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Dynamics of Dimethyl Sulfoxide Penetration
Into L929 Cells and L929-Based Spheroids

Pecpepar: Y poboTi 3anponoHOBaHO anroputMm po3paxyHKy egeKTUBHUX KOoediuieHTIB MPOHUKHOCTI Ans 6araToKniTMHHUX
00’eKTiB y KpiO3axMCHOMY CepefoBULLi Ha MiacTaBi (isvko-maTemMaTUyHOI Mogeni mpoueciB MaconepeHocy. Y npoBedeHux [ocnia-
XEHHSAX OTPMMAaHO 3Ha4YeHHS NMOBEPXHEBO-06'EMHOrO BiAHOLIEHHSA Ans KNiTWH NiHii L929 3a pisHmx Temnepatyp i po3paxoBaHo koedi-
LiEHT TENSIOBOro PO3LUMPEHHS NMOLi MOBepxHi MembpaH kniTvH B = 2,7 x 107%/°C. BusHa4yeHO BENUYMHM OCMOTUYHO HEAKTUBHOIO
o6’eMy Ansa KNiTWH NiKii L929 i cdepoifis 3 HUX. 3 AMHAMIYHMX KPMBUX 3MiHW BiAHOCHOro 06’eMy 3HanaeHo KoedilieHTn dinsTpauii Ta
npoHukHocTi ana AMCO knituH niHii L929 Ta cdepoigis in foto. Po3paxoBaHi NOKasHWKM € HaWBINbWUMKW ANS NOOAUHOKUX KIITUH i
3HavyLle (p < 0,05) 3MeHLYIoTLCA ANS KNITWH Y cknaai cpepoiais 3i 36inbLIEeHHSAM mMunbuHM iX posTallyBaHHS, WO Moxe ByTu Hacnigkom
0BMeXXeHHS JOCTYMHOCTI MOBEPXHi KNiTUH Y cknagi cpepoifiB Ana NPOHMKAHHA MO3aKMiTMHHMX peyvoBuH. OTpumaHi B poboTi xapakTte-
PUCTUKN MPOHWKHOCTI CdepoifiB MOXyTb OyTW BUKOPWUCTaHI ANSA PO3POOMEHHS OMTUMAaNbHUX PEXVMMIB KPIOKOHCEPBYBaHHSA LIMX
06’exTiB.

KnrouoBi cnoBa: kniTvHu ninii L929, cdepoiaun, koediuieHTn dinbTpauii, koedilieHTn NPOHUKHOCTI, AMMETUNCYNbdOKCHa, 0CMO-
TUYHO HEaKTUBHUI 00’€M, KPiIOKOHCEPBYBaHHS.

Abstract: The study proposes an algorithm for calculating of appreciable permeability coefficients for multicellular structures in
a cryoprotectant medium using physical and mathematical model of mass transfer. The values of surface-area-to-volume ratio for L929
cells at different temperatures was determined and the thermal expansion coefficient of the surface area of cell membranes was calcu-
lated (B = 2.7 x 10-%°C.). The osmotically inactive volume for L929 cells and their spheroids was determined. Filtration and permea-
bility coefficients to DMSO for L929 cells and in toto spheroids were found from the dynamic curves of relative volume change. The cal-
culated parameters are the highest for individual cells and significantly (p < 0.05) decrease for cells in the spheroids with increasing
depth of their location, this reduction may be stipulated by a decrease in the available surface of cells in the spheroids for the penetration
of extracellular substances. Obtained in this research permeability characteristics of spheroids can be used to develop optimal

cryopreservation regimens for them.

Key words: L929 cells, spheroids, filtration coefficients, permeability coefficients, dimethylsulfoxide, osmotically inactive volume,

cryopreservation.

KinitTuHn B OpraHisMi JIFOAMHU B33a€MOJIIOTH
MK c000I0 Ta KOMIIOHEHTaMH [O3aKJIiTHHHOTO
MaTpHKCy, CTBOPIOIOUHM YyHiKaibHy 3D-opranizaito.
Ili B3aeMomii «KIITHHA — KJIITHHA» Ta «KJIITHHA —
MO3aKTITHHHUI MaTPHUKC» yTBOPIOIOTH CKIIAJHY KO-
MYHIKaIiifHy Mepexy OiOXiMIYHHX 1 MeXaHIYHHUX
CUTHAJIB, SKi € KPUTUYHUMHU JUII HOpPMajbHOI (i-
siomorii wmitea [10, 17, 21, 23]. 3a ym0oB BHpoO-
ITyBaHHS KIITHH Yy MOHOMApOoBUX 2D-KymbTypax
BTpavyaroThca Ii TKAaHWMHOCTEIHM(IUHI BIACTHBOCTI.
ToMy 3a ocTaHHI JiBa JECATHIITTS OYyJIO 3I1HCHEHO
YUCJICHHI crnpoOu st po3pobieHHs 3D-mopeneit
KyJABTYPH KJITHH 13 METOIO MOJ0JaHHS CYIepedHOC-
TEl MiX pe3ylbTaTaMy aHajli3y KJIITHH Ta eKCIepH-
MEHTaJbHHUX JIOCII/PKCHb Ha TBapHHAaX Ta YCYHEH-
HSl EKCIIEPUMEHTAJIbHOI HEBU3HAYEHOCTI Mix dac
BUKOPUCTAHHSI MOHOIIAPOBHX KyJIbTYp. TpHBHMipHa

|
IHCTUTYT Npobnem kpiobionorii i kpiomeanumHn HAH Ykpainu, m. Xapkis

*ABTOp, AKOMY HEOGXiAHO HaACHUNaTU KOPeCcnoHAEHLlo:
Byn. MNMepesicnascbka, 23, M. XapkiB, YkpaiHa 61016;

Ten.: (+38 057) 373-74-35, cakc: (+38 057) 373-59-52
enekTpoHHa nowTa: olga.gordiyenko.ipcic@gmail.com

Hapiviwna 14.04.2021
MpurHaTa ao apyky 19.10.2021

Cells in human body interact with each other
and components of the extracellular matrix to
create a unique 3D organization. These cell-to-
cell and cell-extracellular matrix interactions form
a complicated communication network of biochemi-
cal and mechanical signals that are critical to
normal cell physiology [9, 16, 21, 23]. If the cells
are grown in monolayer 2D cultures, these tissue-
specific properties are lost. Therefore, over the last
two decades, numerous attempts have been made to
develop 3D models of cell culture in order to bridge
the gap between the results of cell analysis and
experimental animal studies to reduce experimental
uncertainty when using the monolayer cultures.
The three-dimensional culture model is a useful al-
ternative to tissue explants. One of the 3D cultures
is spheroids, first obtained by J. Holtfreter [10] and
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MOJIeTIb KYJBTYPH € KOPHCHOIO albTepHATHUBOIO TKa-
HUHHOM ekcrulantatam. Opnieto 3 3D-kynmeryp €
coepoinu (CD), suepue orpumani J. Holtfreter [11]
i A. Moscona Ta H. Moscona [19] 3a momomoroxo
camo30ipkn 31 cycrneHnoBaHux KiituH. Cdepoinn
y 0ararbox acrmekTax IEeMOHCTPYIOTh OUIbIIY IIO-
TIOHICTH O pealbHUX TKaHWH, HIK MOHOIIAPOBI
KyJIbTypy KJITHH, 1 TOMy Ha CHOTOJHI BOHHM dYac-
TillIE 3aCTOCOBYIOThCs B Olomeaunuui. CdepoinHa
(dopma € HAHOLIBII MIAXOMSIIO MOS0 JUIs
JociKeHHs paky [9] Ta migbopy nikiB [15], a Ta-
KOX JJIsl BUKOPUCTAaHHS B pEreHEepaTUBHIA Meau-
uuHi [22]. Meton cdepoigHuX KyJIbTyp MOKpallye
noreHuian aAudepeHianii mopiBHIHO 3 MOHOILIAPO-
BOIO KynbTypoto [24, 25]. Cdepoiny, siKi BUKOHYIOTh
(yHKII{ TKaHWH, MOXYTh CIIY)KUTH Oy/IiBEITbHUM
MaTepiaioM uid peKoHCTpyKii oprani. [lonepemni
JOCITIIDKEHHST IEMOHCTPYIOTh, 110 3D-KynbTypa Kili-
THH 3a0e31euye CIPUATINBI YMOBH I PEKOHCTPYK-
uii medinku [5, 20], mianuryHkoBoi 3amo3u [18], kpo-
BOHOCHUX Cy/uH [ 14], M’s31B Miokapa, ranmmiii [12]
1 KICTKOBOT TKaHUHH [7, 24].

BaxxiuBuM 1 akTyaldbHMM THUTAHHSM 10710 Oa-
FaTOKJIITUHHUX O0’€KTIB € TMOIIYK METOJIB IXHBOTO
KpiokoHcepByBaHH:1[ 8, 16],1110103BONMUTH OB EPEK-
TUBHE BUKOpucTaHHS C® y pereHepaTHBHIA Meau-
IWHI Ta TKaHWHHIN imkeHepii. TpuBamuii mepiof
30eperkeHHss CP MoOXe 3aCTOCOBYBATHCS SIK B allb-
TEepPHATHBHIHN Teparii I TpaHCIDIAHTAIlii, Tak 1 MM
gac po3poOJIeHHsT HOBHX IpemnapariB. OmHaK Ha ChO-
TOIHI iCHy€ BKpai Mayio poOiT i3 KpiOKOHCEPBYBaHHS
C®. YucneHHi MpOTOKOIN KPiOKOHCEPBYBAHHS IS
KJIITHHHUX CYCIICH31#, TOOTO MOOJMHOKUX KIIITHH,
HE BUPILIYIOTh MHUTaHHS KPiOUYTIMBOCTI KITHH Y
ckiani OaraTOKMITUHHUX c(epoimiB, SKi MaroTh
TPUBUMIPHY CTPYKTypHY OpTraHi3amito 1 ckiajaHi
MDKKJIITHHHI B3aemonii. Tomy 11 po3poOieHHs
ONTUMAJIbHUX METOAIB KpiokoHcepByBaHHSI CD mot-
piOHMIA TPYHTOBHUM KpioOioMOTiYHHMNA TiAXid, a ca-
Me: JIOCIIIKeHHS! MPOLECiB 3HEBOIHEHHS Ta HACH-
YeHHS KPIiOMPOTEKTOPOM OaraTOKIITHHHUX 00’ €K-
TiB Ha eTanax KpiOKOHCEPBYBaHHSI.

Merta po6oTH — TIpOBeIeHHS TIOPiBHSIBHOTO J10C-
JDKCHHST IMHAMIKA TIPOHWUKAHHS MOJICKYJI BOJHM Ta
KpIOTPOTEKTOpa JUMETHICYIb(POKCHAY B chepoinu
in toto, KJIITUHYU Y 30BHIIIHBOMY Ta BHYTPILIHbOMY
mapax cgepoina Ta B HOOAMHOKI KiiTHHH JiHiil L 929.

Marepianu i MeTonH

JocnimkeHHs: BUKOHYBaJIM Ha KiniTiHaX JiHil 1929
ta CD niamerpom 80—100 MkMm, ockinbku Ha 10-y 10-
Oy KyJIbTUBYBaHHS KUTbKICTh OaraTOKITITHHHHUX 00 €K-
TiB 13 TakuMm po3mipom ckiamana 70%. KiitmaHy
niHifo mpoTsaroM 10-mo60BOTO KyIETUBYBAHHS IIif-
TPUMYBaJIM JKHUBWIBHUM cepefoBuimieM DMEM/
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A. Moscona and H. Moscona [18] by self-assem-
bly of suspended cells. Spheroids in many respects
show higher similarity to real tissues than mono-
layer cell cultures, and therefore today they are more
commonly used in biomedicine. The spheroidal
form is the most suitable model for cancer research
[5] and drug selection [14], as well as in regenerative
medicine [22]. The spheroid culture method impro-
ves the potential for differentiation compared to
monolayer culture [24, 25]. Spheroids, which per-
form the functions of tissues, can serve as a buil-
ding material for the reconstruction of organs.
Previous studies have shown that 3D cell culture
provides favorable conditions for the reconstruction
of liver [1, 19], pancreas [17], blood vessels [13],
myocardial muscle, ganglia [11] and bone tissue [3,
24].

An important and topical issue for multicellular
objects is the search for methods of their cryo-
preservation [4, 15], which will allow more efficient
use of spheroids in regenerative medicine and tissue
engineering. Long-term preservation of spheroids
can be used both in alternative therapies for trans-
plantation and in development of new drugs.
However, today there is very little number of pa-
pers on cryopreservation of spheroids. Numerous
cryopreservation protocols for cell suspensions, i. e.
individual cells, do not solve the problem of
cryosensitivity of cells in multicellular spheroids,
which have a three-dimensional structural organi-
zation and complicated cell-to-cell interactions.
Therefore, the development of optimal methods of
cryopreservation of spheroids requires a thorough
cryobiological approach, namely: the study of de-
hydration and cryoprotection saturation of mul-
ticellular objects at the stages of cryopreserva-
tion.

The research was aimed to comparative study
of the dynamics of penetration of water mole-
cules and cryoprotectant dimethyl sulfoxide into
spheroids in toto, cells in the outer and inner la-
yers of the spheroid and in individual L929 cells.

Materials and methods

The studies were performed in 1929 and sphe-
roid cells with a diameter of 80-100 pum, as on day
10 of cultivation, the number of multicellular objects
with this size was 70%. The cell line was maintai-
ned for 10 days in DMEM/F12 (Biowest, France)
containing 200 U/ml benzylpenicillin (Arterium,
Ukraine), 200 pg/ml streptomycin (Arterium)
and 10% fetal bovine serum (Biowest, France)
at 37°C in an atmosphere of 5% CO, in plastic
vials for cultivation (SPL Life Sciences, Korea).
Every 3™ day of cultivation, the medium was chan-
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F12 («Biowesty, ®paniiis), sike mictimiio 200 On/mi
OeH3WNICHIIUTHY («Arteriumy, Ykpaina), 200 MKr/mi
crpentoMinuny («Arteriumy») ta 10% dertanpHOT
tenstaoi cupoBarku («Biowest») mpu 37°C B armoc-
depi 3 5% CO, B nIacTMKOBUX (h1akoHax JUIs KyJlb-
tuByBaHHs («SPL Life Sciences», Kopes). Koxmy
3-10 o0y KyIBETUBYBaHHS 3IIHCHIOBATIH 3aMiHy cepe-
nosuma. KiniTHHHAY CycrieH3i0 OTpUMYBajH 3 MOHO-
mapy kmitaH JiHil L929 Ha 10-y m00y KynbTUBY-
BaHHS HUISIXOM HOTO OOpOOJIEHHS MPOTSIroM 5 XB
cymimmno 0,5% tpurncuny («Sigmax», CLLIA) Ta po3-
ynny Bepcena («PAA», CIIIA) y chiBBigHOIICHHI
1:1. Ilicnst BigKpiruieHHS KIITHHH BiIMHBAJIU BiJ
(hepmenTHOTO po3umHy cepemoBuiiem DMEM/F12
(«Biowesty).

st orpumansst CO BUKOPUCTOBYBAIU HU3bKOA-
re3uBHY MOBEpXHIO, yamku Ilerpi o6pobisinu 2%-m
poszumHOM arapy («Ferak», Himeaunna). [TociBHa kKoH-
nerTpanis (ibpobmactie cranoBmita 2 X 103 ki/MiL.
Cdepoinu xynpruByBanmm mpotsirom 10 ni6.

KoedimienTn MpOHUKHOCTI BU3HAYAIH HA TTOOH-
Hokux KiiTmHax Ta C® i3 miamerpom 80-100 mMxm
MicJisl IXHBOTO TPUKPIIUICHHS B ar€3WBHUX YMOBaX
nporsrom 1o6u. s BU3HAYEHHS KOE]ili€HTIB
MPOHMKHOCTI TUIA3MaTUYHUX MEeMOpaH KJIITHUH JiHii
L929 nmns monekyn Bomu (Lp) i JIMCO (kp) Ta
e(eKTUBHUX 3Ha4eHb NOoAIOHKUX napameTpis it CD
13 IMX KJIITHH BUKOPUCTOBYBAJIH BOJIOMOMETPHY-
Hui Metox [1, 2]. @opMy KIITHH anpoKCHMYBalll
cheporo.

st Bu3HAueHHs 00’eMy KIiTHH 4amky lletpi 3
MMOOTUHOKUMHU KiiTuHAMU ab6o C®D ycTaHOBIIOBAIH
Ha TEPMOCTAaTOBAHUI CTONUK KOH(OKAIBHOTO MiK-
pockomna «LSM 510 META» («Carl Zeiss», Himeu-
yuna). [lo 3pa3kiB gomaBanu pozuuH 1M JIMCO y
¢izionoriunoMy po3unHi 3a Temneparypu 15°C. Jlns
BU3HAYCHHSI MapaMeTpiB MPOHUKHOCTI AJsl KIIITHH
y 30BHIIIHBOMY 1 BHYTpilHbOMY Imnapax C® Buko-
pUCTOBYBalnu Z-CKaHyBaHHS cdepoiniB i3 KpOKOM
4,2 mxMm. JlocmimkyBanu 3MiHA y 4aci 00’emy CD
in toto, kIMiTUH y pi3HUX mapax CD abo mpukpiruie-
HUX Ha KyJIbTypaJIbHy MOBEPXHIO B IpoLeci iX 3He-
BOAHEHHS B 1M pO34mHI KpioMpPOTEKTOpa 1 BiTHOB-
JICHHS Ha eTami IMPOHWKHEHHS KPIOMPOTEKTOpa B
KiiTHHU. MopdoMeTpuiyHui aHali3 3/ilCHIOBAIN 3
BUKOPUCTAHHSIM KOMII'IOTEPHOI Tmporpamu  «AXio-
Vision Rel. 4.6» («Carl Zeiss»).

Yucnosi 3HadeHHs koedilieHTiB (inmpTpamii Ta
nponukHocTi JIMCO y xmitunm minii L929 i CO,
sIKI BOHM yTBOPIOBAJIM, BU3HAYaJ M LUISIXOM aIrpokK-
cuMaIlii eKCriepruMEeHTATbHUX JTaHUX 3MIiHU BiJHOC-
HOoro o0’emy kiitmH a6o C® mig Yac eKcro3uilii
B JOCHIUKYBAaHMX PO3YMHAX TEOPETUYHHUMH KpU-
BUMH, DPO3pAaXxOBaHUMU Ha TIiACTaBi (i3UKO-mare-
MAaTHUYHOI MOJIENII TACHBHOTO TPAHCIIOPTY BOIH 1 TIPO-

ged. The cell suspension was obtained from a
L929 cell monolayer on day 10 of cultivation by
treating it for 5 min with a mixture of 0.5% tryp-
sin (Sigma, USA) and Versene solution (PAA, USA)
in a ratio of 1:1. After detachment, the cells were
washed from the enzyme solution with DMEM/F12
Biowest).

To obtain spheroids there was used a low-adhe-
sion surface, Petri dishes were treated with 2%
agar solution (Ferak, Germany). The inoculation
concentration of fibroblasts was 2 x 10° cells/ml.
Spheroids were cultured for 10 days.

Permeability coefficients were determined in sing-
le cells and spheroids with a diameter of 80—-100 pm
after their attachment under adhesive conditions
during the day. The volumetric method was used to
determine the permeability coefficients of plasma
membranes of 1929 cells to water molecules (LP)
and DMSO (CPA) and the effective values of
similar parameters for spheroids from these cells
[7, 8]. A sphere approximated the shape of the cells.

To determine the cell volume, Petri dish with
individual cells or spheroids was thermostated using
LSM 510 META confocal microscope table (Carl
Zeiss, Germany). A solution of IM DMSO in phy-
siological saline at a temperature of 15°C was added
to the samples. Spheroids were Z-scanned with a
step of 4.2 um to determine the permeability parame-
ters for cells in the spheroid outer and inner layers.
Changes in time of the volume of spheroids in toto,
cells in different layers of spheroids or attached to
the culture surface during their dehydration in 1M
cryoprotectant solution and recovery at the stage
of penetration of cryoprotectant into cells were
studied. Morphometric analysis was performed
using the ‘AxioVision Rel. 4.6’ software (Carl Zeiss).

Numerical values of DMSO filtration and per-
meability coefficients in L929 and spheroid cells
were formed by approximating experimental data
on changes in relative cell volume or spheroid
during exposure in test solutions to theoretical cur-
ves calculated by means of a physico-mathema-
tical model of passive water transport and per-
meable substances in case of their maximum coin-
cidence [7, 8].

The osmotically inactive volume of L.929 and SF
cells was determined by the method described
in V.V. Ogurtsova et al. [20]. To do this, we obtai-
ned the dependence of the relative cell / spheroid
volume on the inverse reduced osmotic pressure in
solutions of sodium chloride with concentrations of
0.5; 1; 2.0 mol/l. In the case of a two-component
solution of an impermeable substance (k), the equa-
tion describing the change in cell volume over time
(t) has the form,
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HUKaJIBHUX PEYOBHMH 32 YMOBH IX MaKCHMalbHOTO
30iry [1, 2].

OCMOTHUYHO HEaKTUBHUI 00’ €M KiIiTHH JiHiT L1929
ta CO BH3Hauanu 3a METOIOM, ONHUCAHUM y POOOTI
B.B. OrypmoBoi Ta cmiBast. [4]. a1 11p0r0 OTpH-
MyBaJIM 3aJIe)KHICTh BiTHOCHOTO 00’eMy KimiTuH/CD
BiI 0OEPHEHOTO MPUBEACHOTO OCMOTHYHOTO THCKY Y
pO3UYMHAX XJIOpWAY HaTpito 3 KoHmeHTparisvu 0,5; 1;
2,0 Monp/n. Y BHIAIKY JABOKOMIIOHEHTHOTO PO3YHHY
HETIPOHUKAIBHOT pedoBUHH (K) PIBHSHHS, SIKE ONHCYE
3MiHYy KJIITHHHOTO 00’ €My Yy 4aci (t), Ma€e BUIIISIT

d_y=L{M_”Z”} ()
d 7,|(yv-a) n.
JIE T, — XapaKTEPHUHI Yac MPOHUKAHHS MOJIEKYJI BOIU
B KJIITHHH, 0. — OCMOTHYHO HEAKTUBHUM 00’ €M KIIi-
TUHM; M, — MOIbHA YAacTKAa PO3YUHEHOi y MO3a-
KJIITHHHOMY PO3YWHI HETPOHUKAJILHOI PEUOBHUHU K;
n,, — TIOYATKOBE 3HAYCHHS MOJIbHOI YaCTKH PO3YMHE-
HOI y BHYTPIIIHBOKIITHHHOMY PO34HHI PEYOBHUHH.
3a ymoBH t—00 (T00TO t >> T ) 3MiHA BIAHOCHOTO
00’eMy KIIITHHU B PO3YMHI HENPOHHKAIBHOI Pedo-

. d
BHHHU JIOPIBHIOE d—y—>0, OTXe, OTPUMYEMO Hac-
t

TYITHE PIBHSIHHS:

i{(l—a)_i‘“}_o

b

T, [ (y-a) n,
naut ﬂ_our
(I-a)=(, ~@) 2= (r, ~2) 2, @)
ko ko

out
a6o V., =a+(l—a)%=a+(l—a);(, (3)
ﬂ_}fut ko
e Z = in °
ko

VY pesynbrari BU3HaUeHHs 00’ eMy KimituH a60 CD
3a t >> 'y cepii pO3uMHIB HEMPOHMKAILHOI pedo-
BHHM 3 KOHIEHTPAIlI€I0, SKa 3pPOCTA€, OTPUMAIH
3alIeKHICTh ACUMITOTHYHOTO BiJHOCHOTO 00’eMy
Bil 00EpPHEHOrO TPHUBEICHOTO OCMOTHYHOTO THCKY
po3unHy. EXcrieprMeHTallbHI NaHi almpOKCHMYBaH
piBHAHHAM (3), sfiIKe omHCye 3MiHY 00’€My KIITHHH/
C® y po3unHax HEMPOHUKAIBHOT PEYOBUHU METOZOM
HallMEHIIMX  KBajparTiB. 3HAYCHHS OCMOTHUYHO
HEaKTHBHOTO 00’€My OTpUMYBalIHM 3a IEPETUHOM
anpOKCUMOBAHOT MPSIMOT 3 BICCIO OPJIUHAT.

[TosepxueBo-06’emue Binnomenus (y, = S/V, =
= 6/D, ne D — niametp xiituan abo CD) Bu3HaYAIN
repe; ToJaBaHHSIM KPIOMPOTEKTOpa 3a TeMIleparyp
5, 15 Ta 25°C.

CratuctnyHy OOpOOKY OTpHMaHHUX pe3yibTaTiB
MIPOBOJIMIIA 3 BHKOPHCTAHHSM IporpamMu «Statgra-
phics» («Manugistics Inc.», CILIA) 3a HemapameTpud-
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d 1| (-a) n™
Lo (_—)—k— , (1)
dt z-w (y a) nko

where 1 is the characteristic time of penetra-
tion of water molecules into cells; a — osmoti-
cally inactive cell volume; n;— molar fraction
of impermeable substance dissolved in the extra-
cellular solution k; n;’ — initial value of the molar
fraction of the substance dissolved in intracellular
solution.

Under the condition t — o (i. e. t >> 1 ) the
change in relative volume of the cell in impermeable

. d
substance solution is equal to %—) 0, therefore,

we obtain the following equation:

Ty (y_a) nllc’;
nout ﬂ_out
(l-a)=(y,—a) S =y, —a) = - (D)
ko ko

out
or y, =a+(1—a)%=a+(l—a);(, 3)
out T ko
k
mn
ko

When determining the cell or spheroid volume
by t >> in a series of solutions of impermeable
substance with increasing concentration, the depen-
dence of the asymptotic relative volume on the recip-
rocal normalized osmotic pressure of the solution
was found. The experimental data were approxima-
ted by equation (3), which describes the change in
cell/spheroid volume in solutions of impermeable
substance by the least squares method. The values of
the osmotically inactive volume were obtained from
the intersection of the approximate line with the y-axis.

The surface-to-volume ratio (y, = S/V, = 6/D,
where D is the cell or spheroid diameter) was deter-
mined before adding the cryoprotectant at tempe-
ratures of 5, 15 and 25°C.

The results were statistically processed using
the ‘Statgraphics’ software (Manugistics Inc., USA)
by non-parametric Mann-Whitney test. Experimental
data are presented as the arithmetic mean + standard
deviation. Significant differences were considered
at p <0.05.

where y =

Results and discussion

Permeability parameters were determined in
spheroids with a diameter of 80-100 pum, as on day
10 of cultivation the number of multicellular struc-
tures with this size was 70%. Numerical values
of osmotically inactive volume o and surface-
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HUM KpuTepieM ManHa-BitHi. ExcnepumMenTanbHi
JlaH1 TPUBEJICHI sIK cepenHe apuMeTHIHEe £ cepe-
HE KBaJIpaTHYHE BiAXWJICHHS. 3HAUYLIIMMHU BBAKaJH
BimMmiHHOCTI TipH p < 0,05.

Pe3yiabTaTn Ta 00roBOpeHHs

BuzHaueHHsT mapamMeTpiB MPOHUKHOCTI 3MIHCHIO-
Banmu Ha CD i3 giameTpom 80—100 MKM, OCKITBKH Ha
10-y 100y KyJIbTHBYBaHHSI KUIBKICTh 0OaraTokJii-
TUHHUX 00 €KTIB 13 TaKUM po3MipoM ckiazana 70%.
Jist po3paxyHKy KOe(ili€eHTIB MPOHMKHOCTI TIa3-
MarnyHuX MmemOpan xmituH JiHii L929 ta CO i3
HUX 32 JaHUMH BOJIIOMOMETPIi 3 BUKOPUCTaHHAM (i-
3MKO-MaTeMaTHYHOTO MOJCIIOBAHHS INPOLECIB Ma-
cornepeHocy OyJa0 BU3HAYCHO YHMCIIOBI 3HAUEHHS OC-
MOTHYHO HEAKTHUBHOTO 00’€My 0. Ta IOBEPXHEBO-
00’€MHOTO BiTHOMIECHHS Y. 3aJIe)KHICTh BiITHOCHOTO
00’ emy kimiTHH/CD Bix 00€pHEHOTO MPUBEIEHOTO OC-
MOTHYHOIO THUCKY Y PpO3UMHAX HEIPOHUKAIBbHOL
peuoBuan (NaCl) mpencraBneno Ha puc. 1. 3rigHO
3 rpadikaMy OCMOTUYHO HEAKTHUBHHUH 00 €M KJIITHH
minii L929 (o, ) cranosute 0,32. Jlng CP micns
KyJABTHUBYBaHHS mpoTsroM 10 1i06 moxa3zHHK O,
nopisatoBas 0,41. Bigomo, mo ¢opmyBanns CO
BiIOYBA€ThCS HA OCHOBI MIXKKJIITHHHOI ajresii, sika
(kagrepuHy, KOHEKCHHY Ta TAHEKCUHY) 1 YILIBHEHHS
kiituH y ckiani CO nporaroMm KynsTUBYBaHHS [6],
HACJIJTKOM YOT0, 30KpeMa, MOXe OyTH 301LTbIIeHHS
OCMOTHUYHO HEaKTHBHOIO 00’ €eMy.

[ToBepxHeBo-06’emMue BinHomenus (y,) m CPO
i3 miamerpom 80 mMkMm cranoButh 0,75 x10° m'. Ce-
pelHl 3HAYEHHS Y, 3 BUMIPIOBaHHs jaiameTpis 50—
75 ximitun 1929 3a temmneparyp 25, 15 ta 5°C ckna-
nawTh (4,64 £ 0,01) x 105 (4,51 = 0,07) x 10° Ta
(4,39 +£0,06) x 10° M"! BigmOBIAHO.

3 OTpUMaHUX 3HAYCHb IIOBEPXHEBO-00 €MHO-
ro BifHOWIECHHS IUIsi KiiTUH JiHil 1929 3a pizHmx
TEMIIEpaTyp MOXKHa JIETKO PO3paxyBaTH 3HA4YCH-
Hi Koe(illiecHTa TETUIOBOIO PO3IIMPEHHS TUIOIII
moBepxHi mMeMmOpann kiiTH [3]. 3rigHO 3 BH3Ha-
ueHHAM AS = BS AT orpumyemo f=AS/ATS, abo
B=(r-7,)/ATy,. 3 1MMu 3HAYEHHAMH JUIS TIOBEPX-
HEBO-00’€MHOTO BIIHONICHHS Yy I KoedirieHTa
TETJIOBOTO PO3IIUPEHHS TUIONII OBEPXHI MeMOpaHH
kiituH el L929 maemo BenuuuHy Bep = 2,7 X
x 1073/°C. 1ls BenMUYUHA € TPOXU OLNBIIOI0 3a 3HA-
YeHHS! Koe(ilieHTa TErIOBOTO PO3LIMPEHHS TUIOLI
noBepxHi MemOpanu eputpouuta B = 2,4 x 107/°C,
orpumanoro B poooti O.I. Topmienko [3]. Ha Be-
JUYUHY KoedillieHTa TEIUIOBOTO PO3IIUPEHHS IJI0-
Il TOBEpXHI MeMOpaHWM MOXYTh BIUIMBATH JIIif-
HUW 1 OIMKOBWIA CKJIaJl MEeMOpaHW, a TaKoX 30B-
HimHI 9nHHUKA. L9 xapakrepuctuka Moxe OyTH
BUKOPHCTaHa [JI1 MOHITOPHHTY CTaHy MeMOpaH
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Reciprocal normalized osmotic pressure

Puc. 1. 3miHa BigHOCHOro 06’emy knitvH L929 (e) Ta

cepoigis (o) 3anexHo Big 3BOPOTHOrO NpUBELEHOro

OCMOTUYHOTO TUCKY PO34YUHY.

Fig. 1. Change in relative volume of L929 cells (o)
and spheroids (o) depending on reciprocal normalized
osmotic pressure of solution.

volume ratio y were determined to calculate the
permeability coefficients of plasma membranes of
L929 and spheroid cells from them according to
volumetric data using physico-mathematical mo-
deling of mass transfer processes. The dependence of
the relative volume of cells/spheroids on the
reciprocal normalized osmotic pressure in solutions
of impermeable substance (NaCl) is presented in
Fig. 1. According to the graphs, the osmotically
inactive volume of L929 cells is o, = 0.32. For
spheroids after cultivation for 10 days, this
value was equal to a = 0.41. It is known that the
spheroids are formed by means of intercellu-
lar adhesion, that leads to an increased expression
of its proteins (cadherin, connexin and panexin)
and compaction of cells in the composition of sphe-
roids during cultivation [2], which may result
in increased osmotically inactive volume.

The surface-volume ratio for spheroids with a
diameter of 80 um is 0 = 0.75 x 10° m'. The ave-
rage values of y, from the measurement of the dia-
meters of 50-75 L1929 cells at temperatures of
25, 15 and 5°C are (4.64 = 0.01) x 10° (4.51 +
+ 0.07) x 10° and (4.39 + 0.06) x 10° m !, res-
pectively. From the obtained values of the sur-
face-volume ratio for L.929 cells at different tem-
peratures, it is easy to calculate the value of the
coefficient of thermal expansion of the surface area
of the cell membrane [6]. By definition AS = 3SAT,
we obtain S =AS/ATS, or B=(y-7,)/ATy,. With
these values for the surface-volume ratio y for
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Puc. 2. OuiHka giameTpiB KNiTUH 30BHILIHBLOrO i BHY-
TpiwHbOro wapie coepoiga (Z = 30 Mkm) nig yac
eksiniopauii 8 1M AMCO npun 15°C.

Fig. 2. Estimation of cell diameters of spheroid outer and
inner layers (Z = 30 ym) during equilibration in 1M DMSO
at 15°C.

KIITHH 3a PI3HUX YMOB 1 CTpPOKIB KYJIbTHBYBaH-
HSI.

3MiHn y gaci 00’emy kiitiH 1 CO mig gac eksi-
niopamiiy 1M JIMCO Bu3Ha9a)IH 32 TOTIOMOTOIO MO-
(hoMeTprUHOro aHajizy MIKpO3HIMKIB. J[isi Bu3Ha-

12195798, im 7481

Puc. 3. luHamika 3miHK 06’emy cdepoiga nig vac eksinibpauii 8 1M OMCO 3a Temnepatypu 15°C: ekcnosuuis

0 ¢ (A), 75 ¢ (B), 300 ¢ (C).

the coefficient of thermal expansion of the surface
area of the cell membrane of the 1929 line, we
have the value B = 2.7 x 10/°C. This value is slig-
htly larger than the value of the coefficient of ther-
mal expansion of the surface area of the erythro-
cyte membrane B = 2.4 x 10°/°C, published by
O.I. Gordienko [6]. The coefficient of thermal
expansion of the membrane surface area can be
influenced by its lipid and protein composition,
as well as external factors. This characteristic can
be used to monitor the state of cell membranes
under different conditions and terms of cultivation.
Changes in cell and spheroid volume over time du-
ring equilibration in 1M DMSO were determined
by morphometric analysis of micrographs. Z-scan-
ning of spheroids with a step of 4.2 pum was
used to determine the volume of cells in dif-
ferent layers of spheroids (Fig. 2). The change in
the volume of spheroids in foto in 1M DMSO is
presented in Fig. 3. Graphs of change in time of
the relative volume of spheroids, individual and lo-
cated in the outer and inner layers of spheroid
L929 cells, are presented in Fig. 4. The table shows
the calculated filtration (Lp) and permeability
(k) coefficients for DMSO molecules of plasma
membranes of individual L929 cells and those in
spheroid outer and inner layers, as well as the effec-
tive values of these parameters for spheroids

1(=1105'52TumY4 77454

Fig. 3. Dynamics of spheroid volume change during equilibration in 1M DMSO at 15°C: exposure 0 s (A), 75 s (B),

300 s (C).

4yeHHs 00’eMy KIITHH y pi3HuX mmapax CO Buko-
pHUCTOBYBalM Z-CKaHyBaHHS c(]epoiniB i3 KpPOKOM
4,2 mxm (puc. 2). 3miay o6’emy C®D in toto B 1M
JAMCO mpencrasneno Ha puc. 3. I'padixu 3minu y
yaci BigHocHOTO 00’ eMy C®, MOOJNHOKHX Ta po3Ta-
LIOBaHMUX Y 30BHIIIHBOMY 1 BHYTPIIIHBOMY Iapax
CO xnitna L929, mpencrasneno Ha puc. 4. Y Ta-
Onmuill momaHo po3paxoBaHi KoedilieHTH (QUIbT-
pauii (Lp) 1 IPOHHUKHOCTI (kp) st monekyn JIMCO
IUTa3MaTHYHUX MEMOpaH MOONMHOKUX KIITHH JiHi{
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in toto. As the table shows, the filtration and per-
meability coefficients decrease significantly (p <0.05)
with increasing depth of location in the spheroids,
which is consistent with the published data [12].
It is known that during the formation of sphe-
roids there are three cell layers (peripheral, mid-
dle and inner), which are determined in this way
through the diffusion of nutrients and oxygen into
the cells depending on their location depth in the
spheroids. It has been proven that with increasing
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Puc. 4. 3miHa BigHOCHOro o6’emy cdepoiais (e), okpe-
MUX KNiTUH L929 (m), KNiTUH y 30BHIlUHBOMY (0) Ta BHY-
TpiwHbOMY Wapax cepoifga (o) B 1M DMSO Ha disio-
NOriYHOMY PO3YUHI.

Fig. 4. Change in relative volume of spheroids (e),
individual L929 cells (m), cells in outer (o) and inner
layers of spheroid (o) in 1M DMSO in saline.

L929 Ta kmiTHH y 30BHIIIHBOMY 1 BHYTPIITHHOMY
mapax C®D, a Takox e()eKTHBHI 3HAUYCHHS X ITa-
pametpiB st CD in toto. SIk BumHO 3 TabMWII,
Koe]irmienTH QinpTpanii Ta MPOHUKHOCTI 3HAYYIIE
(p < 0,05) 3MeHITYIOThCS 31 301TBIICHHSIM TITHOWHU
posramryBanHss y C®D, 1m0 y3ropKyeThesl 3 JaHUMH
miteparypu [13]. Bigomo, mo mig yac GpopmyBaHHS
CO BUIIAIOTH TPU KIITHHHI 1Iapu (Tie-

pudepruHmii, cepenHiil 1 BHYTpILIHIN),

depth of location in spheroid the cell contacts
are compacted, and nutrient diffusion decreases
[12]. Therefore, the lower calculated values of the
permeability coefficients for cells in the inner
layers of the spheroids may be due to the reduction
of the available cell surface for the penetration of
extracellular substances. This result is apparently
related to cell-to-cell interactions, which differ sig-
nificantly for cells in the spheroids. The formation
of intercellular interactions is ensured by the syn-
thesis of the intercellular matrix, which can signi-
ficantly affect the diffusion of water molecules and
DMSO in spheroids. It should also be borne in
mind that the effective values of spheroid perme-
ability coefficients for water molecules and cryo-
protectants are determined, in particular, by a much
smaller surface-volume ratio compared to cells.
Based on the findings on permeability coeffi-
cients, the exposure time of spheroid and individual
cells in a cryoprotective medium at a temperature
of 15°C was determined. Thus, the dynamic curves
of the osmotic behavior of spheroids (10 days of
cultivation) with a diameter of 80 pum indicate
that 90% of the saturation of the cryoprotectant
at exposure to 1M DMSO solution at 15°C occurs
within (241 £ 30.0) s (Fig. 4). The obtained perme-
ability characteristics of single L.929 and spheroid
cells can be used to develop optimal cryopreserva-
tion regimens of these objects, in particular to de-
termine the optimal cooling rate during freezing and
time parameters of spheroid equilibration proce-
dure in cryopreservation medium under different

KoeiuieHTn dinbTpaLii Ta NPOHUKHOCTI

SIKI BU3HAYAOThCS TAKUM YHHOM Yepe3
Idy3i10 TOXKMBHUX PEUOBHH 1 KUCHIO B
KIINTAHA 3aJI€KHO BiJl DIMOWHU IXHBOTO

ans nooguHokux knitnuH L929 ta y cknagi cdepoigis,

a Takox cdpepoigi in toto 3a Temnepartypu 15°C

Filtration and permeability coefficients for single L929 cells
and in spheroids as well as in toto spheroids at 15°C

po3ramyBanss B CO. JloBeneHo, 1m0 mpu

30UTBIICHH] TJIMOWMHHM PO3TallyBaHHS Y
C® KOHTAaKTH KIITHH YIITHHIOIOTHCS,

KoedpiuieHT
Coefficient

06’ekT

a JIPI(bWiﬂ MO)XMBHUX PCYOBHH 3MCH- Structure chinbTpauii L, x 10, m*H ¢ | nponukHocTi k, x 108, m/c
ITYETHCS [13] OT)KC, MEHIII po3paxoBa- filtration L"x 10, m*H s | permeability k, x 10°, m/s
Hi 3Ha4YeHHs KOe(illi€HTIB MPOHMKHOCTI —
JUIST KJIITHH y BHYTpimHIX mapax CD ”°°ﬁg‘*2‘§“'si*;“g';“22”§929 2,32 + 0,28 6.47 + 0,28
MOXYTh OyTH HACIIiJKOM 3MCHILICHHS
JIOCTYIHOT MOBEPXHi KJIITUH ISl IPOHU- e P e 1,38 + 0,26 5,44 + 0,22
KaHHS MO3aKIITHHHAX PEYOBUH. Takuii

€3yJIBTaT, OYEBHUIHO, [I0B’ I3aHUI 13 MiX- BHyTpiLLHilt wap Cd . s
IIZJ‘IizI/IHHI/IMI/I B3AEMOJIISIMHU, SIKi CYTTEBO Spheroid inter laye hal w022 7o
BiJIPI3HAIOTHCS I KIiTHH y ckiani CO. Cobepoin
VTBOpEHHS MDKKIITHHHMX —B3a€MOJIN Spheroid 564 + 0,35 333 £ 0,14

3a0€3MEeUyETHCS CHHTE30M MDKKITITHHHO-
T'O MaTpHUKCY, 10 MOXE CYTTEBO BILIMBA-
] Ha audysito monekyn Boau i JIMCO
y C®. Takox HEOOXiIHO BPaxoBYBATH,
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MpumiTka: pi3HMLA 3Ha4YyLLa NOPIBHAHO 3 MOOANHOKUMU KniTuHamm (*)
Ta KniTMHamu y 3oBHiWHbLOMY wapi (*), p < 0,05.

Note: differences are significant compared to single L929 cells (*) and
the ones in the outer layer (¥), p < 0.05.
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mo e(eKTUBHI 3Ha4eHHS KOe(iLi€HTIB MPOHUKHOCTI
CO nms Monmekyn BOOM 1 KpIOMPOTEKTOpa BHU3HA-
YalOThCs, 30KpPEMa, 3HAYHO MEHIIUM MOBEPXHEBO-
00’€MHHUM BiTHOIIIEHHSIM TTOPIBHSHO 3 KIIITHHAMH.

Ha ocHOBi oTpuMaHMX JaHUX MIOAO0 Koe]illieH-
TiB TPOHUKHOCTI OYyJI0O BH3HAYEHO Yac EKCITO3MIIil
C® i mOONMHOKMX KIITHH Yy KPiO3aXHCHOMY cepe-
moBummi 3a Ttemmeparypu 15°C. Tak, auHamidHi
kpuBi ocmoTruyHOi noBeninku C® (10 mi6 xynbru-
BYBaHHA) 3 JiamMeTpoM 80 MKM CBig4aTh Mpo Te, IO
90% HacUYEHHS KPIOMPOTEKTOPOM 3a EKCIIO3UIIil
B 1M pozuuni JIMCO npu 15°C BigdyBa€eThcst mpo-
TsiroM (241 £ 30,0) ¢ (puc. 4).

OTpuMaHi XapaKTePUCTUKHA POHUKHOCTI TIOO/THU-
HOKMX KJIiTHH JdiHii L929 Ta C®D i3 HUX MOXKYTb OyTH
BHKOPHUCTaHI JUIsi PO3pOOJICHHS ONTHUMAIIBHUX pe-
KUMIB KpPIOKOHCEPBYBaHHS ITMX OO0 €KTiB, 30KpemMa
BH3HAYECHHS ONTHMAJHHOI MIBUAKOCTI OXOJOHKEHHS
M 9ac 3aMOPOKYBAHHS 1 YacOBHX IapameTpiB
nporuenypu ekBimiOpamii CO y cepemoBHIli Kpio-
KOHCEPBYBaHHSI 3a PI3HUX YMOB KYJBTHBYBaHHSI.
st 3’sicyBaHHST MEXaHi3MiB MPOHUKHOCTI KJIITHH Y
cxnani CO mist monekyn Boau 1 JIMCO 3aiexHo Bij
IMOMHN IXHBOTO PO3TAallyBaHHS IMOPIBHIHO 3 130-
JHOBAaHUMU KJIITHHAMU HEOOXiHO TPOBOIUTH IIO-
B JOCIIIHKEHHS.

BucnoBkn

VY mpoBeaeHUX AOCHTIHKEHHSIX BU3HAYEHO Iapa-
METpH TOOAWMHOKMX KmitwH JiHii 1929, ximiTuH,
pO3TaIOBAaHUX Y 30BHINTHEOMY Ta BHYTPIITHHOMY
mapax chepoinis, Ta cdepoinax in toto, HEOOXiHI
JUISL OIIIHKK Yacy eKCIO3MIlii B KPiIOMPOTEKTOPHOMY
PO3YHHI T2 ONTUMAJIBHUX IIBUIKOCTEH OXOTOKESHHSI
UX 00 €KTIB i/l YaC KPIOKOHCEPBYBAHHSI.

1. OTpuMaHO 3HA4YECHHS! MMOBEPXHEBO-00’€MHOTO
BIJIHOIIIEHHS IS MOOJAWMHOKNX KINTHH aiHil 1929 3a
pi3HUX TemmepaTyp 1 po3paxoBaHO Koe]ilieHT Te-
IJIOBOTO PO3IIMPEHHS IUIOMNI MOBEpXHI MeMOpaHU
kitud = 2,7 x 107/°C. s xapakTepHCTHKa MOXE
OyTH BUKOPHCTaHA JIJIsl MOHITOPUHTY CTaHy MEMOpaH
KIIITHH 32 PI3HUX YMOB 1 CTPOKIB KyJbTHBYBaHHSI.

2. Bu3zHaueHO OCMOTHYHO HEAKTUBHHUM 00’€M KIi-
TuH Jinii L929 o Ta chepoinis o o> AKHH CTAHOBHUTH
0,32 Ta 0,41 BigImoOBiAHO.

3. 3 IMHAMIYHUX KPUBUX 3MIHH BiTHOCHOTO 00 €-
My 3HaiiJieHo kKoe(ilieHTH QinpTparii Ta KoedimieH-
i npoHukHOCTI i IMCO NOOIUHOKHMX KIITHH
minii L929 ta y cxiaai cdepoinis. YkazaHi xapak-
TEPUCTUKH KIITHH € HaHOUIBIIUMH AJISl [TOOIUHO-
KuX KIiTHH 1 3Hauyme (p < 0,05) 3MeHmyroThes 3i
30i7bIIEHHSM ITHOWHU pO3TallyBaHHS y cepoinax,
10 MOXKe OyTH HACHiJKOM 3MEHIIEHHS IOCTYIHOI
MMOBEPXHI KIITHH y cdepoigax sl MPOHHKAHHS
MO3aKJIITHHHUX PEYOBHH.
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culture conditions. Further research is needed
to elucidate the mechanisms of cell permeability
in the spheroid composition to water molecules
and DMSO, depending on the depth of their loca-
tion relative to isolated cells.

Conclusions

In this research we determined the parameters
of individual 1929 cells, spheroids in toto, the ones
located in their outer and inner layers, needed to
estimate the exposure time in cryoprotective solu-
tion and the optimal cooling rates of these objects
during cryopreservation.

1. The values of the surface-volume ratio for
single 1929 cells at different temperatures were
obtained and the coefficient of thermal expansion
of the cell membrane surface area f = 2.7 x 103/°C
was calculated. This characteristic can be used
to monitor the state of cell membranes under dif-
ferent conditions and terms of cultivation.

2. The osmotically inactive volume of 1929
cells and their spheroids, which are acl = 0.32 and
o= 0.41, was determined.

3. The filtration and permeability coefficients
to DMSO of individual L929 cells and as a part of
spheroids have been found from dynamic curves
of relative volume change. These cell parameters
are the highest for individual cells and significantly
(p < 0.05) decrease with increasing depth of loca-
tion in spheroids, which may be due to a decrease
in the available cell surface in spheroids for the
penetration of extracellular substances.

4. Effective filtration coefficients (5.64 + (0.35) x x
10" m*/N s and permeability coefficients for DMSO
molecules (33.3 + 0.14) x 108 m/s for in toto sphe-
roids were determined.
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