in the freezer chamber for 7 minutes
to equalize the chamber and the sample tempera-
ture. After reaching the final temperature, cryocon-
tainers were transferred to a 37 °C water bath and
warmed. Samples remained in the water bath until
the crystalline phase disappeared. Cryopreserva-
tion media were then replaced with isosmotic PBS
by gradual dilution with isosmotic DMEM F12.
Cell survival indices were subsequently measured.

Statistical analysis. Data were presented as me-
dian, 25™ and 75™ percentile, maximum, and
minimum. The Mann-Whitney U test with Bonfer-
roni correction was applied for paired comparisons;
p < 0.05 was considered significant.

RESULTS AND DISCUSSION

The indices of membrane permeability can help
model the degree of cell dehydration at different
cooling rates [26]. The parameters of cell mem-
brane permeability that determine cell osmotic be-
havior and the degree of dehydration—the osmot-
ically inactive volume, hydraulic conductivity, coef-
ficient of membrane penetration for DMSO, and
corresponding activation energies for water and
DMSO transport across IC membranes—were de-
termined by applying the Kedem-Katchalsky for-
malism in our previous research [20]. In the pres-
ent work, these parameters were first used to pre-
dict volume changes of ICs in cryopreservation
media designed for IC suspension: 0.7DMSO +
+ D40 and 1.4DMSO + FBS. Additionally, we mod-
eled osmotic changes for ICs during cooling in me-
dia supplemented only with DMSO for compari-
son, as this additive may exert a strong document-
ed osmotic and toxic effect [7, 12, 21, 23, 28]. The
ICs form a heterogeneous cell suspension in which
cells can be conditionally subdivided into two pop-
ulations: a more uniform population of large ICs
(L-ICs) and a more heterogeneous population of
small ICs (S-ICs).

According to the modeling in 0.7DMSO + D40,
cooling at a rate of <0.75 °C/min can lead to a drop
in L- and S-IC volume to the minimum (to the os-
motically inactive — 0.3 and 0.2, respectively),
which may result in cell damage due to the "solu-
tion effect” (Fig. 1a, b). Higher cooling rates of 1—
2 °C/min may result in moderate volumetric chang-
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es, where ICs lose about 15—50% of their volume
depending on the rate and initial cell volume. A
rate >5 °C/min may cause no change in cell vol-
ume, increasing the probability of intracellular ice
formation.

However, the model does not take into account
that membrane permeability may increase sharp-
ly at a critical temperature due to lipid membrane
phase transitions and/or membrane damage un-
der increased solute concentration [1]. So, cooling
rates higher than 1—2 °C/min might also be ben-
eficial. Interestingly, 0.1 °C/min in 0.7 M DMSO
may cause significant dehydration of L-ICs to the
minimum, while 0.5 and higher can result in wa-
ter retention in the cells (Fig. 1c). In order to
achieve moderate dehydration, higher concentra-
tions of DMSO should be used for the cells (Fig.
le), but this is fraught with the risk of toxic effects
of DMSO described in our previous works [21,
23]. This strategy to increase cell survival after
cryopreservation was implemented using the se-
rum-containing medium 1.4DMSO + FBS, which
has a similar profile of cell volumetric changes
(Fig. 1g, h). Our previous research showed that
excessive contact of ICs with this cryoprotective
medium can decrease the survival of ICs after
cryopreservation [20].

As for S-ICs, the range of cooling rates appears
to be wider than for L-ICs (Fig. 1b, d, f, h). How-
ever, this group of cells is heterogeneous and in-
cludes many types of cells of different sizes and vol-
umes. The S-ICs exhibit varying sensitivity to cool-
ing rates. Therefore, for a heterogeneous group,
partial dehydration before cooling, shown in [20,
21, 23] for ICs in 0.7DMSO + D40, can reduce sen-
sitivity to cooling rates. The same applies to L-ICs.
This feature of 0.7DMSO + D40 may be advanta-
geous for the cryopreservation of heterogeneous
cell suspensions such as ICs.

The modeling of cell osmotic changes upon wa-
ter crystallization does not take into account the
degree of supercooling. A 1-ml sample with ICs in
0.7DMSO + D40 tended to nucleate spontaneous-
ly at about —10.5 °C (Fig. 2) at a cooling rate of
1 °C/min in the interval 4...—-80 °C (Table 2, Pro-
gram 1). Nucleation caused a significant increase
in sample temperature up to its melting point, fol-
lowed by a "plateau” formed due to equilibrium
between the exothermic latent heat release and
heat removal through the cryocontainer walls. Af-
ter the crystallization of bulk water, the cooling
rate of the sample increased. This increase was
driven by the significant temperature difference
between the sample and the chamber. Subse-
quently, the temperature changes in the sample
became similar to those in the chamber in the in-
terval of -37...-80 °C.

The temperature of nucleation (the degree of su-
percooling) of a medium may considerably impact
the degree of cell dehydration and the probability
of intracellular ice formation. To compare the influ-
ence of cooling rates on cell survival, equal condi-
tions must be guaranteed. Therefore, the second
part of the work was devoted to developing param-
eters for controlled nucleation in samples with
0.7DMSO + D40. Sharp and potentially more dan-
gerous intracellular dendritic ice crystals may form
when the nucleation temperature drops well below
the melting point of the solution [16, 24]. Con-
trolled nucleation at temperatures near the melting
point and subsequent crystallization under more
equilibrium conditions has been shown to be ben-
eficial for the cryopreservation of different types of
cells [2, 4].

During the procedure of controlled ice nucle-
ation with a programmable freezer, the chamber
with samples is cooled rapidly, creating a "cold
spot" somewhere on the wall of the cryocontainer,

Table 1. Values of activation energies used for the modeling, kJ/mol

Large ICs Small ICs
Solutions
Water, kJ/mol DMSO, kJ/mol Water, kJ/mol DMSO, kJ/mol
0.7 M DMSO 37.9(37.4;41.9) 64.6 (56.4; 66.2) 26.3 (25.4; 39.1) 63.9 (56.2; 64.2)
1.4 M DMSO 35.7 (32.6; 43.8) 61.0 (60.3; 61.3) 20.4 (17.6; 32.4) 66.4 (55.3; 73.5)
0.7DMSO + D40 29.8 (28.9; 37.0) * 42.6 (40.9; 62.6) * 34.5 (31.8; 36.6) * 30.1 (26.0; 35.6) *
1.4DMSO + FBS 31.9 (26.9;41.6) * 65.5 (61.7; 67.9) 26.4 (18.8; 27.7) 63.8 (60.0; 67.3)

* Differences are statistically different from 0.7 M DMSO, p < 0.05.

82

ISSN 2307-6143. Problems of Cryobiology and Cryomedicine. 2026. Vol. 36, No. 2




Modeling cell osmotic behavior during cooling and water crystallization

a

e e e e |

c

1 1 1 1 1 1 1 1 ()
¢ /
LrEEmEE ST T e, 88}&8&8.8§8.8%8§&%32&3W 1.0
1 10.8
T 1 0.6
1 104
1 102
1 1 1 1 1 1 1 1 0
-100 -80 -60 -40 -20 -100 -80 -60 -40 -20
g h
0.1 °C/min 0.5 °C/min 0.75 °C/min 1°C/min = —e= 2°C/min = = = 5°C/min
== 10°C/min === 20°C/min < 100 °C/min

Fig. 1. Modeling volumetric changes of ICs depending on cooling rates: a — L-ICs in 0.7DMSO+D40; b — S-ICs in
0.7DMSO + D40; ¢ — L-ICs in 0.7 M DMSO; d — S-ICs in 0.7 M DMSO; e — L-ICs in 1.4 M DMSO; f — S-ICs in 1.4
M DMSO; g — L-ICs in 1.4DMSO + FBS; h — S-ICs in 1.4DMSO + FBS

resulting in ice nucleation. This type of ice nucle-
ation is called "shock cooling" or "seeding" [16].
The parameters of this procedure, such as the dura-
tion of the cooling ramp and its final temperature,
were selected for 0.7DMSO + D40. Table 2 shows
the parameters of the program steps without nucle-
ation (Program 1) and with the selected parameters
for controlled nucleation (Program 2). The use of
the selected parameters prevented excessive super-
cooling of the samples (Fig. 3a). This also guaran-
teed more uniform cryopreservation conditions for
all samples, eliminating the stochastic factor of
spontaneous nucleation. It can be seen that, not-
withstanding the rapid temperature drop in the
cryochamber during nucleation initiation, the sam-
ple’s temperature did not change significantly. Ho-
wever, this triggered nucleation near the melting
temperature and water crystal growth, which can
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be observed as a "temperature plateau” on the ther-
mogram.

Although running the two programs resulted in
no difference in overall cell survival and plasma
membrane preservation, Program 2 with the initia-
tion of the crystallization step proved superior, as
the index of IC metabolic activity was significantly
higher (Table 2).

The final part of the work was to study the ef-
tect of cooling rates during real cryopreservation
and to compare the empirical data with those
obtained from modeling. Modeling showed that
the cooling rates of the samples with ICs in
0.7DMSO + D40 can be increased relative to the
rate of 1 °C/min used in the second part of the
work. After the step of water crystallization initia-
tion followed by a stabilization step, the samples
were cooled at one of the selected rates: 1, 2, 5, or
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Fig. 2. Characteristic temperature changes in the chamber of the programmable freezer and in
the sample with ICs in 0.7DMSO + D40 cooled using program 1

10 °C/min. Although the temperature change in the
chamber of the programmable freezer was con-
trolled, the temperature changes inside the samples
lagged behind the chamber temperature (Fig. 3).
Some average estimates of the cooling rates of the
samples are given in Table 3.

Increasing the cooling rate to 2 °C/min led to a
slight increase in general cell survival but no chang-

es in preservation of the plasma membrane or met-

abolic activity. Higher cooling rates caused a sig-
nificant decrease in the cell survival indices (Fig. 4).
The cooling rates of the chamber and the samples
were similar when the set cooling rate was within
1—2 °C/min. According to the modeling, L-ICs
lost about 40 and 20 % of their volume when cryo-
preserved at cooling rates of 1 and 2 °C/min, re-
spectively. As for S-ICs, they lost about 30 and 15%
of their volume, respectively. Thus, the degree of

Table 2. Steps of cooling programs without controlled nucleation (Program 1)
and with the developed procedure of controlled nucleation (Program 2)

Parameters Program 1 Program 2
Program steps CT, 3 min, 4 °C CT, 3 min, 4 °C
PK (loading samples) PK (loading samples)
OH, 1 °C/min, —-80 °C CT, 5 min, 4 °C
KP, 90 sec, to -60 °C
CT, 7 min, -4 °C

CT, 2 min, —-80 °C

PK (unloading samples) PK (unloading samples)
General cell survival, % 37 (36;41) 37 (36; 41)
Plasma membrane preservation, % | 24 (21; 34) 30 (28; 38)
Metabolic activity preservation, % | 52 (46; 54) 67 (64; 68)*

OH, 1 °C/min, —80 °C
CT, 2 min, —-80 °C

CT — stabilization of the programmable freezer chamber at a given temperature and time; PK — loading/unloading of
the samples to/from the chamber of the programmable freezer; OH — cooling of the chamber at a given rate and to the
final temperature; KP — a procedure for initiating crystal formation provided by a programmable freezer, which involves
rapidly lowering the chamber temperature over a certain period of time to a set minimum temperature. The parameter
highlighted in bold and underlined could have changed when studying the effect of cooling rate. The indices of IC sur-
vival were represented as median (25 and 75" percentile). * The value was statistically different from the corresponding

value of program 1, p < 0.05.
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Fig. 3. The profile of temperature changes in the samples and in the chamber of the programmable freezer. The proce-

dure of initiation of nucleation was applied. This nucleation step was followed by cooling at a rate:a — 1, b —

d — 10 °C/min

dehydration during cryopreservation should be
kept within the range of 20—30%. Higher rates of
temperature changes in the samples (>2 °C/min)
during cooling cause insufficient dehydration of
ICs and, according to Mazur’s two-factor theory,
damaging intracellular ice formation. Furthermore,
the modeling shows that the use of lower cooling
rates (<1 °C/min) has no prospects, as it may in-
crease the period of contact of the biological mate-
rial with toxic DMSO at higher temperatures and

2,c—5,

expose cells to a hyperconcentrated solution for-
med upon extracellular ice formation during cool-
ing. Lower indices of cell survival were also dem-
onstrated experimentally at the same experimental
conditions (not shown).

The modeling also demonstrates that the use of
0.7 M DMSO without D40 makes optimization of
the cooling rate impossible: the cooling rates achi-
evable with a programmable freezer either lead to
a significant drop in volume or increase the prob-

Table 3. Cooling rate assessments in the chamber of programmable freezer

and in the samples with 0.7DMSO + D40, °C/min

Conditions of cooling rate assessments

Cooling rate, °C/min

after initiation nucleation
Average cooling rate of the sample from 4 to —80 °C

nucleation to —80 °C

after initiation of nucleation —4...—80 °C

Cooling rate of the chamber of the programmable freezer

Average cooling rate of the samples from the beginning of

Average cooling rate of the samples assessed in the interval

1.0 2.0 5.0 10.0
1.0 1.8 3.1 3.8
1.1 1.8 3.5 59
1.1 2.2 5.8 6.9
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Fig. 4. Indices of IC survival under different cooling rates.
The procedure of initiation of nucleation was applied.
The general cell survival and plasma membrane preserva-
tion were assessed microscopically with Trypan Blue dye,
metabolic activity preservation by MTT-test. *The indices
are statistically different from 2 °C/min, (p < 0.05); # —
indices are statistically different from 1 °C/min, (p < 0.05)

ability of intracellular crystallization. Considering
that we are dealing with a heterogeneous cell sus-
pension, such a solution will not provide moderate
dehydration for most of the cells in this suspension.
It was shown that D40 promotes partial dehydra-
tion of ICs before cryopreservation and prevents
excessive cell volume excursion during cryopreser-
vation [24]. D40 and its combination with 0.7 M
DMSO, apart from other media, do not change the
degree of membrane dehydration and ordering
[22]. Additionally, dextran may cover some mem-
brane defects [3]. In this work, we have shown that
its use makes the cells in the heterogeneous sus-
pension (ICs) less sensitive to deviations from the
optimal cooling rate for each individual cell. Nota-
bly, the optimal cooling rate is difficult to deter-
mine and achieve (if it is even possible) when the
cell suspension consists of different cell types, as
conditions suitable for one type may be less suitable
for another.

According to the modeling the concentration of
DMSO can be increased instead of using D40,
which, on the one hand, may help control cell de-
hydration over a wider range of cooling rates and
decrease the probability of intracellular ice forma-
tion; on the other hand, this approach is linked
with excessive DMSO concentrations potentiating
its toxic effects [18, 24, 19, 21]. The use of a higher
DMSO concentration (1.4 M) was demonstrated
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for the serum-containing medium 1.4DMSO +
+ FBS. However, despite the satisfactory cryo-
preservation outcome in terms of cell survival, the
use of serum carries the risk of transmitting infec-
tions and batch-to-batch variability in medium
composition [6, 11, 14]. Additionally, as mentioned
above, a higher DMSO concentration increases the
risk of toxicity. The optimization of cooling rates
for this serum-containing medium was demon-
strated in our previous works [9, 10, 17].

The presented model, based on the Kedem-
Katchalsky formalism, is a simplification, failing to
account for factors that develop during actual cryo-
preservation: changes in membrane permeability
under the influence of CPAs and other substances,
changes in membrane viscosity, fluidity, and order,
especially at high concentrations, changes in mem-
brane potential, solution properties such as devia-
tions from ideality or significant stabilization of hy-
dration shells around cryoprotectant molecules
with decreasing temperature, phase transitions in
membranes with temperature changes, membrane
damage during crystal growth, cell behavior deviat-
ing from an "ideal osmometer", etc. Perhaps adjust-
ing the model to account for these parameters
could be fruitful in predicting cell behavior during
cryopreservation. However, even in its original
form, this model allows for understanding the
main trends occurring in a cell suspension with
changes in cryoprotectant concentration and cool-
ing, and, accordingly, for adjusting cryopreserva-
tion parameters.

CONCLUSION

In this work, we demonstrated the possibility of op-
timizing cryopreservation parameters by manipu-
lating nucleation and adjusting the cooling rate.
Using modeling, we identified the optimal degree
of cell dehydration and explained some mecha-
nisms of cryoprotection when using a combined
serum-free medium based on DMSO and dextran
(0.7DMSO + D40). It was shown that this medium
allows us to find cryopreservation parameters sat-
isfying the demands of various cell types in hetero-
geneous suspensions. This, in turn, opens up pros-
pects for the use of such media for cryopreserva-
tion of different biological samples in both research
and clinical settings.

This study was carried out within the framework
of regular state budget projects of the Institute for
Problems of Cryobiology and Cryomedicine of the
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MOJIEJIIOBAHHS OCMOTUYHOI MOBEJIIHKY KJIITUH
11 YAC OXOJIOPKEHHS TA KPUCTAJIBALIIT BOJIU

Jns yeninrHoro 36epexxeHHs KIITHHHMX CYCIIeH31il BayK/IMBYUM € BI3HAYeHHs TaKOTro apaMeTpa KpiOKOHCepBYBaHHS,
SIK IIBYUJKICTH OXOMOMKeHHs1. MeTO0 IIbOTo JOCII/PKEeHHs 6Y/I0 OLIIHMTY BIUIUB IIBYKOCTI OXOTIO/KEHHS Ta HyK/eallii
Ha BJDKVBaHICTD iHTepcTunianbaux KnitnH (IK) ciM’sHMKa, a TAKOXK 3MOJIeMIOBAaTY OCMOTHYHY IOBEiHKY KIITUH Ha
ocHOBi ¢opmanismy Kenmema-Kauanbcpkoro mip wac xpucramisanil Bogy. Kimitueu iHTepcTuIiio oXomomxyBamyu B
6e3cupoBaTKOBOMY cepepoBuii, sxkmit Mictus 0,7 M IMCO ta 100 mr/mn gexcrpany 40 (0,7IMCO + [140). Mope-
JII0BaHHA ocMOTH4YHOI nmosefinku KI y cepenosuii, fike 3acCHOBaHe Ha e€KCIIEpMMEHTATbHO BU3HAUYE€HNUX MOKa3HMKaX
MeMOpaHHOI IpOHMKHOCTI /1 Bogu Ta [JJMCO i BinIOBiZHUX eHeprisfix akTUBallil, 10Ka3alo IOTeHIIIHY MO>K/IMBICTD
HiIBUIIEHHS MIBUKOCTI OXOMOMKEHHS HMOPIBHAHO 31 «cTaHfapTHON» 1 °C/xB. Llto MoxmuBicTh 6y10 IepeBipeHO
€KCIIepMMEHTAIbHO i3 3aCTOCYyBaHHAM BUIIMX IIBUAKOCTEN oxonomkeHHA — 2, 5 Ta 10 °C/xB. byno nokasano, 1o
HIBUAIKICTh oxonomkeHHA 2 °C/XB y IO€NHAHHI 3 KOHTPOTbOBAHMMM MapaMeTpaMy HyKeallii € COpUATINBOIO A
36epexenns KI y cepegoumi 3 gekctpanoMm i JMCO. ITigxin, sskuit BKII0Ya€ MOJIeTIOBaHHA, BUKOPUCTAHHA XiMi4HO
BU3HAYeHMX 0€3CUPOBATKOBUX KOMIIO3MIIil, KOHTPOIbOBAHY HYK/Ieallilo Ta OIITUMi3allilo IIBUAKOCTEl OXOMOLKEeHHS,
MO>Ke OyTH 3aCTOCOBAHUII 1O KPIOKOHCePBYBaHH: iHINVX TUIIB KIITUH Y PO34MHAaX i3 XiMIiYHO BU3HAYEHNMM CTaHOM.

Kntouo6i cno6a: MBUIKICTh OXONOMKeHHA, HyK/Iealis, Mogenb Kegema-Kavanbcbkoro, 6e3cpoBaTKOBi cepeoBuIIa,
IeKCTPaH, [UMETUICYIb(MOKCHU, KIITHHI IHTePCTHULIIO CIM STHUKA, KPIOKOHCEPBYBAHHSI.
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