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THEORETICAL DETERMINATION
OF BIOPHYSICAL PARAMETERS FOR OPTIMISING NEURAL
CELLS' THREE-DIMENSIONAL STRUCTURES CRYOPRESERVATION

Using physical and mathematical modelling of the mass transfer processes of water and Me,SO, the values of the relative
osmotically inactive volume for aggregates and spheroids of neural cells from newborn rats were determined. The evaluated
parameters for aggregates and spheroids are 0.689 and 0.644, respectively. The study also presents theoretically calculated
changes over time in the normalized osmotic pressure of Me,SO and the concentration of salt ions within spheroids and
aggregates. From the dynamic curves of change in relative volume for aggregates and spheroids, the filtration coefficients for
water and permeability for Me,SO were determined. It was found that aggregates, as less densely packed structures than
spheroids, were characterised by higher permeability coefficients for water and Me,SO, particularly at 5 °C. At this
temperature, 119 s is required for 95% saturation of aggregate cells with 10% Me,SO and 157 s for spheroid. This means that
at a temperature of 5 °C, the equilibration time with the cryoprotectant Me,SO is 25% longer for spheroids than for aggregates.
The obtained results indicate that spheroids as a more integral structure characterised by dense cell-cell and cell-extracellular
matrix interactions, are more osmotically active compared to aggregates. These findings can be used to develop the optimal
methods for cryopreservation of neural cell aggregates and spheroids.

Key words: neural cells, spheroids, aggregates, cultivation, filtration coefficients, permeability coefficients, dimethyl sulfoxide,
osmotically inactive volume.

Despite significant scientific efforts, our under-
standing of how the brain works, both in health
and in disease, remains very limited. This is mainly
due to the complexity of the structure and func-
tioning of the mammalian nervous system, as well
as the limited access to brain tissue directly. In view
of this, three-dimensional (3D) neural cell (NCs)
cultures, which are a simplified and accessible
model of the brain tissue, open up new opportuni-
ties for further study of the brain physiology of liv-
ing organisms. Unlike 2D culture models, 3D
culture systems allow to reproduce the complex

microenvironment surrounding NCs, including
the extracellular matrix and extracellular inter-
actions [3].

The widespread use of 3D NC structures in sci-
entific research is largely limited by the lack of ef-
fective protocols for their cryopreservation. The de-
velopment of low-temperature banks of standard-
ized 3D structures of NCs can expand the pos-
sibilities for their use in biomedical and pharmaco-
logical research, and will also help to reduce the
number of experimental studies involving labora-
tory animals [2].
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It should be noted that the 3D nature of these
multicellular structures complicates their cryo-
preservation process compared to suspensions of
single cells. It introduces additional factors that
should be considered when developing relevant
cryopreservation protocols, including the rate of
cell saturation with a cryoprotectant, the unifor-
mity of their cooling, and the homogeneity of crys-
tal formation.

The use of a physical-mathematical model de-
scribing mass transfer processes to record changes
in the relative volume of NCs during their incuba-
tion in a cryoprotective solution allows to deter-
mine the optimal exposure time of NCs with a
cryoprotectant and the optimal cooling rate for
successful cryopreservation of a cell suspension [6].
The same approach can be used to determine the
exposure time to a cryoprotectant and the optimal
cooling rate for cells in 3D structures. Meanwhile,
the integral characteristics that determine the time
parameters of mass transfer between 3D structures
and the medium can be considered as analogues of
the permeability coefficients of individual cell
membranes.

Neural cells are capable of forming different
types of multicellular 3D structures: neurosphe-
res, aggregates (AGs), and spheroids (SPHs), which
differ somewhat in their morphological and physi-
ological characteristics. Neurospheres are formed
by neural stem cells during their cultivation [10],
and aggregates are formed by self-assembling a het-
erogeneous suspension of freshly obtained NCs
during short-term cultivation [11, 12]. Spheroid
formation occurs when pre-cultured NCs are
grown on non-adherent surfaces or in a droplet
(also by self-assembling) [4]. Morphologically,
these structures are similar, but they differ in their
formation method, cell composition, and, possibly,
extracellular matrix content. This means that the
conditions for both cryoprotectant saturation of
these 3D structures and their cooling rates are like-
ly to be different. To develop effective cryopreser-
vation protocols for different types of 3D NCs
structures, it is necessary to determine their bio-
physical parameters, in particular the filtration co-
efficients for water and the permeability coeflicients
for Me,SO.

The purpose of this work is to determine, based
on physico-mathematical modeling of the osmotic
activity of aggregates and spheroids, their filtration
coeflicients for water and permeability for Me,SO,

ISSN 2307-6143. Problems of Cryobiology and Cryomedicine. 2025. Vol. 35, No. 2

as well as the optimal time required for the satura-
tion of their cells with Me,SO.

MATERIAL AND METHODS

The primary suspensions, aggregates and spheroids of
the NCs from newborn rats were used in the study.

Neural cells were obtained from the brain tissue
of newborn rats (Postnatal day 0) by the enzymatic-
mechanical method. For this purpose, the brain tis-
sue was removed, washed with sterile saline, incu-
bated for 2 min at 37 °C in 0.25% trypsin solution
(Biowest, France), transferred to DMEM/F12 me-
dium (Biowest, France) enriched with 10% serum
and mechanically disaggregated into single cells by
vibration [9]. The obtained cell suspension was fil-
tered and washed from trypsin by centrifugation at
100 g. The resulting cell pellet was suspended in
DMEM/F12 medium supplemented with 10%
blood serum. Cell viability was assessed by staining
with 0.4% trypan blue (Sigma, USA). The number
of cells was counted in a Goryaev chamber.

Primary suspensions of NCs with viability above
70% were used in the study. Monolayer and 3D cul-
tivations were carried out in a CO, incubator at
37 °C, 5% CO, atmosphere, 95% air in DMEM/F12
medium (Biowest, France), supplemented with
10% blood serum.

To obtain AGs, the primary suspension of NCs
was seeded at a concentration of 4 x 10° cells/ml in
a 24-well plate (TPP, Switzerland) and cultured for
1—3 h [11]. A portion of the formed AGs was re-
seeded in a minimal volume and cultured in the
same medium until a 70% monolayer was formed.
The NCs of the monolayer were removed with a
solution of trypsin (0.25%)/versen (0.05%) (Biow-
est, France), washed by centrifugation, resuspend-
ed in the culture medium and used in further ex-
periments to obtain SPHs.

NC spheroids were obtained by the hanging
drop culture technique. For this purpose, culture
dishes with a diameter of 100 mm (SPL Life Sci-
ences, South Korea) were used. Drops of pre-cul-
tured NCs were applied to the inner surface of the
lid, and the bottom of the dish was filled with a
sterile solution to maintain humidity in the cham-
ber. Each drop was 20 pL and contained 8x103
cells. The culture dishes with drops were cultured
in a CO, incubator at 37 °C in an atmosphere of 5%
CO,, 95% air for 3—4 days until spheroids were
formed. Spheroids formation was evaluated by in-
verted microscope (AmSCOPE, USA). The viabil-
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ity of NCs in the SPHs was assessed by culturing on
the adhesive surface of 24-well plates.

The determination of the integral permeability
coefficients of SPH and AG for the penetrating
cryoprotectant Me,SO — Ks, and for water mole-
cules - Lp, was carried out using the volumetric
method [1, 2]. The volumes of SPH and AG before
(V,) and after (V) the addition of solutions were
determined by the formula:

V =1/6 nD?,
where D is the diameter of SPH and AG.

The volume of SPH and AG was determined us-
ing an «Axio Observer Z1» microscope (Carl Zeiss,
Germany) equipped with a thermostated stage.

Morphometric analysis was performed using the
certified software ‘AxioVision Rel. 4.8 (Carl Zeiss,
Germany).

The osmotically inactive volume of SPH and AG
was determined by the method described in the
work of V.V. Ogurtsova et al. [8]. For this purpose,
the dependence of their relative volume on the
inverse normalized osmotic pressure in sodium
chloride solutions at concentrations of 0.5, 1, and
2.0 mol/L was determined.

Considering the volume of SPHs and AGs in a
series of solutions of a non-penetrating substance
with increasing concentration, the dependence of
the asymptotic relative volume on the inverse nor-
malized osmotic pressure of the solution was found.
The experimental data were approximated by the
least squares method. The value of the osmotically
inactive volume was obtained from the intersection
of the approximated line with the ordinate axis.

The numerical values of the integral filtration
and Me,SO permeability coefficients in SPH and
AG were determined by approximating the experi-
mental data on the change in their relative volume
depending on the exposure time in the studied so-
lutions. This was done using theoretical curves cal-
culated on the basis of the Kedem-Katchalsky
physico-mathematical model of passive transport
of water and penetrating substances, ensuring their
maximum congruence [5, 7].

In dimensionless form, the classical Kedem-
Katchalsky model is expressed as follows

d)’_l Ain _ Aout 1—06

T TO[UL(H1 7T, )+),Ta—1]’ (1)
dﬁiﬂ_ 1 Ain A out "i"dy 1
=yl lle. @
ir=(0) ;=4 ) (3)
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where ¥ :T‘; (V and V, — the current and initial
0
volumes of SPHs and AGs, respectively); 7= 7,8;1;1,)/0

(7,8 — osmotic pressure coeflicient of the isotonic
solution in atmospheres), L, — the integral filtra-
tion coeflicient of SPH and AG, y, — the surface-
to-volume ratio of a cell, y, = Sy/V,,, Sy — the initial
surface area of the cell membrane); t — time; 0,—
the reflection coefficient of the plasma membrane
for the substance penetrating it; 77, =7, /7, —
normalized osmotic pressure of the permeable (1)
and impermeable (2) components inside and out-
side the cell; 7" and 7" — osmotic pressure of
the substance penetrating the plasma membrane,
outside and inside the cell, respectively; — the initial
value of the osmotic pressure of the isotonic physio-

logical solution; 71= % (where K;— the perme-

ability coefficient of t};eoplasma membrane for the
substance penetrating it); a — the volume fraction
of osmotically inactive intracellular substances.

The reflection coefficient of the cell membrane
ol was assumed to be 0.95 in all calculations. The
cell membrane permeability coefficients were cal-
culated by solving the system of differential equa-
tions (1)—(3).

Statistical analysis of the obtained results was
performed using the non-parametric Mann-Whit-
ney U test with the software «Statgraphics plus for
Windows 2.1» (Manugistics Inc., USA). The ex-
perimental data are presented as mean +SD. Dif-
ferences were considered significant at p < 0.05.

RESULTS

Permeability parameters were determined in 3D
NC structures: aggregates (Fig. 1, a) and spheroids
(Fig. 1, b), which consisted of viable cells. This is
evidenced by their ability to attach to an adhesive
surface during cultivation, followed by cell migra-
tion and spreading (Fig. 1, ¢, d).

Permeability parameters were determined for SPH
and AG with a diameter of 200—300 pm. Changes in
the volume of SPH and AG during their equilibration
in a 10% Me,SO physiological solution at tempera-
tures of 5, 15, 25 and 35 °C were determined by mor-
phometric analysis of micrographs (Figs 2, 3).

Based on the data obtained by the method of V.V.
Ogurtsova et al. [3], a graph was plotted showing
the changes in the relative volume of SPH and AG
depending on the reciprocal normalized osmotic
pressure of the NaCl solution (Fig. 4).

The graph shows that the relative osmotically
inactive volume (a) of SPH and AG differs. For
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Fig. 1. Formation of 3D NCs structures and their behavior under adhesive sur-
face culture conditions: a — aggregates formed during 3 hrs of primary neural
cell suspension cultivation; b —spheroid formed during 3 days of precultured
neural cells hanging drop cultivation; ¢ — cell migration from attached aggre-

gates; d — cell migration from attached spheroid
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SPH, it is 0.644, while for AGs it is 0.689. This
means that the reaction of SPH and AG to the
same hypertonic effect is not the same, which may
indicate a different volume fraction of osmotical-
ly inactive substance inside these multicellular
structures [7]. The reasons for this difference may
also be the origin and structure of the osmotically

\"'

Fig. 2. Kinetics of NCs spheroid volume change over time (seconds) in 10%
Me,SO solution at 15°C:a — 0 s; 6 — 60 s; ¢ —166 s;d — 433 s

inactive extracellular matrix, cellular composi-
tion, and the different duration of SPH and AG
cultivation.

Aggregates are looser multicellular structures
compared to spheroids. As seen in Fig. 1, a and 3,
aggregates contain a rather large amount of extra-
cellular substance, which evidently originates from
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the initial tissue. Spheroids, unlike aggregates, are
structures with a denser cell packing (Fig. 1, b, 2)
and a tighter intercellular matrix, which is a prod-
uct of spheroid cell metabolism. This matrix is
quite tightly bound to the cells, unlike the aggre-
gate’s exogenous extracellular matrix, whose con-
nection to the cells is likely absent due to the short
cultivation period.

Thus, a spheroid is a more integral structure
compared to an aggregate, where the cells and the
extracellular matrix do not form a single unit and
therefore react to osmotic changes separately. Since
the extracellular matrix is osmotically inactive, it
dampens the osmotic changes of NCs within ag-
gregates, and we are not able to fully observe the
volume changes of aggregate cells. Spheroids, as a
structure with dense cell-extracellular matrix inter-
actions, respond to osmotic changes as an integral
system, which allows for more accurate tracking of
the cells’ reaction to the effect of an impermeable
extracellular fluid.

It is important to emphasize that the diffusion
of water and cryoprotectant molecules in 3D mul-
ticellular structures is not solely a function of cell
membrane permeability but also depends signifi-
cantly on extracellular diffusion. This, in turn, is
determined by the cell packing density, as well as
the volume and structure of the extracellular ma-
trix. Specifically, in spheroids, dense cell packing
and the presence of a bound matrix can create dif-
fusion barriers that slow down the transport of
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Me,SO solution at 15°C:a — 0s; b — 20 s; ¢ — 258 s;d — 400 s

Me,SO molecules into the core of the structure.
As a result, the duration of equilibration in such
systems is determined not only by membrane per-
meability but also by the effective coeflicient of
extracellular diffusion. Consequently, AGs show a
greater relative increase in volume during equili-
bration compared to SPHs, and their volumetric
stabilization occurs more rapidly. This also aligns
with the faster uptake of cryoprotectant by AG
cells, which may be relevant for optimizing cryo-
protection protocols in relation to the morpho-
logical features of 3D structures. Consequently,
the relative volume increase of AGs during equil-
ibration is higher than in SPHs, and volume sta-
bilization in AGs occurs faster. This fact also cor-
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Fig. 4. Changes in relative volume of AG (e) and SPH (o)
depending on reciprocal normalized osmotic pressure of
NaCl solution
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Fig. 6. Time-dependent changes in the concentration of Me,SO inside spheroids (a) and aggregates (b) at equilibration

temperatures

relates with the more rapid saturation of AG cells
with the cryoprotectant, which may be significant
for optimizing cryopreservation protocols de-
pending on the morphological features of the 3D
structures.

Thus, the observed differences in the time of
Me,SO uptake by the multicellular structures, in-
terpreted on the basis of the Kedem—Katchalsky
model parameters, may be determined not only
by transmembrane permeability but also by con-
centration gradients in the intercellular space.
Particularly in dense structures such as spheroids,
it should be taken into account that extracellular
diffusion represents the rate-limiting step, and ad-
sorption effects or changes in the local chemical
potential may influence the overall mass transfer
kinetics.
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The different osmotic activity of SPHs and AGs
is also indicated by diagrams showing time-de-
pendent changes in relative volume during incu-
bation in a 10% Me,SO solution (Fig. 5). The
graph shows that SPH cells dehydrate and recover
their volume more slowly than AG cells during
equilibration in a 10% Me,SO solution at various
temperatures.

Fig. 6 and 7, and Table present the theoretically
calculated time-dependent changes in the normal-
ized osmotic pressure of Me,SO and the concentra-
tion of salt ions inside SPH and AG, based on equa-
tions (1)—(3).

As seen in Fig. 6, theoretical calculations show
that (157+ 20), (66 £9), (60 + 6) and (18 + 5) s are
sufficient for 95% saturation of SPH cells with

cryoprotectant during their equilibration in a 10%
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Fig. 7. Time-dependent changes in the normalized salt ion
concentration inside spheroids (a) and aggregates (b) at
equilibration temperatures of 5, 15, 25, and 35 °C

Me,SO solution at 5, 15, 25 and 35 °C, respectively.
For AG cells, the corresponding times are (119 +
+16), (77 £7), (49 £ 6),and (15 % 6) s, respectively.
This means that AG cells require less equilibration
time in a 10% Me,SO solution to achieve cryopro-
tectant saturation than SPH cells. This difference be-
comes more pronounced as the incubation temper-
ature decreases. Specifically, at 5 °C, AG cells require
25% less time for Me,SO saturation compared to
SPH cells. This fact should be taken into account
during the cryopreservation of AGs and SPHs.

As seen in Fig. 7, the theoretically calculated
concentration of salt ions inside AG is slightly
higher than in SPH cells. This difference is particu-

larly pronounced at 5 °C. This indicates that the
dehydration rate of AG cells is higher than that of
SPH cells in this case, which can be explained by
the different packing densities of SPH and AG, as
well as by the higher permeability coefficients for
water and Me,SO in AG cells.

The table presents the calculated integral filtra-
tion coeflicients (L,) for water and permeability co-
efficients (K,) for Me,SO molecules of cell mem-
branes within SPHs and AGs.

As can be seen from the Table data, the magni-
tude of the filtration coefficients for water and the
permeability coefficients for Me,SO in SPHs and
AGs is directly proportional to temperature. It
should be noted that at all the studied tempera-
tures, these coefficients are higher for AGs than
for SPHs.

The Me,SO permeability coefficients are 1.1-5.8
times higher for AGs compared to SPHs (Table).
The maximum difference in this parameter for AGs
and SPHs was recorded at 35 °C. This is likely re-
lated to the cell packing density in the 3D struc-
tures, which is significantly higher in SPHs than in
AGs, as well as the presence of a dense extracellular
matrix in the intercellular space of SPHs, which
forms during their development. Both dense inter-
cellular contacts and the extracellular matrix con-
tribute to a reduced diffusion rate for both water
and Me,SO molecules into the cells of the inner
layers of SPHs, compared to the same cells in AGs.

From the Table, it is evident that the values of the
water filtration coefficients for AGs are also signif-
icantly higher (2.3—3.9 times) than for SPHs. Fur-
thermore, this increase is greater at lower tempera-
tures (Table). This fact is quite difficult to explain,
but a possible reason is the experimental condi-
tions, which do not allow for the recording of bio-
logical objects from the first seconds of the study.
An explanation for this relationship requires addi-
tional investigation.

Filtration coefficients for water and permeability coefficients for Me,SO of cell membranes
in spheroids and aggregates depending on the different temperatures, n =5

; Temperature, °C
Cf)bj e(cit Coeflicients
of study 5 15 25 35
Spheroid Filtration L, x 10", m?/N -s 0.91 £0.25 1.25+0.07 1.91 +0.19 2.14+£0.18
Permeability K, x 10°, m/s 0.29 +0.11 1.06 £ 0.11 1.24 +0.29 1.43 +0.18
Aggregate Filtration L, x 10", m*/N - s 352+062% | 4.14+0.78% | 472+028%| 501+062%
Permeability K, x 10%, m/s 0.32+0.03 2.06 +0.54 * 462+0.78*%| 833+0.87*

Notes: * changes are significant compared to L, SPH, p <0.05; * changes are significant compared to K; SPH, p < 0.05.
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Thus, the conducted studies have shown that the
extracellular matrix content and the cell-cell and
cell-extracellular matrix interactions (cell packing
density), which differ significantly between spher-
oids and aggregates, have a major impact on the
diffusion of water and Me,SO molecules into the
cells of these 3D structures.

The obtained data on the permeability of neural
cells within SPHs and AGs can be used to develop
the optimal cryopreservation protocols, particular-
ly for determining the optimal equilibration time
of these multicellular structures in cryopreserva-
tion media at different temperatures.

Therefore, for a more detailed clarification of the
permeability mechanisms of NCs within SPHs and
AGs to water and Me,SO molecules, further re-
search is necessary.

CONCLUSIONS

1. Spheroids of neural cells, as a more integral 3D
structure with dense cell-cell and cell-extracellular
matrix interactions, demonstrate higher osmotic
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O.M. Cykau *, .®. Kosanenxo, C.B. Bcesonodcvka, O.B Ouenauixo, C.€. Kosanerxo
InctutyT npo6nem kpiobionorii ta kpiomeauuuu HAH Ykpainn

M. XapkiB, YKpaina

* an_sukach@ukr.net

TEOPETVYHE BM3HAYEHH BIOPI3SMYHNMX ITAPAMETPIB TPVIBUMIPHMX CTPYKTYP
HEVIPAJIbHVIX KJIITUH 3 METOIO OIITUMI3AIIIT IX KPIOKOHCEPBYBAHH A

Y po60Ti 3 BUKOpUCTaHHAM (Pi3UKO-MaTeMaTUYHOTO MOJEIIOBAaHHA NpolieciB Maconepenocy Boau i IMCO BusHaueHO
BeJIMYMHM BifTHOCHOT'O OCMOTIYHO HEaKTHBHOTO 00’€My J/Ls arperaris i cdepoifiB HellpaIbHUX KIIITYH HOBOHAPOIXKEHNX
mypis. JocmimpkyBani mapameTpu s arperaris i cdepoinis cknapaiots 0,689 i 0,644 BignosifHo. Takox y po6oTi
IIpeCTaBIeHi TEOPeTUYHO PO3PaX0OBaHi 3MiHM Y 9aci mpusefeHoro ocMotuaHoro Tucky JJMCO ta KoHIeHTpallii ioHiB
coreit BcepepyHi arperartis i cepoinis. 3 fuHaMiYHUX KPUBMX 3MiHM BifHOCHOTO 00’€My Iy arperatiB Ta cdepoinis
Bu3Ha4yeHo Koedinientu dinprpanii ot Boau ta npornkHocTi st JMCO. BusiBneHo, 1110 arperaru, siKi € MeHIII Li/IbHO
YIIaKOBAaHVIMU CTPYKTypaMu MOPIiBHAHO 3i cdepoifamu, MaroTh 6ibii KoedirienTy nporukHocTi mia sogu i JMCO,
1110 0co6/muBO nposasysAerbes npu 5 °C. 3a wiel TemnepaTypu s 95%-ro HacMYeHHS KpiOIpOTeKTOPOM KITiTHH IIijf 9ac
inky6anii arperariB y 10%-my posuuni JMCO nHeobxinHo 119 ¢, cdepoiniB — 157 c. To6To mpu remmneparypi 5 °C
TPUBAMICTD eKBiMiOpariii 3 kpionporekTopom [IMCO st cdhepoinis € Ha 25 % 6inbior, HiX /11 arperariB. OTpumani
IaHi BKa3yIOTb Ha Te, 0 chepoiny, AKi € 611bII LiNMiCHUMY CTPYKTypaMu 3i LIIIbBHUMY 3B’ A3KaMU KIIITUH 3 MaTPUK-
COM Ta KJIiTVH MDK 00010, O1/IbIII OCMOTMYHO aKTUBHI IIOPiBHAHO 3 arperaraMi. PesyibraTu IpoBefeHOro JOCIIi/PKeH-
HA MOXXYTb OYTU BUKOPUCTaHI [ pO3pOOKM ONTUMAIbHUX PEXMMIB KPIOKOHCepBYBaHHA arperaTis ta cdepoinis
HepaJIbHUX K/ITiTUH.

Kntouogi cnosa: HeiipanpHi kiitunu, chepoinu, arperatu, KyIbTUByBaHHs, KoedinieHTn ¢inprpanii, koedinientn
IPOHMKHOCTI, AUMETHICYIb(OKCHU]], OCMOTUYHO HeaKTUBHUI 06’eM.
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