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Cryopreservation is used for the long-term storage of cell cultures widely. However, cryopreservation programs for single
cells do not provide high viability and preservation of the multicellular object’s functional properties, including spheroids.
Therefore, the cryopreservation mode determined based on physical and mathematical modeling was used in the presented
work. Furthermore, the efficiency of the theoretically determined regime in comparison with empirically established
cryopreservation regimes was experimentally evaluated based on theoretically determined coefficients of water molecules
permeability and dimethyl sulfoxide cryoprotectant (DMSO) in cellular spheroids.

The experiments were performed on a cryopreserved L929 cell line. Spheroids were obtained on the 7th day of cultivation in
low-adhesion conditions. A cryopreservation medium with 1 M DMSO and 10 % fetal calf serum was used for cryopreservation.
The regime, calculated based on a physico-mathematical model, included a saturation time of spheroids in a cryoenvironment
of 65 seconds, a cooling rate of 2 °C/min, and a final cooling temperature of —80 °C followed by immersion in liquid nitrogen
(196 °C). The two empirically determined modes differed from the theoretically determined by saturation time (10 minutes)
and cooling rate (1 °C/min).

It is proved that cryopreservation according to the theoretically calculated regime leads to more effective preservation
of the metabolic state and proliferative and migratory potential of spheroids compared to other regimes. It was established
by assessing the cell monolayer area, MTT test, and scratch test. Furthermore, the used algorithm allows for determining the
optimal cryopreservation protocols for spheroids of different sizes, obtained from any cell type, for the cryoprotective mediumi

of different compositions.
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opreservation, and therapeutic potential of 2D and 3D
cultures of cells derived from nerve crest derivatives»,
Ne state registration 0121U 100.

Introduction. 3D cell cultures, which include cellular
spheroids (SF), have been successfully used as preclin-
ical models in the study of tumor growth and are also
used in transplantation and tissue engineering [1-3].
Today, working with cell cultures, cryopreservation is
always used for their long-term storage. However, cryo-
preservation programs designed for 2D cell cultures do
not provide high viability and preservation of all func-
tional properties of SF. Because of this, an important
and topical issue of modern biology and medicine is the
development of cryopreservation regimes SF.

In previous studies, a physico-mathematical
approach to selecting the SF cryopreservation optimal
regime based on the parameters determination of the
permeability and mass transfer of water molecules and
cryoprotectant was presented [4, 5]. However, to con-
firm the effectiveness of the theoretically determined
regime of SF cryopreservation, an experimental study
of their structural and functional state after thawing is
necessary.

The aim of the work is to determine the func-
tional state of SF from L929 cells after cryopreservation

according to the regime determined based on physical
and mathematical modeling.

Object and methods of research. The experiments
were performed on a transplanted L1929 cell line.
Spheroids were obtained for seven days of cultivation
in low-adhesion conditions at a seeding concentration
of 2x10° cells/ml, as described in [4-7].

For cryopreservation of SF was used cryoprotective
medium based on DMEM/F12 («Biowest», France),
containing 10 % fetal calf serum (FTS, «BioSera»,
France) and cryoprotectant dimethyl sulfoxide (DMSO)
in a final concentration of 1 M. For cryoenvironment
saturation with double the concentration of DMSO and
FTS was slowly added dropwise to an equal volume of
culture medium containing SF. Refrigeration of the sam-
ples was performed using a software freezer.

The following cryopreservation regimes were used.
Regime 1 (experimental) included the theoretically
determined time of saturation of SF in the cryoenvi-
ronment of 65 seconds, the cooling rate of 2 °C/min,
and the final cooling temperature of —80 °C followed by
immersion in liquid nitrogen (-196 °C). The two stand-
ard regimes included the most common in cryobiologi-
cal practice, the saturation time of SF for 10 minutes,
the cooling rate of 1 °C/min, the final cooling tempera-
ture of —40 °C followed by immersion in liquid nitrogen
(regime 2) or the final cooling temperature —80 °C fur-
ther immersion in liquid nitrogen (regime 3). Defrosting
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of SF was performed in a water bath at 37 °C, followed
by washing from the cryoprotectant in DMEM / F12
medium with 10 % FCS by centrifugation. Spheroids
that have not been cryopreserved were used as
controls.

The functional state of deconserved SF was assessed
by the metabolic activity of cells and the ability of SF
cells to migrate, proliferate and adhere.

The metabolic activity of spheroids was determined
by the MTT test [8].

The ability of SF to adhesion was determined 5
and 24 hours after thawing and transfer to cultivation
conditions (adhesive cultivation surface, DMEM / F12
medium with 10 % FCS, 37 °C, atmosphere with 5 %
CO,). The relative number of attached SF was calculated
by the formula:

A=AMS/TMS x 100 %,
where AMS —is the number of attached SF; TMS —is the
total number of SF.

Evaluation of the SF cell’s ability to proliferate was
performed on the area of the monolayer formed on the
1st and 3rd day after the transfer of SF to the conditions
of cultivation on the adhesive surface.

To assess the migratory-proliferative potential
of SF was transferred to the conditions of cultiva-
tion on the adhesive surface. After the attachment of
SF was formed, a monolayer of cells migrated from
them. The «scratch» test was used, as described in
[9], when the confluent monolayer was reached. The
monolayer damage area was estimated after 24 and
48 hours of cultivation and determined as a damaged
area percentage immediately after reproducing the
«scratch».

Microscopic analysis and morphometric measure-
ments were performed using an inverted light micro-
scope AmScope XYL-403 («<AmScope», China) and soft-
ware AxioVision Rel 4.8 and Zeiss LSM Image Examiner
(zeiss, Germany).

Statistica 10 (StatSoft, USA) and Excel were used
for statistical data analysis. The normality of the dis-
tribution was determined using the Shapiro-Wilkie W
test. The results of the experiments are presented as
the mean t standard deviation for data with normal
distribution.

Research results and their discussion. It was found
that after 1 and 3 days, the area of the monolayer
formed by SF cells, which were cryopreserved by the
experimental regime, was significantly (p<0.05) higher
by 3.3 and 2.5 times, respectively, compared to the
standard regime 2 (fig. 1). A similar result was obtained
in comparison with the standard regime 3. At the same
time, the area of the monolayer for SF cryopreserved by

the experimental regime did not differ from the native
control, while modes 2 and 3 were significantly lower
than the control (fig. 1).
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Figure 1 — Monolayer area formed by SF cells that have been
cryopreserved under different regimes.
Notes: * — differences are significant compared to control, p<0,05;
a—differences are significant compared to mode 2, p<0,05; b -differences
are significant compared to mode 3, p <0,05.

Further studies have established the effect of cry-
opreservation on the metabolic state of SF after thaw-
ing (fig. 2). After using standard regimes 2 and 3, the
metabolic activity of SF in the MTT test was significantly
reduced to (0.18+0.03) and (0.22+0.02) units of opti-
cal density (UOD) compared to the control ((0,35+0.01)
UOD). The accumulation rates of formazan in SF cryo-
preserved by experimental regimen 1 did not change
significantly relative to native control but differed
considerably from standard regimens 2 and 3. In par-
ticular, the metabolic activity of SF cryopreserved by
standard regimens 2 and 3in 1.9 and 1, 4 times, respec-
tively, was lower than the values for SF, cryopreserved
by regime 1.
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Figure 2 — The degree of MTT restoration in SF before cryopreservation
(control) and after cryopreservation in different regimes.
Notes: * — differences are significant compared to control, p<0,05;

a — differences are significant compared to regime 2, p<0,05; b —
differences are significant compared to regime 3, p<0,05.

It is known that one of the markers of functional cell
integrity and SF is the adhesion ability. As a result of the
conducted research, it was established that the indica-
tor of the average number of attached SF after 24 hours
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was in the range of 78-87 % for all used regimes (fig. 3). 100 -
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Conclusions. Thus, according to the assessment of
Figure 3 — Adhesion SF ability'before cryo.preservatit?n (control) the monolayer area is formed by cells after migration

and after cryopreservation under different regimes. from SF, MTT test, and scratch test, it is proved that
cryopreservation of SF from L929 cells according to the
calculated regime based on the physico-mathematical
model leads to more efficient preservation metabolic

It is known that the «scratch» test of the mon-
olayer is a convenient model for in vitro studies to ana-

lyze the migratory-proliferative cell’s potential and the state, proliferative and migratory potential of SF in

influence of any factors on it [9, 10]. In our work, this  comparison with the widespread empirically selected
test allowed us to establish the difference in migra-  regimes.

tory and proliferative cell activity depending on the Prospects for further research. The determined
regime of cryopreservation of SF. In the case of using  efficiency of the cryopreservation regime of SF based
regime 2, the area of monolayer damage after 24 and  on the physico-mathematical model allows us to deter-
48 hours of cultivation was significantly (p<0.05) 1.3  mine in further research optimal cryopreservation pro-
and 2.4 times, respectively, higher than this indica-  tocols for SF of different sizes, obtained from any cell
tor for cryopreserved SF according to experimental  types, for the cryoprotective environment of different
regime 1 (fig. 4). compositions.

References

1. Cui X, Hartanto Y, Zhang H. Advances in multicellular spheroids formation. J.R. Soc. Interface. 2017;(127):20160877. DOI: https:/
doi.org/10.1098/rsif. 2016.0877.

2. Pinto B, Henriques AC, Silva PM, Bousbaa H. Three-dimensional spheroids as in vitro preclinical models for cancer research.
Pharmaceutics [Internet]. 2020;12:1186. Available from: https://microbialcellfactories.biomedcentral. com/articles/10.1186/
$12934-015-0383-5.

3. Lee JH, Jung DH, Lee DH, Park JK, Lee SK. Effect of spheroid aggregation on susceptibility of primary pig hepatocytes to
cryopreservation. Transplant Proc. 2012;44:1015-7.

4. Moisieiev Al, Kovalenko IF, Kovalenko SYe, Bozhok GA, Gordiyenko Ol. Dynamika pronykannya dymetylsul'foksydu v klityny liniyi
L929 i sferoyidy z nykh. Probl Cryobiol Cryomed. 2021;31(4):316-325. DOI: https://doi. org/10.15407/cryo31.04.316. [in Ukrainian].

5. Moisieiev Al, Kovalenko IF, Bozhok GA, Gordiyenko OIl. Teoretychni pidkhody do vyznachennya optymal'nykh rezhymiv
kriokonservuvannya klitynnykh sferoyidiv riznykh terminiv kul'tyvuvannya. Biofizychnyy visnyk. 2021;46:7-22. DOI: https://doi.
0rg/10.26565/2075-3810-2021-46-01. [in Ukrainian].

6. Moisieiev Al, Bozhok GA, Gorina OL. Porivnyal'na kharakterystyka tryvymirnoho ta monosharovoho kul'tyvuvannya
pereshcheplyuvanoyi liniyi fibroblastiv L929. Dopovidi Natsional'noyi Akademiyi Nauk Ukrayiny. 2019;8:93-101. DOI: https://doi.
org/10.15407/dopovidi2019.08.093. [in Ukrainian].

7. Bozhok GA, Moisieiev Al, Gorina OL, Bondarenko TP Morfofunktsional'ni osoblyvosti fibroblastiv liniyi L929 v umovakh
3D-kul'tyvuvannya. Fiziolohichnyy zhurnal. 2019;65(3):34-40. DOI: https://doi.org/10.15407/ fz65.03.034. [in Ukrainian].

8. Tarusin DN, Kireyev VA, Kovalenko SYe, Kovalenko IF Rozanov LF, Petrenko AYu. Selection of protocols to cryopreserve
mesenchymal stromal cells in suspension and alginate microspheres by studying their osmotic responses in 1M DMSO. Probl
Cryobiol Cryomed. 2016;26(2):133-144. DOI: https://doi.org/10.15407/cry026.02.

9. Denker SP, Barber DL. Cell migration requires both ion translocation and cytoskeletal anchoring by the Na-H exchanger NHE 1.
J Cell Biol. 2002;159:1087-96. DOI: http://www.jcb.org/cgi/doi/10.1083/jcb.20020805.

10.Salas-Oropeza J, Jimenez-Estrada M, Perez-Torres A, Castell-Rodriguez AE, Becerril-Millan R, Rodriguez-Monroy MA, et al.
Wound healing activity of the essential oil of Bursera morelensis, in mice. Molecules. 2020;25(8):1795. DOI: https://doi: 10.3390/
molecules25081795.

102 ISSN 2077-4214. BicHuK npo6aem 6ionorii i meguumnum — 2022 — Bun. 2, Tom 1 (164)



blON1OrIA

BMNJINB TEOPETUYHO BU3HAYEHOIO PEXWMY KPIOKOHCEPBYBAHHA HA ®YHKLIOHA/NIbHUA CTAH
DEKOHCEPBOBAHUX KNITUHHUX CHEPOIAIB

Moicees A. |., BoxoK . A.

Pe3stome. MoLyK i oNTMMI3aLia MeToAiB KpioKOHCepBYyBaHHA BaraToKAITMHHUX 06’eKTiB, 30Kpema cdepoigis (CP),
€ aKTYa/IbHUM MUTAHHAM, BUPILIEHHA AKOrO A03BOAUTb Biibll edeKTUBHE iX BUKOPUCTAHHA Y BiON0MYHUX AOCAiAKEH-
HAX, bioTexHosoril, pereHepaTUBHI MeAULUMHI Ta TKAHWMHHOI iHXeHepii. Y npeacTasaeHit poboTi 6yno BUKOPUCTAHO
peXMM KpiOKOHCEPBYBAHHA, KU BKIOYAB TeMNEPATyPHO — WBMAKICHI NapameTpu Ta Yac HacudyeHHsa CP y Kpiosaxuc-
HOMY CepefoBULLi, BUSHAYEHi paHille WAAXoM Gi3MKO — MaTeEMATUYHOrO MOAEN0BAHHA Ha NiacTaBi KoedilieHTiB npo-
HUKHOCTI MOJIEKY/1 BOAM Ta KpionpoTeKkTopy aumeTtuncynbdokemnay (AMCO).

MeTa pob0oTn — BU3HaYyeHHA GyHKLioHanbHOro cTaHy Cd 3 KniTUH AiHii L929 nicna KpioKoHCepBYBaHHSA 32 PEXUMOM,
BM3HAYEHUM Ha OCHOBI }i3NMKO — MaTEMATUYHOTO MOLENIOBAHHA.

EkcnepuMeHTanbHi AocnigxKeHHs npoBoanan Ha CP 3 KaituH niHii L929 nicna KpioKOHCepBYBaHHA 3a PEXUMOM,
BM3HAYEHWUM Ha OCHOBI TEOPETUYHUX PO3PAXYHKIB (EKCMO3MLIA Y KPio3axMCHOMY cepefioBuLL BMPOAOBK 65 ceK, WBua-
KicTb oxonoaxeHHaA 2°C/xB Ao — 80°C 3 noganblnm 3aHYPEHHAM Y pigKkuii a3oT (—196°C)), y NOpiBHAHHI 3 eMnipUYHO
BCTQHOB/IEHUMM peXMMaMK (EKCNO3KLLIA Y KPio3axMCHOMY cepefoBULLL BMPOAOBK 10 XBUAWH, LIBUAKICTb OXONOAKEHHSA
1°C/xB po —40°C abo Ao — 80°C 3 NnoAanbWMM 3aHYPEHHAM Y PiaKKUiA a3oT). MNicna po3mopoxyBaHHA CP nomiwanu 4o
YMOB KY/IbTUBYBaHHA, Mic/aa Yoro BMBYaAuM 3a4ibHictb CO Ao aaresii Ta ix meTabosiyHy akTUBHICT Y MMT — TecTi, nponi-
depaTUBHY aKTUBHICTb KAITUH, AKi MirpyBanu 3i C®, Ta mirpatopHo — nponidepaTMBHUI NOTEHLIaN Yy TECTi KMOAPANNUHNY
MOHOLLapYy.

BcTaHOBNEHO, WO YCi BMLWE3a3HAYeHi NOKa3HMKM, Kpim 3aibHocTi CO go aaresii, 6ynm Buwe y pasi BUKOPUCTAHHSA
COP, KpioOKOHCEPBOBAHWUX 32 TEOPETUYHO BU3HAYEHMM PEXMMOM, NOPIBHAHO 3i CP, KPiIOKOHCEPBOBAHNUMM 33 EMMIPUYHO
niaibpaHummn pexmmamm.

TakMM YMHOM, KPIOKOHCEPBYBAHHA 3@ PEXMMOM, PO3PaXOBaHUM Ha OCHOBI Gi3MKO — MaTeMaTUYHOI Moaeni, npu-
3BOAUTb A0 binbll edpeKTUBHOrO 36eperkeHHA GyHKLiOHaNbHMX BNACTUBOCTEN (Mirpay,ii i nponidepalii KNiTUH) Ta meTa-
6onivyHoro ctaHy (MTT — TecT) CP nicaa pO3MOPOIKYBAHHA MOPIBHAHO 3 iHLIMMW BUKOPUCTAHUMU PEXUMAMM.

Kntouosi cnosa: coepoia, KNiTMHK NiHii L929, KpioKoHcepByBaHHA, Mirpauin, nponidepauia, MTT TecT.

INFLUENCE OF THEORETICALLY ESTABLISHED CRYOPRESERVATION REGIMEN ON THE FUNCTIONAL STATE OF
DECONSERVATED CELLULAR SPHEROIDS

Moisieiev A. I., Bozhok G. A.

Abstract. Search and optimization of methods of cryopreservation of multicellular objects, in particular spheroids
(SF), is an urgent issue, the solution of which will allow more efficient application of SF in biological research, biotech-
nology, regenerative medicine and tissue engineering. In the present study, a cryopreservation regime was used, which
included temperature and cooling rate parameters, and SF saturation time in a cryoprotective medium, previously deter-
mined by physical and mathematical modeling based on the permeability coefficients of water molecules and dimethyl
sulfoxide cryoprotectant (DMSO).

The goal of the work is to study the functional state of SF from L929 cells after cryopreservation according to the
regimen established on the basis of physical and mathematical modeling.

Experimental studies were performed on SF from L929 cells after cryopreservation according to the regime deter-
mined on the basis of theoretical calculations (exposure in a cryoprotective medium for 65 sec, cooling rate 2°C/min
to — 80°C followed by immersion into liquid nitrogen ( — 196°C)) in comparison with empirically established regimens
(exposure in a cryoprotective medium for 10 minutes, cooling rate 1°C/min to —40°C or to — 80°C followed by immer-
sion into liquid nitrogen). Post thawing, SF was placed in culture conditions, after which the ability of SF to adhere and
their metabolic activity in the MMT assay, the proliferative activity of cells that migrated from SF, and the migratory —
proliferative potential in the monolayer “scratch assay” were studied.

It was found that all the above indicators, except for the ability of SF to adhesion, were higher when using SF cryo-
preserved in a theoretically determined regimen, compared with SF cryopreserved in empirically selected regimens.

Thus, cryopreservation according to the regimen established on the basis of physical and mathematical model-
ing leads to more effective preservation of functional properties (cell migration and proliferation) and metabolic state
(MTT — assay) of SF after thawing compared to other regimes.

Key words: spheroid, L929 cell line, cryopreservation, migration, proliferation, MTT test.
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BN/IMB TEOPETUHHO BUSHAYEHOIO PEXXUMY KPIOKOHCEPBYBAHHA
HA ®YHKUIOHANbHUU CTAH AEKOHCEPBOBAHUX KNITUHHUX COEPOIAIB

IHCTUTYT Npo6nem Kpiobionorii i KpiomeguumHu HAH Ykpaidm (m. Xapkis, YKpaiHa)
bozhokgaru@gmail.com

KpiokoHcepsysaHHA WUpoKo 3acmocosyemeocs 0118 00820mpusasno20 36epieaHHA KAiMUuHHUX Kyansmyp. [poepamu Kpio-
KOHcepsysaHHSA, po3pobreHi 0519 MOOOUHOKUX KAIMUH, He 3a6e3me4yyromeb 8UCOKY HUMME3IOAMHIicmb ma 36epexceHHsA yHK-
uioHanbHUX 8nacmusocmeli baeamokaimuHHUX 06’ekmis, 30kpema cgpepoidis. ¥ npedcmasneHili pobomi 6ys10 8UKOPUCMAHO
PEHUM KPiOKOHCep8yB8aHHA, 8U3HAYEHUL HA OCHOBI (hi3UKO — MameMamu4Ho20 MoOent8aHHA. Ha nidcmasi meopemu4yHo
BU3HAYEHUX paHiwe KoegiyieHmis MPOHUKHOCMI MoneKysn 8o0u ma Kpionpomexkmopy oumemuscynsgpokcudy (AMCO)
Y KAiMUHHI cghepoidu bys10 eKcrepumeHmanbHO OYiHEHO e(heKmMUBHICMb Meopemu4yHO BU3HAYEHO20 PeHUMy Y NopieHAHHI
3 eMnipu4HoO 8CMAHOBAEHUMU PEeXUMAMU KPiOKOHCep8y8aHH.

ExcriepumeHmu B8UKOHGOHI Ha nepew,ennto8aHil niHii knimux L929. Chepoiou ompumysanu Ha 7 006y Kynbmusy8aHHA
8 HU3bKOAO2e3UBHUX yMo8ax. /1A KpioKOHCeps8y8aHHA 8UKOPUCMOBY8aau Kpio3axucHe cepedosuwe 3 1 M AMCO ma 10 %
emasnbHoi menaaYvoi cuposamku. Pexcum, po3paxosaHull HO OCHOBI (i3UKO — MamemMamu4Hoi Mooesi, 8KAYA8 Yac HACU-
yeHHs cghepoidis y Kpiocepedosuuyi 65 ceKyHO, WeudKicmb 0x0100xeHHA 2°C/x8 ma KiHuyesy memnepamypy 0X0n100HeHH —
80°C 3 nodanbwum 3aHypeHHAM y piokuli azom (—196°C). [lea emnipu4HO 8U3HAYEHUX PeHUMU 8iOPi3HAAUCA 8i0 meopemu4Ho
BU3HAYEHO20 30 YaCOM HacuyeHHs (10 xeunuH) ma weudkicmro oxonodxceHHsA (1°C/xs).

Ha ocHosi oyiHKu naowi KaimuHHo2o moHowapy, MTT — mecmy ma mecmy «no0pAnuHa», 008e0eH0, W0 KPioKOHcepay-
BOHHA 30 MEoPemMuU4HO PO3PAXO8AHUM PEXUMOM rpusodums 00 binbw ehekmusHo20 36epexceHHA memaboniyHo20 CMaHy,
nposighepamusHo20 Mma mMiepamopHo20 NomeHyiany cgpepoidie NopieHAHO 3 iIHWUMU pexcumamu. Bukopucmaruli an2opumm
00380/15€ 8U3HAYAMU ONMUMGA/bHI MPOMOKO/U KPIOKOHCEPB8YB8AHHA 015 cghepoidie pi3HUX po3mipie, ompuMaHux 3 6y0b AKUX
munie KAimuH, 0219 Kpio3axucHuUx cepedosully pi3HO20 CKAaoy.

KntouoBi cnoBa: cghepoid, knimuHu niHii L929, KpiokoHcepsysaHHs, miepayis, nponigepayis, MTT mecm.

3B’A30K nybaikauii 3 n1aHOBMMM HayKOBO — goCNig-
HUMU poboTtamu. [locnigKeHHA BMKOHAHO B paMKax
HayKoBO — AocnigHoi pobotn «MopdodyHKLiOHANbHI
XapaKTEPUCTUKK, KPIOKOHCEPBYBAHHA Ta TepanesBTUu-
HUI noteuian 2D- i 3D-KynbTyp KAITUH, OTPUMAHUX
3 MoXiaAHUX HepBoBoro rpebHsa», No aepyKaBHOI pee-
cTpauii 0121U100.

Beryn. 3D-KynbTypu KAiTUMH, 00 AKWUX BiAHOCATbCA
KNITUHHI cdepoign (CP), ycnillHO BUKOPUCTOBYHOTHCS
AK JOKANIHIYHI mogeni Npyv BUBYEHHI NYXIMHHOTO POCTY,
a TAaKOX 3HAXO0AATb CBOE BUKOPUCTAHHA Y TPAHCNAAHTO-
norii Ta TKAHWHHOT iHXKeHepil [1-3]. Ha TenepiwHii yac
npu poboTi 3 KAITUHHUMMN KyNbTYpPaMu KPiOKOHCepPBY-
BaHHA 060B’A3KOBO 3aCTOCOBYETLCA ANA iX AOBrOTPU-
Basioro 3bepiraHHA. [porpamu KpioKOHCepBYBaHHS,
po3pobneHi pna 2D-KynbTyp KAiTMH, He 3abe3ne-
UYIOTb BUCOKY MKUTTE3AATHICTb Ta 36epeeHHs ycix

dyHKLUioHanbHMX Bnactusoctert CO. 3 ornagy Ha ue,
Ba*K/MBMM | aKTyanbHUM MUTAHHAM cCyyacHoi biono-
rii Ta MeauuMHN € PO3pPobKa PEXMMIB KPiOKOHCEpBY-
BaHHA CO.

Y nonepeaHix gocnigxeHHAX 6yno npeacrasaeHo
di3MKo — maTemaTMyHUI nigxia oo BMGOpYy oOnNTU-
MaNbHOrO pexumy KpiokoHcepByBaHHA CP Ha OCHOBI
BM3HAYeHHA NapameTpiB NPOHMKHOCTI i maconepeHocy
MOJIEKY/l BOAM Ta KpionpoTektopy [4, 5]. OgHak gna
niaTBepaXeHHA edeKTUBHOCTI TeOpeTUYHO BU3Haue-
HOTO peXumy KpiokoHcepsyBaHHA CP HeobXiaHO eKc-
nepumMmeHTasibHe JOCAIAMKEHHSA IX CTPYKTYPHO — QYHKL-
OHANbHOTO CTaHY MiCNA PO3MOPOIKYBAHHSA.

Merta pocnigKeHHA — BU3HauyeHHA QyHKLiOHanb-
Horo ctaHy C® 3 KniTMH NiHiT L929 nicnha KpiokoHcepBsy-
BaHHA 33 PEXMMOM, BU3HAYEHMM Ha OCHOBI }i3nKo —
MaTeMaTUYHOro MOAENt0OBaHHA.
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O6’ekT i meTogm pocnigKeHHA. EkcnepumeHTM
BMKOHaHI Ha nepewentoBaHin ninHii KnitmH 1929.
Coepoign oTpumyBanu Ha 7 p[oby KynbTMBYBaHHSA
Y HU3bKOAAre3MBHUX YMOBAX NPW MOCIBHI KOHLLEHTpa-
ujii 2x10° KnitnH/mA, AK onucaHo y poboTax [4-7].

Ona KpiokoHcepByBaHHA C®P BMKOPUCTOBYBAIU
Kpio3axucHe cepegosuille Ha ocHosi DMEM/F12
(«Biowest», ®paHuia), wo mictmno 10% deTtanbHoI
Tenauoi cuposatkn (PTC, «BioSera», ®paHuin) i Kpio-
npoTekTop aumeTtuncynbdpokeng (AMCO) B KiHUeBIN
KOHLeHTpauii 1 M. [1nAa HacuyeHHA KpiocepenoBulue
3 NoABiMHOO KoHUgeHTpauieto AMCO Ta ®TC nosinbHO
no Kpannaax AofaBanu Ao PiBHOro o6’emy KynbTypasb-
HOro cepegoBuwa, Wo mictmno CP. OxonopKeHHA
3pasKiB MNpoBOAMIM 33 [AOMOMOrol MPOrpamHoro
3amopoKyBaya.

Byno BMKOPWUCTAHO HACTYMHI PEXMMU  KPIOKOH-
cepByBaHHA. Pexxum 1 (eKcnepmMeHTanbHWUIN) BK/tO-
YaB TeEOpPEeTMYHO BM3HAYeHi 4ac HacuyeHHA CO
Y KpiocepenosuLLi 65 CeKyHA, WBUAKICTb OXON0AKEHHSA
2°C/xB Ta KiHUeBYy TemnepaTtypy oxosiogxeHHsa —80°C
3 NofanbliMM 3aHYPEHHAM Yy piakuii asot (—196°C).
[Ba CTaHAaPTHUX PEXMMM BKAKOYANW HalbinbL po3no-
BCIOZ)KEHi Y KpiobioNorivHii NpakTMLi Yac HaCUYEHHS
Co BnponoBx 10 XBWMH, LWBWAKICTb OXONOAMKEHHA
1°C/xB, KiHUeBy TemnepaTypy oOXonogxeHHs —40°C
3 NOAANbLUMM 3aHYPEHHAM Yy pigKuiA a3oT (pexum
2) abo KiHUeBYy TemnepaTypy oOXosioarKeHHs —80°C
3 MOAA/MbWMM 3aHYPEHHAM Y PiAKUIA a30T (pexum 3).
Po3mopokyBaHHA CP npoBoanan Ha BOAAHIM BaHi npu
37°C 3 noganblumMm BiAMMBAHHAM Big, KpionpoTeKTopy
y cepenosuuti DMEM/F12 3 10% ®TC wnaxom LeHTpK-
¢yrysaHHa. Chepoian, Aki He 6yau nigaaHi KPiOKOH-
CcepByBaHHIO, BUKOPUCTOBYBAN B AKOCTi KOHTPO/IHO.

®PyHKUiOHaNbHUA CTaH AeKoHcepBoBaHUXx CO oui-
HIOBa/IM 33 METAbONIYHOK AKTUBHICTIO KAITUH i 34j-
6HicTio KNiTMH CO ao mirpau,ii, nponipepaduii Ta agresii.

MeTaboniyHy aKTUBHICTb chepoigiB BM3HAYANM 3a
MTT — Tectom [8].

3patHicte C® po agresii BM3Hayanu 4yepes 5
Ta 24 rognHM Nicna pO3MOPOXKYBaHHA Ta NepeHeceHHA
[0 YMOB Ky/IbTUBYBaHHA (aZre3avBHa NoBepPXHA KyAbTU-
ByBaHHsA, cepeaosuue DMEM/F12 3 10 % ®TC, 37°C,
atmocdepa 3 5 % CO,). BigHOCHY KinbKicTb npukpine-
Hux CP BupaxoByBaan 3a $opmy/noto:

A =TNMC/3MC x 100%,
ae NMMC — kinbkictb npukpinaeHnx CP; 3MC —3aranbHa
KinbKictb CO.

OuiHKy 3ai6HOCTI KniTnH CP go nponidepauii npo-
BOAMAM 33 MJOLWEe mMoHowapy, cdopmoBaHoro Ha 1
Ta 3 poby nicna nepeHeceHHs CO A0 yMOB KynbTUBY-
BaHHA Ha aAre3vBHY NOBEPXHIO.

Ona ouiHKM mirpatopHo — nponidepaTUBHOro
noteHuiany CP nepeHocunM A0 YMOB Ky/NbTUBYBAHHA
Ha apgresuBHy noBepxHto. [licna npukpinneHHa CO
dopmyBaBCcA MOHOLWAP 3 KAITMH, AKi MirpyBanu 3 HUX.

Mpn fOCATHEHHI KOH(YEHTHOro MOHOLLAPY BMKOPUC-
TOBYBa/IX TECT MOAPAMNMHMY», AK onmcaHo y poborTi [9].
Mnowy ywKoaXeHHA MOHOLWApPY OLiHBann vyepes 24
Ta 48 roanH KyNAbTMBYBAHHA Ta BM3HAYanuM y BigCOTKax
[0 NNoui yWwKoaxKeHHs be3nocepeaHbo nicas BiATBO-
PEHHA «MOAPANUHMUY.

MiKpOCKOMIYHUI aHani3 Ta MOpPOMETPUYHI BUMI-
PIOBAaHHA MPOBOAWAM 3@ AOMNOMOIOK iHBEPTOBAHOIO
cBiTA0BOro Mmikpockona AmScope XYL-403 («kAmScope»,
KHP) Ta nporpam nporpamu AxioVision Rel. 4.8 Ta Zeiss
LSM Image Examiner («Zeiss», HimeuyunHa).

OnAa cTaTMCTMYHOro aHanisy AaHuX BUKOPUCTOBY-
Ba/iM nporpamu Statistica 10 («StatSoft», CLUA) Ta Excel.
HopmanbHiCTb po3noAiny BM3HAYasM 3a AOMNOMOTOH
W — kputepito Wanipo — Yinki. Pesynstatv ekcnepu-
MEHTIB NpeacTaBneHi y BUrNAAi cepeiHboro 3Ha4YeHHA
* cTaHpapTHe BiAXWAEHHA ANA AaHWX 3 HOPMAsbHUM
po3nozinom.

Pe3ynbtaTM AocnigyKeHHA Ta iX 06roBopeHHs.
BcTtaHoBneHo, wo 4vepes 1 ta 3 gobu naowa MoHO-
Lapy, yTBOpeHoro KnituHamu C®, aki 6ynm KpioKoH-
CEpPBOBaHi 3a eKCMepuMMEHTa/IbHUM pexMmom, byna
3Hauywe (p<0,05) snwe y 3,3 Ta 2,5 pasu, BiaAnosigHo,
MOPIBHAHO 3i CTaHZAPTHUM pexumom 2 (puc. 1).
CXOXuMil pesynbraT 6y10 OTPUMAHO M Y MOPIBHAHHI 3i
CTaHZ4APTHUM pexumom 3. BogHo4vac, NOKasHUK NaoLwi
MoHowwapy ana CO, KpioKOHCepPBOBAHMX 33 eKcnepwu-
MEHTA/IbHUM PEXMMOM, He BiApPI3HABCA Bif4 HaTMB-
HOrO KOHTPOJIIO, TOAI AK 3@ BUKOPUCTAHHA PeXmMmis 2
Ta 3 6yB 3HauylLLe HUKYe KoHTpoAto (puc. 1).

60 7

50 4 01 go6a
‘ —I— ’ f 03 noba
J
X 40 4
g * *
g 30 b
e
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S 20
g *
*
g 10
=
=
0 T T T d
KOHTpPOIb pexum 1 pesxM 2 pexum 3

PucyHoK 1 - lMnouwa moHowapy, yTBopeHoro KaituHamu CP, aki 6ynu
KpiOKOHCEepBOBaHi 32 Pi3HUMM pexxumamu.
MNpumitkn: * — BiAMIHHOCTI 3HauyLWi NOPiIBHAHO 3 KOHTponem, p<0,05;
2—BiAMIHHOCTI 3HaYYLLLi NOPIBHAHO 3 peskMmom 2, p<0,05; ® — BigmiHHOCTI
3HaYyLi NOPIBHAHO 3 pexunmom 3, p<0,05.

Y noganbwux AoChigXeHHsx 6yno 3’acoBaHo
BM/INB KPiOKOHCepBYBaHHA Ha meTaboniyHuii ctaH CO
nicna po3amoposkyBaHHA (puc. 2). Micna BUKOpUCTaHHA
CTAHAAPTHUX pexumiB 2 Ta 3 meTaboniyHa aKTMB-
HicTb C® y MTT — TecTi 3Hauylie 3meHLWyBanaca Ao
(0,1840,03) Ta (0,2240,02) oAMHWULL ONTUYHOI LWiNb-
HocTi (OOLL) y nopiBHAHHI 3 KoHTponem ((0,35+0,01)
OOLL). MNMoKasHWKM HaKonunyeHHs ¢opmasaHy y CO,
KPIOKOHCEPBOBAHUX 33 EKCMEePUMEHTA/IbHUM pPEXKU-
MOM 1, CyTTEBO He 3MiHIOBAanUCb BiAHOCHO HATMB-
HOrO KOHTPO/IO, OAHAaK 3Hauyyle BiAPI3SHAAUCL Bif
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CTaHAAPTHUX pexumiB 2 Ta 3. 3okpema, meTaboniyHa
aKTMBHIiCTb CP, KPiOKOHCEPBOBAHMX 33 CTAHAAPTHUMM
perxxumamm 2 i 3,y 1,9 Ta 1,4 pasu, BignosigHo, byna
MEHLLO BiAHOCHO NMOKa3HWMKiB aAna CP, KpioKoHcepBO-
BaHMX 3a pexxmmom 1.
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KOHTPOIB PeXHUM 1  pexiiM 2 pexiM 3

PucyHoK 2 — CryniHb BigHOBNEHHA MTT y C® 0 KpioKOHCepBYBaHHA
(KOHTpOAb) Ta NicnA KPiIOKOHCEPBYBAHHA 3a PI3HUMM PEXKUMAMMU.
Mpumitku: * — BiAMIHHOCTI 3HaYyLLi NOPIBHAHO 3 KOHTponem, p<0,05;
2—Bi4MIHHOCTI 3HaYyLLi NOPIBHAHO 3 pesknmom 2, p<0,05; * — BigmiHHOCTI

3HayyLi NOpiBHAHO 3 pexxnumom 3, p<0,05.

Bigomo, Wo oAHUMM 3 MapkKepiB PYHKLIOHaNbHOT
NOBHOLHHOCTI KNitTH Ta C® € 34ibHicTb A0 aaresil.
B pesynbraTti npoBeaeHUX AocnigKeHb 6yn0 BCTaHOB-
NIEHO, LLLO NOKA3HUK CepeaHbOoi KiAbKOCTI NPUKPINIEeHNX
C® yepes 24 rognHM 3HaxoanBCA Y mexxax 78—87 % gna
yCiX BUKOPUCTaHUX pexumis (puc. 3). Lli 3HaueHHs He
BiAPI3HANMCA Bif, KOHTPOIO, B AKOMY MOKAa3HWUK CKAa-
naB 88%.
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KOHTPOIIb peskuM 1 pesxuM 2 pexim 3

PucyHok 3 - 3ai6Hictb fo aaresii C® 10 KpiOKOHCEpPBYBaHHA
(KOHTpOAb) Ta Nicns KPiOKOHCEPBYBAHHA 33 PISHUMU PEKUMAMMU.

Bigomo, Wo TecT «noApAnUHNU» MOHOLLAPY € 3pyY-
HOK MOZENN0 B AOCAIAMXEHHAX in vitro anAa aHanisy
MirpaTopHo — nponidepaTMBHOrO MnoTeHuiany Kni-
TUH | BNAMBY Ha Hboro byab — skux dakropis [9, 10].
Y Hawin poboTi 3acToCyBaHHA LbOro TeCTy A03BOINO
BCTAHOBUTM PI3HULIIO Y MirpaTopHOi Ta nponidepatms-
HOT aKTMBHOCTI KNITWUH B 3a/1€XKHOCTI Big, pexumy Kpi-
OKOHcepByBaHHA C®. Y pasi BUKOPUCTAHHA pexnmy 2
NAOLLA YIWKOAMKEHHA MOHOLWapy Yepes 24 Ta 48 roavH
Ky/NbTUBYBaHHA 3Hauyle (p<0,05) y 1,3 Ta 2,4 pasy,
BiANOBIAHO, NepeBuMLLyBana AaHUN NoKasHuK ana Co,
KPIOKOHCEPBOBAHUX 32 EKCMEepMMEHTANIbHUM pPeXu-
mom 1 (puc. 4).
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PUCYHOK 4 — 1011 YIIKOAKEHHA MOHOLLAPY Y TECTi «NoAPANUHAY
yepes 24 T1a 48 roguH.
MNpuMmitkn: * — BiAMIHHOCTI 3HauyLWi NOPiIBHAHO 3 KOHTponem, p<0,05;
2—BigMIHHOCTi 3HauyLLi NOPiBHAHO 3 pexxnmom 2, p<0,05.

BUCHOBKU. TaKMM YMHOM, 32 AaHUMM OLLIHKW MIOLLI
MOHOLLIApYy, YTBOPEHOro KAITMHAMKM nicnAa mirpauii 3i
CP, MTT — TecTy Ta TecTy «NoApsnuHaY, 4O0BEeAEHO, Lo
KpioKOHCcepBYyBaHHA CP 3 KAiTWUH AiHii L929 3a pexu-
MOM, PO3PaxoBaHMM Ha OCHOBI }i3MKO — maTemaTuny-
HOT Mogeni, npuBoAUTb A0 binblWl edpeKTUBHOro 36e-
peXKeHHsA MeTaboniyHOro cTaHy, nponipepaTMBHOroO Ta
MmirpaTopHoro noteHuiany C® nopiBHAHO i3 po3noBcto-
OKEHUMU eMMiPUYHO NigibpaHmmK peknmamm.

MepcnekTnsM noganblumnx AocnigxKeHb. [loseseHa
y poboTi edeKTUBHICTb BW3HAYEHOrO Ha OCHOBI
di3MKO — MaTeMaTUYHOI MoAENi PEMMY KpiOKOHcep-
ByBaHHA C® p[03BONAE Yy NOAANbLUMX [OCAIAKEHHAX
BM3HAYaTM ONTUMANbHI NPOTOKO/IN KPIOKOHCEPBYBAHHA
ans CO pisHUX po3mipiB, OTPUMaHUX 3 Byab AKUX TUNIB
KNITWH, ONA KPiO3aXMCHUX cepefoBULL, Pi3HOTO CKaay.
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BMN/INB TEOPETUYHO BU3HAYEHOIO PEXWMY KPIOKOHCEPBYBAHHA HA ®YHKLIOHA/NIbHUA CTAH
DEKOHCEPBOBAHUX KNITUHHUX CHEPOIAIB

Moicees A. |., Boxok I". A.

Pestome. MNolyK i oNTUMI3aLia meToAiB KpioKOHCepBYBaHHA HaraTokNiTMHHUX 06’€KTIB, 30Kpema cohepoiais (CP), €
aKTya/IbHUM NMUTAHHAM, BUPILLEHHA AKOTO A03BONNTb Difibll ePeKTUBHE IX BUKOPUCTAHHA Yy BioNOriYHNX AOCNiAKEHHAX,
bioTexHosorii, pereHepaTUBHI MeANUMHI Ta TKAHMHHOI iHXKeHepil. Y npeacTasneHili poboTi 6ys10 BUKOPUCTAHO PeEXUM
KPIOKOHCEPBYBAHHA, AKWIA BK/IOYAB TEMMNEPATYPHO — LWIBUAKICHI MapameTpu Ta 4yac HacuMyeHHA CO y Kpio3axncHomy
cepefioBULLI, BU3HAYEHI paHile WasxomM Pi3vKo — MaTeMaTUYHOTO MOAENOBAHHSA Ha NiacTaBi KoediLieHTIB MPOHUKHOCTI
MOJIEKYN BOAM Ta KpionpoTekTopy aumetuncynbdpokeunay (AMCO).

MeTa pob0TM — BU3HaueHHA dyHKLioHanbHOro cTaHy C® 3 KAiTUH NiHii L929 nicna KpioKOHCepPBYBaHHA 33 PEXUMOM,
BM3HAYE€HUM Ha OCHOBI }i3NKO — MaTEMATUYHOTO MOLENIOBAHHA.

EkcnepumeHTanbHi gocnigkeHHs nposoanan Ha CP 3 KnituH niHii L929 nicna KpioKOHCepBYBaHHSA 3a PEXUMOM,
BM3HAYeHMM Ha OCHOBI TEOPETUYHMX PO3PAXYHKIB (€KCMO3MLIA Y KPi03aXMCHOMY cepefoBULLi BNPOAOBK 65 ceK, wana-
KicTb oxonogyeHHs 2°C/xe Ao — 80°C 3 noAanblUMM 3aHYPEHHAM Y piakuit a3oT (— 196°C)), y NopiBHAHHI 3 eMnipuYHO
BCTAHOB/IEHUMM peXKMMaMM (EKCNO3KLLIA Y Kpio3axMCHOMY cepefoBULLL BMPoAoBK 10 XBUAWH, LIBUAKICTb OXONOAKEHHS
1°C/xB po —40°C abo Ao — 80°C 3 NnoAanblIMM 3aHYPEHHAM Y PiaKKUiA a3oT). MNicna po3mopoxyBaHHa CP nomiwanm 4o
YMOB Ky/IbTUBYBAHHSA, Nic/iAa 4oro BuBYanm 34i6Hictb CO go aaresii Ta ix metaboniuHy aktmuBHicTb y MMT — TecTi, nponi-
depaTUBHY aKTUBHICTb KAITUH, AKi MirpyBanu 3i CP, Ta mirpatopHo — nponidepaTMBHUIN NOTEHLIaN Yy TECTi KMOAPANNUHNY
MOHOLLApPY.

BcTaHOBMEHO, WO YCi BMLWE3a3HAYEHi NOKAa3HMKM, Kpim 3aibHocTi CO go aaresii, 6ynm Buwe y pasi BUKOPUCTAHHA
COP, KpioKOHCEPBOBAHMX 33 TEOPETUYHO BU3HAYEHUM PEXMMOM, NOPiIBHAHO 3i CP, KPiOKOHCEPBOBAHNUMM 33 EMMIPUYHO
nigibpaHuMm pexxumamu.

TaKMM YMHOM, KPiIOKOHCEPBYBAHHSA 33 PEXMMOM, PO3PaXOBaHMM Ha OCHOBI Qi3MKO — MaTeMaTUYHOI Moaeni, Npu-
3BOAUTb A0 Binbll edpekTUBHOro 36epeskeHHA GyHKLiOHaNbHMX BNacTUBOCTeN (Mmirpauii i nponidepauii KNiTUH) Ta meTa-
6oniyHoro ctaHy (MTT — TecT) CP nicns po3mMopoXKyBaHHA NMOPIBHAHO 3 iHLUMMU BUKOPUCTAHUMU PEXRMMAMM.

Knrouosi cnosa: coepoisn, KNiTMHM niHii L929, KpiokoHcepBYBaHHA, mirpauia, nponidepauia, MTT TecT.

INFLUENCE OF THEORETICALLY ESTABLISHED CRYOPRESERVATION REGIMEN ON THE FUNCTIONAL STATE OF
DECONSERVATED CELLULAR SPHEROIDS

Moisieiev A. I., Bozhok G. A.

Abstract. Search and optimization of methods of cryopreservation of multicellular objects, in particular spheroids (SF),
is an urgent issue, the solution of which will allow more efficient application of SF in biological research, biotechnology,
regenerative medicine and tissue engineering. In the present study, a cryopreservation regimen was used, which included
temperature and cooling rate parameters, and SF saturation time in a cryoprotective medium, previously determined by
physical and mathematical modeling based on the permeability coefficients of water molecules and dimethyl sulfoxide
cryoprotectant (DMSO). The goal of the work is to study the functional state of SF from L929 cells after cryopreservation
according to the regimen established on the basis of physical and mathematical modeling. Experimental studies were
performed on SF from L929 cells after cryopreservation according to the regimen determined on the basis of theoretical
calculations (exposure in a cryoprotective medium for 65 sec, cooling rate 2°C/min to —80°C followed by immersion into
liquid nitrogen (—196°C)) in comparison with empirically established regimens (exposure in a cryoprotective medium for
10 minutes, cooling rate 1°C/min to — 40°C or to — 80°C followed by immersion into liquid nitrogen). Post thawing, SF
was placed in culture conditions, after which the ability of SF to adhere and their metabolic activity in the MMT assay, the
proliferative activity of cells that migrated from SF, and the migratory — proliferative potential in the monolayer “scratch
assay” were studied. It was found that all the above indicators, except for the ability of SF to adhesion, were higher when
using SF cryopreserved in a theoretically determined regimen, compared with SF cryopreserved in empirically selected
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regimens. Thus, cryopreservation according to the regimen established on the basis of physical and mathematical
modeling leads to more effective preservation of functional properties (cell migration and proliferation) and metabolic
state (MTT — assay) of SF after thawing compared to other regimens.

Key words: spheroid, L929 cell line, cryopreservation, migration, proliferation, MTT test.
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IHCTUTYT Npobnem Kpiobionorii i KpiomeanumHn HAH YKpainu
Appeca: YKpaiHa, 61016, m. Xapkis, ByAn. [Mepesacnascbka 23
Ten.: +38(067) 9911072

E — mail: bozhokgaru@gmail.com

A — KoHUenuis pobotu Ta gu3aitH, B — 36ip Ta aHani3 gaHux, C — BiANOBIAANbHICTb 33 CTaTUYHMIA aHani3, D — HanucaHHA cTaTTi, E — KpUTUYHKUI ornAag,
F — OocTaToOuYHe 3aTBepAKEHHA CTaTTI.

CraTtTa Hagiiiwna 17.11.2021 poky
CTaTTa NpUNHATA A0 APYKY 27.04.2022 poKy
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