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Pedbepar: 3HayeHHA KoedilieHTIB MPOHUKHOCTI ANA MONeKyn BOAM i KPiONpOTEKTopiB € HeobxigHnmu ana Bubopy ontumarns-
HOI TPMBANOCTI eKCNOo3uLii KMITUH Yy KPiO3axMCHNX cepedoBuLLax Ha eTani ix MiAroToBKM A0 KPIOKOHCEPBYBAHHSA, @ TAKOX ANSA MOLUYKY
ONTUMArbHNX LUBUAKOCTEN OXOMOMXEHHS i BiAirpiBaHHA NpW 3aMOPOXYBaHHI-BiATAlOBaHHI KMITMHHWUX CycneHsin. [ns aHanitu4Hoi
OLHKM KOeWIiLEHTIB NMPOHMKHOCTI NnasmaTvyHnx membpaH knituH PK-15 i3 BMKOPUCTaHHAM i3nko-maTeMaTUyHOro MOAEMOBaHHS
Oyno oTprMaHO HeobXiAHI YNCMOBI 3HAYEHHS TaKUX MapameTpiB KMiTUH, SK OCMOTUYHO HeaKTVBHUIA O6’'eM O Ta MOBEpXHeBO-00’eMHe
BiAHOWEHHS Y. KoediuieHT! MPOHWMKHOCTI kp nnasmatuyHux membpad knitnH PK-15 gna monekyn kpionpotektopis 1,2-M[, ET,
OMCO i riuepuHy, a Takox koedilieHTn dinbTpauii Lp Ans Monekyn Boau 3a Temnepatyp 25,15, i 5°C BM3HaYeHO LINSXOM anpok-
cMmaLii eKkcrepumeHTanbHUX AaHuWX 3MiHW BiAHOCHOrO O6G’€My KMiTWH Bif 4acy eKcrnosuuii B AOCHIAXYBaHWX PO34MHaX TeopeTuy-
HUMW KPUBKMU, PO3PaxoBaHNMM Ha NiAcTaBi disnKko-maTeMaTUYHOI MOAENi MaCUBHOTO TPAHCMOPTY BOAM | MPOHMKHNX PEYOBUH 3a YMOBU
iX MakcumanbHoro 36iry. Po3paxoBaHO 3HaueHHs1 eHeprii akTuBauii npouecy TpaHCMeMOPaHHOro MepeHoCcy MOMeKyn AaHWX peyo-
BUH.

KntouoBi cnoBa: knitnHm PK-15, kpionpoTektopu, ismko-maTtemaTnyHa Mogernb, koediLlieHTU NPOHUKHOCTI, koedilieHT dinbTpaui,
eHepris akTvBauii.

Abstract: The values of permeability coefficients to water molecules and cryoprotectants are demanded to select the optimal
duration of exposure of cells in cryoprotective media at the stage of their preparation for cryopreservation, as well as to find optimal
cooling and warming rates during the freeze-thawing of cell suspensions. The necessary numerical values of such cell parameters
as the osmotically inactive volume a and the surface-area-to-volume ratio y were obtained for the analytical evaluation of the per-
meability coefficients of the PK-15 cells’ plasma membranes using physico-mathematical modeling. The permeability coefficients kp
of the plasma membranes of PK-15 cells to 1,2-PD, EG, DMSO and glycerol cryoprotectants molecules, as well as the filtration
coefficients Lp to water molecules at temperatures of 25, 15 and 5°C were determined by approximating the experimental data
of the change in relative volume of cells on exposure time in the studied solutions by theoretical curves calculated on the basis of
physical and mathematical model of passive transport of water and permeable substances under the condition of their maxi-
mum coincidence. The value of the activation energy of the transmembrane transfer of molecules of these substances is calcu-
lated.

Key words: PK-15 cells, cryoprotectants, physical-mathematical model, permeability coefficients, filtration coefficient, activation
energy.

Ha Bcix eramax TEXHOJOTIYHOTO LUKy HHU3b-
KOTEMIIEpaTypHOTO KOHCEPBYBAaHHSI KIIITHHHM Oara-
TOPa30BO MiJAIOThCS 3MiHAM OCMOJISIPHOCTI TO-
3aKJIITUHHOTO CEPEJIOBUINA, B PE3yJbTaTi 4oro Ha
KIITHHHIA MeMOpaHi BUHMKAIOTh 3HA4HI Mepenaan
OCMOTHUYHOTO THUCKY. Peakilisi KIIITHH Ha eKCTpeMallb-
Hi YMHHUKH, SKIi HEMHUHYYE CYNPOBOUKYIOTH IPO-
[ec KpiOKOHCEPBYBAHHS, 3YMOBIIOETHCS, 30KpeMa,
TPAHCTIOPTHUMH Ta MEXaHIYHHUMH BIACTHBOCTSIMH
KIITHHHAX MEeMOpaH, XapakTepHUMH IS KOXKHOTO
TUTTY KITHH. Y 3B’s3Ky 3 IIMM BHU3HAYEHHS Koedi-
II€HTIB TIPOHUKHOCTI JJIT MOJIEKYJA BOAM M Kpio-
MIPOTEKTOPIB € HEOOXiTHUM JJIsi BUOOPY ONTHMAIb-

HOI TPHUBAJIOCTI EKCIO3UII KIITHH y KPi03aXUCHHUX
|
Bioain HM3bkoTEMNEpaTypHOro KOHCEpBYBaHHS, IHCTUTYT npobnem
kpioGionorii i kpiomeamumnHn HAH Ykpainn, Xapkis.
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At all the stages of low-temperature preservation
technological cycle, the cells are repeatedly subjected
to changes in osmolarity of extracellular environ-
ment, resulting in significant differences in osmotic
pressure on a cell membrane. The response of cells
to extreme factors, which inevitably accompany the
cryopreservation is determined, in particular, by the
transport and mechanical properties of cell membra-
nes characteristic of each cell type. In this regard, the
determination of permeability coefficients to water
molecules and cryoprotectants is needed to select
the optimal duration of cell exposure in cryoprotec-
tive media to prepare them for cryopreservation, as

well as to find optimal cooling and warming rates
|
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CepeIOBHINAaX Ha €Talli iX MiJrOTOBKU JO KPIOKOH-
CEPBYBaHHS, a TaKOX I TONIYKY ONTHMaIbHHUX
IIBUJIKOCTEH OXOJIOMKEHHS Ta BiAIrpiBaHHA ITiJ| 4ac
3aMOPOXKYBaHHS-Bi/ITAIOBaHHS KIITHHHHUX CYCIEH31H
[12, 14, 15]. [loenHaHHS TEOPETUUYHOIO MOJAECIIO-
BaHHS 1 eKCIIEPUMEHTAIHHOTO BHBYCHHS MTOBEIIHKA
KIITHH y HEI30TOHIYHHUX CEpPEIOBHINAX 3a PI3HHUX
TemMneparyp € e(peKTUBHUM IHCTPYMEHTOM JUJIsI MOXK-
JIUBOCTI TMPOTHO3YBAaHHS HAMOUIBII ONTUMAIBHUX
yMOB X KpiokoHcepByBaHHs [4, 10, 15].

Merta poboTu — BU3HaUEHHSI KoedimieHTa (PiabT-
pauii Ta koedili€HTIB MPOHUKHOCTI AJISI Kpiompo-
TeKTOPiB 1,2 MpoIaHai0y, €TUICHIIIKOIIO, JUMETHII-
Cynb(oKCUIy Ta TIIEPHHY TUIa3MaTHYHUX MEMOpaH
kimituH PK-15 3a pisHEX Temmeparyp Ta eHeprii
AKTHUBAIlil MPOHUKAHHS IMX PEYOBHH.

Marepiagau i MmeTonu

JlocmiKeHHsT BUKOHYBQJINCS Ha IEPEILeIlIo-
BasbHIH KkiiTHHHIN TiHI] PK-15 3 ypaxyBanusaM pexo-
MeH/Iallii KomiTeTy 3 OloeTuku [HCTUTYTY TpoOIeM
kpioGiosorii 1 kpiomeauumau HAH Ykpainu (M. Xap-
KiB).

Koediuientn ¢inprpamii L 1 TPOHUKHOCTI kp
IUIsl KpiompoTeKkTopiB MeMOpaH kiitThH JiHii PK-15
BH3HAYaJIM BOJIIOMOMETPHYHUM METOJ0M. B excrie-
puMenTi 1 MK cycnensii KIiTHH BHOCHIM B KOMip-
Ky IUJIaHLIETa, KU PO3MillyBaju Oe3M0CepeaHbO
Ha poOOYOMY CTONMKY KOH()OKAIBHOTO MIiKPOCKO-
ma «Axio Observer ZI» («Carl Zeiss», HiMmeuunHa)
(00’extuB x40). Ilicia mporo y TakomMy X 00’emi
(1:1) y xomipky momaBaii 2M poO34MHH Kpiompo-
TEKTOpiB, BUTOTOBJICHI Ha CEPEIOBHIII KYJIbTHUBY-
BanHs DMEM/F12. JlociikyBaiu KiHETHKY 3MiHH
00’eMy KIITHH Yy 4Yaci B Tpolleci 3HeBOJHEHHs 1M
PO3YMHAMH KPIiOMPOTEKTOPIB 1 HOTrO BiTHOBICHHS
Ha eTari NMPOHUKHEHHS KPiOMpPOTEKTOpa B KIITHHHU.
Ockinbkn BizyanbHO KiiTuHHM JiHiT PK-15 marors
OKpyrty (opmy, TO iX mepicHui (V) i moro4nui
(V) 06’emu, a TakoX TUIOILY TIOBEPXHI S, S MOXHa
OIIIHIOBATH 3a IJIOUICI0 MEePETHHY 300pa)xeHHA abo
JIiaMeTpoM KITHH. MoppoMeTpuIHIHA aHai3 3/Iikc-
HIOBQJI 3 BUKOPUCTAHHAM KOMII'IOTEPHOI pOrpamMmu
«AxioVision Rel. 4.6» («Carl Zeiss»).

UmcnoBi 3HaueHHs KOe(ilieHTIB (inbTpariii L i
npoHukHOCTI k MemOpan xiitus ninii PK-15 s mo-
nekyn 1,2 nponanaiony (1,2-I1/1), erunenrnikomo (ED),
muMeruncynspokeuay (AMCO) i rminepuny (I'm)
Oyno BU3Ha4YeHo 3a Temmeparyp 25, 15,1 5°C uusaxom
aTnpOKCHMAIlii eKCIIEPUMEHTAIBHUX JIAHUX 3MIHU BijI-
HOCHOTO 00’€My KIITHH BiJi 4acy €KCHO3WIlii y J0C-
JIDKYBaHUX PO3YMHAX TEOPETMYHUMH KPUBHUMH, PO3-
paxoBaHNMH Ha MifICTaBi (Hi3UKO-MaTeMaTHYHOT MO
[IACUBHOTO TPAHCIOPTY BOAM 1 NPOHUKHHUX PEUOBUH
32 YMOBH 1X MaKCUMaJILHOTO 30iry [1].
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during freeze-thawing of cell suspensions [7, 12,
15]. The combination of theoretical modeling and
experimental study of cell behavior in non-isotonic
media at different temperatures is an effective tool
for predicting the most optimal conditions of their
cryopreservation [5, 9, 15].

The aim of this research was to determine the
filtration and permeability coefficients to 1,2-pro-
panediol, ethylene glycol, dimethyl sulfoxide and
glycerol cryoprotectants of plasma membranes of
PK-15 cells at different temperatures and activation
energies of penetration of these substances.

Materials and methods

The studies were performed in the PK 15 cell
line taking into account the recommendations
of the Committee in Bioethics of the Institute for
Problems of Cryobiology and Cryomedicine of
the National Academy of Sciences of Ukraine
(Kharkiv).

The filtration L and permeability k coefficients
to cryoprotectants of PK 15 cell membranes were
determined by volumetric method. In the expe-
riment, 1 pl of cell suspension was introduced
into a tray well and placed directly on the working
table of the Axio Observer ZI confocal micro-
scope (‘Carl Zeiss’, Germany) (x40). Then, 2M cryo-
protectant solutions prepared with DMEM / F12
culture medium were added to the well in the
same volume (1:1). The kinetics of cell volume
change over time during the dehydration of 1M
solutions of cryoprotectants and its recovery at
the stage of penetration of cryoprotectants into
cells was studied. Since visually the PK-15 cells
have a rounded shape, their initial and current
volumes V, V, as well as the surface area S,
S, can be estimated by the cross-sectional area
of the image or diameter of cells. Morphomet-
ric analysis was performed using the ‘AxioVision
Rel. 4.6” software (‘Carl Zeiss’).

Numerical values of filtration coefficients Lp
and permeability kp of PK-15 cell membranes to
the molecules of 1,2-propanediol (1,2-PD), ethy-
lene glycol (EG), dimethyl sulfoxide (DMSO) and
glycerol were examined at temperatures of 25, 15,
and 5°C by approximating experimental data on
the change in relative cell volume on time of
exposure in the studied solutions by theoretical
curves calculated on the basis of physical and
mathematical models of passive transport of water
and permeable substances in case of their maxi-
mum coincidence [1].

The results were statistically processed by means
of Student’s t test. The ‘Excel’ software (‘Microsoft’,
USA) was used for calculations.




Craructuyny oOpoOKy pe3yJbTaTiB 1
3IIMCHIOBANIN 3 BUKOPUCTAHHSIM f-KpH-
tepito CreionenTta. s po3paxyHKiB
BUKOPHCTOBYBAJIM MAaKeT KOMIT IOTEPHOT 038
nporpamu «Excel» («Microsoft», CILIA).

Pe3y1bTaTH Ta 00TOBOpPEHHS 0,6
Jist  aHAMITUYHOI OIIHKH Koedi-
II€HTIB TPOHUKHOCTI TUTa3MaTHIHUX
04

memOpan kimituH PK-15 i3 Bukopu-
CTaHHSM (I3UKO-MaTeMaTHIHOTO MO-
JIETIOBAaHHsI OyJI0 BU3HAUYCHO HEOOXIin-
HI 4YKCJIOBI 3HAYCHHS iX OCMOTHYHO
HEaKTHBHOTO 00’€My 0 Ta IOBEpX-
HEeBO-00’eMHOTO BimHomeHHs Y. s
BHU3HAYCHHST OCMOTHYHO HEAKTUBHOTO 0
00’eMy OTpUMAIIM 3aJISKHOCTI 3MiHU
BiHOCHOTO 00’emy KiiTH PK 15 y
TIMEPTOHIYHUX PO3UMHAX HETPOHUKHOI
peuoBuan (NaCl). Onepxani pesyib-
TaTh B KoopauHartax boins—Bant-
Todda maBeneno Ha puc. 1, 3rigHO 3
SKUM OCMOTHYHO HEAaKTHBHHHA 00’€M
kaitud PK-15 cranosuts 0,23.

[ToBepxHEBO-00’€MHE BiHOIIECHHS KIITUH (Y, =
SQ/V 0= 6/D)' JUTSL PO3paxyHKIB BU3HAYAIA Y nepBi(?-
Hill cycreH3ii mepea JoAaBaHHAM KPiOMpPOTEKTOPIB
3a BCiX JOCHiIKyBaHUX Temmneparyp. CepenaHi 3Ha-
YEHHS Y, 3 BUMIpIOBaHHs JiiamMerpiB 50-75 ximitun
3a Temneparyp 25, 15 ta 5°C cranosnars (4,4 +
0,58) x 10% (4,26 + 0,18) x 10° ta (4,15 = 0,17) %
x 10° M BiAIIOBIIHO.

Ha puc. 2-5 nogano rpadiku 3MiHH BiJTHOCHO-
ro o0’emy kimituH PK-15 mig gac ix excro3uilii B
IM po3umHax AOCHIIKYBaHHX KPIOMPOTEKTOPIB 3a
temrieparyp 25, 15 1 5°C, orpuMaHux Ha MiJCTaBi
eKCIIePUMEHTAIILHUX MOP(QOMETPUIHUX JTaHUX (TOY-
KH), SIKi alpOKCHMOBAaHI TEOPETHYHHMHU 3aJIeKHOC-
TSIMH, PO3PaXOBaHUMH B THX CaMUX EKCIEpHUMEH-
TanbHUX yMoBax (cyuinpHi JiHii). Excnepumen-
TaNbHI TOYKU € CEPEAHIMU 3HAYCHHSIMH BiJHOCHOTO
00’eMy KJITHH Yy TOJNI 30py MIKpOCKOINa Ha JaHWH
MOMEHT Yacy.

AHami3 OTPUMaHHMX 3aJeKHOCTEH  IIOKa3aB,
[0 MiHIMaJIbHHI 00°€M, SKOr0 CSArarTh KIITHHH
PK-15 mix wac perigparamii y 1M po3umHax moc-
JIHKYBAaHUX KPIOMPOTEKTOPiB, CTAHOBHUTH Yy Cepe-
apomy 0,44V + 0,02 (puc. 2-5). Yac nocsruen-
HSMIHIMaJBHOTO 00’€My 3pOocCTae MpU 3HWKCHHI
TEMIEPATypPU EKCIIO3UIlT KIITHH 1 3aJeKUTh BiJ
CHIBBiIHOLICHHST KoedilieHTiB Qinmbrpamii Ta mpo-
HUKHOCTI y CEpEJOBHUII BIiJMIOBITHOTO KPIiOMIPO-
tektopa. Tak, skmo B 1M pozumni 1,2-I1]] 3a Tem-
neparypu 25°C ned uyac cTaHOBHTH 28 ¢, TO 3a
5°C BiH pocsrae 45 c. Taka cama TeHJIEHIIS CIIOC-

BigHocHur 06°em V/Vo
Relative volume V/Vo

o
N

y =0,822x + 0,2353

T T T T
0,2 04 0,6 0,8 1
3BOPOTHUI NPUBEAEHNIA OCMOTUYHWUIA TUCK
Reverse reduced osmotic pressure

Puc. 1. 3miHa BigHocHoro o6’emy knitnH PK-15 B koopamHatax Bounns—
BaHT-l'odbdpa.

Fig. 1. Change in relative volume of PK-15 cells in the Boyle—Van’t Hoff
coordinates.

Results and discussion

For the analytical evaluation of the perme-
ability coefficients of the plasma membranes of
PK-15 cells using physical and mathematical
modeling, the required numerical values of their
osmotically inactive volume o and surface-vo-
lume ratio y were determined. To examine the
osmotically inactive volume, the dependences of
the change in relative volume of PK 15 cells in
hypertonic solutions of impermeable substance
(NaCl) were obtained. The obtained results in Boyle—
Van’t-Hoff coordinates are shown in Fig. 1, accor-
ding to which the osmotically inactive volume of
PK-15 cells makes 0.23.

The cell-area- to-volume ratio of cells (y, =
S/V, = 6/D) for calculations was determined
in the initial suspension before complementing
with cryoprotectants at all test temperatures. The
average values of y, from the measurement of
the diameters of 50-75 cells at temperatures of
25, 15 and 5°C are (4.4 + 0.58) x 105 (4.26 +
0.18) x 10° and (4.15 + 0.17) x 10° m!, respecti-
vely.

Figures 2-5 show the graphs of changes in the
relative volume of PK-15 cells during their exposure
to 1M solutions of the studied cryoprotectants
at temperatures of 25, 15, and 5°C, obtained on
the basis of experimental morphometric data
(points) approximated by theoretical dependences
calculated in the same experimental conditions
(solid lines). Experimental points are the average
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Fig. 2. Dependence of relative volume of PK-15 cells on exposure time
to 1M DMSO solution: ® — 25°C, m— 15°C, A - 5°C.

1000

Tepiraetbess B 1M posumnax EI, IMCO Tta 7.
3a remnieparypu 25°C yac JOCATHEHHS MiHIMaJIbHOTO
00’emy xmituH y 1M pozuuni EI' cranosuts 19 c,
a3a5°C—41c. Y 1M pozuusni JAMCO 3a ananoriu-
HUX Temrmeparyp Iei dac craHoButh 20 i 32 c,
a B 1M pozunni I'm — 24 i 38 ¢ BinnosixHo. Lle 00y-
MOBJICHO  30UIBIICHHSIM  B’SI3KOCTI

PO3YHHIB 1 YMOBUILHEHHSIM TUQY3iHi- 1

values of the cells’ relative volume
in the microscope field of view at a
given time.

Analysis of the obtained depen-
dences demonstrated that the minimum
volume reached by PK-15 cells during
dehydration in 1M solutions of the
studied cryoprotectants was in average
0.44V0 £ 0.02 (Fig. 2-5). The time to
reach the minimum volume increases
with decreasing the cell exposure
temperature and depends on the ratio of
filtration and permeability coefficients
in the medium of the corresponding
cryoprotectant. Thus, ifina 1M solution
of 1,2-PD at a temperature of 25°C this
time is 28 s, then at 5°C it reaches 45
s. The same trend is observed in 1M
solutions of EG, DMSO and glycerol.
At a temperature of 25°C, the time to
reach the minimum cell volume in 1M
EG solution is 19 s, and at 5°C this is
41 s. In 1M DMSO solution at similar
temperatures, this time makes 20 and
32 s, and in 1M glycerol solution it is

24 and 38 s, respectively. This is due to the increase
in the viscosity of solutions and the slowing down of
diffusion when temperature decreases. It is known
that at a temperature of 25°C the viscosity values
of glycerol, 1,2-PD, EG and DMSO cryoprotectants
are 0.95, 0.043, 0.017 and 0.002 Pa-s, respectively [14].

HUX TPOLECIB 32 YMOB 3HW)KEHHS
Temreparypu. Bigomo, mo 3a Tem-
neparypu 25°C BeJIMUMHHU B’A3KOCTI
kpionporektopiB [m, 1,2-I1J[, EI" Ta
JIMCO cranosiars 0,95, 0,043, 0,017
10,002 ITa-c BignmosimgHo [7].

VY tabn. 1 mogaHo oTpumaHi Koe-
¢inienTn npoHuKHOCTI k  mmas-
MaTnyHUX MeMOpan ximituH PK-15
JUISE MOJICKYJI KpiompoTeKTopiB 1,2-
A, Er, AMCO i I'm, y Tabn. 2 —
koedinienTn ¢inpTpamnii L ans mo-
JIEKyJT BO/IY 3AJICXKHO BiJl TEMIIEpaTypu
eKCIIO3MIIi{, a TAKOXK 3HAYCHHS CHEp-
rii aktuBauii B, nponecy tpancmemo6-

BigHocHun 06’ em V/Vo
Relative volume V/Vo
o o
o o)

o
N

PaHHOI'O TIEPEHOCY MOJICKYI JdaHUX 072 T

T
peuoBuH. [lopiBHSHHS KoedimieHTIB 0 200

MIPOHHUKHOCTI K Tu1a3MarnaHoi MemMO-
panu xiituH PK-15 3a 25°C no3Bo-
nisie BUOY/TyBaTé HACTYIHY TTOCIiIOB-
HICTh JIOCII/DKEHUX KPiOTPOTEKTOPIB:
k >k, >k >k .

1,2-T173 JAMCO

npob6nemu Kpiobionorii i kpiomeanUMHK
problems of cryobiology and cryomedicine

Tom/volume 31, Ne/issue 1, 2021

400 600 800
Yac ekcnosulii, ¢
Exposure time, sec

1000

Puc. 3. 3anexxictb BigHocHoro o6’emy knitmH PK-15 Big udacy ekc-
nosuuii B 1M po3aunHi m: @ — 25°C, m— 15°C, A — 5°C.

Fig. 3. Dependence of relative volume of PK-15 cells on exposure time
to 1M glycerol solution: ®— 25°C, m— 15°C, A — 5°C.
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Table 1 presents the obtained
permeability coefficients kp of
plasma membranes of PK-15
cells to cryoprotective molecules
1,2 PD, EG, DMSO and glycerol,
Table 2 — demonstrates the filt-
ration coefficients Lp to water
molecules depending on the ex-
posure temperature, as well as the
activation energy E, of the trans-
membrane transfer of the mole-
cules of these substances. Compa-
rison of the permeability coeffi-
cients k of the plasma membrane
of PK-15 cells at 25°C allows
building the following sequence

300 400
Yac ekcnosuuii, ¢
Exposure time, sec

200

0 100

Puc. 4. 3anexHictb BigHocHoro o6’emy knitnH PK-15 Big yacy ekcnosuuii

B 1M po3unHi EI: @ —25°C, m— 15°C, A — 5°C.

Fig. 4. Dependence of relative volume of PK-15 cells on exposure time

to 1M EG solution: ® — 25°C, m— 15°C, A — 5°C.

Koediuientn mnpoHukHOCTI kp JUIsL KpiOTpOTEK-
TopiB 1 koedimieHT Qinprpanii L mimasMaTnyHuX
MemOpan kiiTHH PK-15 3akoHOMIpHO 3HMKYIOTh-
csl 31 3HIKCHHSIM TEMIIEPaTypu EKCIIO3MLIi KITITHH.
[HopiBusiaHS KoedinienTiB ¢inprpanii L nmazmaruy-
Hux MemOpan kiituH PK-15 3a temneparypu 25°C
(muB. Tabm. 2) y 1M po3unmHax KpiompoTEeKTOPiB
[I0Ka3aJI0, 10 BOHM MAalOTh HAaCTyNHY IOCIiI0B-
HICTB! Losco = Loer = L = Lo 3a Temme-
parypu 5°C xoedimieHT GinpTparii CTaTUCTHIHO
HE BIIPI3HIAETBCS Yy CEpeoBUIIAX TiApodiIbHUX
kpionporekropis (1,2-I11, EI, Iw), ame € 3Hau-
HO OUTBIIMM Yy CepeloBHINI 3 BiHOCHO Tifpodo0-
HuUM Kpionpotektopom JMCO. Haiiummii koe-
¢inient  Qinprpanii L miasMatiHuHuX MeMOpaH
kit PK-15 y posumni JIMCO moxe Oytu 00y-
MOBJICHUH HOro BIUIMBOM Ha CTaH MEMOpaHM KIli-
THUH BHACHiIOK npoHukaHHs Monekyna JIMCO kpi3b
T AHANA Oimmap.

3maTHiCTs TUPUIBHIX MOJEKYNI €(PEKTUBHO TIPO-
HUKAaTH B KJIITUHM BU3HAYAETHCS CIIIBBIJHOIICHHIM
iX rigpodoOHO-TinPOdITFHIX BIACTUBOCTEH, a Ta-
KO TIPOCTOPOBOIO TE€OMETpier0 Mosekya. Bimomo,
mo nacuBHa AUQY3is MaluX TigpOoQUIBHHX MOJie-
Kyl Kpi3b KIITHHHI MeMOpaHH MoOXe BigOyBa-
TUCSI Kpi3b CTali KaHald, [I0 YTBOPIOIOTHCS iHTer-
panbHuMU MeMmOpanHuMu Oimkamu [9, 11, 13],
a TaKoXK Kpi3b JMHAMI4HI MOPH B JimigHOMY Oimmapi,
ICHYBaHHSI SIKUX OOYMOBJICHO TEIUIOBUMH (IIyK-
TyamisMu 1 JedekTaMu yHaKyBaHHS JIMimiB [6].
Bonmrouac rinpodinbHi pedoBHHU Kpi3h CYIUTBHUN

of the studied cryoprotectants:
600 kl,2-PD - kEG - kDMso> kglycerol'

The permeability coefficients
kp to cryoprotectants and the filt-
ration coefficient Lp of the plasma
membranes of PK-15 cells natu-
rally decrease with reducing cell
exposure temperature. Compa-

rison of the filtration coefficients
L, of the plasma membranes of PK-15 cells at
a temperature of 25°C (see Table 2) in 1M solutions
of cryoprotectants showed that they have the
following sequence: L omso” Lore™ Logeeral L2.PD*
At a temperature of 5°C, the filtration coefficient
does not differ significantly in the media of hyd-

rophilic cryoprotectants (1,2-PD, EG, glycerol),

‘.

500

¢

¢

BigHocHui 06 em V/Vo
Relative volume V/Vo

0 200 400
Yac ekcnosuuii, ¢
Exposure time, sec
Puc. 5. 3anexHicTb BigHocHoro o6’emy knitnH PK-15 Big
yacy ekcnoauuii B 1M posuuni 1,2-MN[ : ® — 25°C, m— 15°C,
A —5°C.
Fig. 5. Dependence of the relative volume of PK-15 cells on
exposure time to 1M 1,2-PD solution: ® — 25°C, @ — 15°C,
A -5°C.
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Tabnuusa 1. KoedilieHT! NPOHNKHOCTI kp nnasmMaTtuyHux MmemopaH knitnH PK-15 gna monekyn kpionpoTekTopiB 3anexHo

Bil TeMnepaTypu Ta eHepris akTuBaLii iX NPOHMKaHHS

Table 1. Permeability coefficients kp of PK-15 cells’ plasma membranes to cryoprotectant molecules depending
on temperature and energy of activation of their penetration

KoediuieHT npoHukHocTi k- X 108, m/c
i Permeability coefficient k. x 10% m/s i
KpionpoTekTop P Enepria aktusauii E, , k[hk/monb
Cryoprotectant Activation energy E, , kJ/mol
25°C 15°C 5°C
1.2-NA 10,07 + 0,5 8,86 + 0,32 3,25 £ 0,08 38,95
1,2-PD
E(r; 6,59 + 0,41 4,21 + 0,13 3,568 + 0,06 21,01
AMCO
DMSO 5,62 + 0,18 3,64 + 0,11 0,89 + 0,13 63,47
[ nivepur 0,91 + 0,09 0,84 + 0,03 0,43 + 0,02 25,82
Glycerol

TMIHUHA [ap NPOHUKAIOTh HAA3BUYAHHO TOBLTBHO
4yepe3 HU3bKY BIPOTIAHICTH MEpexoay Tiapodisib-
HUX MOJICKYJ i3 BOJHOTO OTOYEHHS y TinpodoOHe
cepenoBuile. Ajle B yCiX BHIIAJKax po3Mip Mole-
Kyn Oyfe BIDIMBAaTH Ha KOEQIIiEHTH MPOHUKHOCTI:
yepe3 OOMEKEHHS PO3MipiB cranmux / (IryKTyarlii-
HO YTBOPIOBaHMX TOp a00 BHACIHIZOK 3aJIeKHOCTI
eHeprii mepexomy 3 BomHOI ¢dasw B JMIAHY Bifg
IUIOMII TTOBEpXHI Mosekynmu. [Ipm 3pocTaHHi Jimo-
(iTPHUX  BIACTHUBOCTEH MOJIEKYN 30UIBIITYETHCS
HMOBIpHICTh 1X TPOHWUKAHHS MUISIXOM PO3YHMHEHHSI
B jimigHii (azi. Tomy Taki pedyOBHHU JIOCTaTHHO
JIETKO TPOHUKAIOTh y KIITHHU IUIIXoM Audysii
Kpi3b JimigHWH Oimap, OCKUIBKM JUII HHUX BiH €
3HAYHO MEHIIUM EHEpPreTHYHuM Oap’epom. 3nar-
HICTb PEYOBHMH PO3UMHATHCS Yy JimiJax Xapakre-
pu3y€eThest KoeimieHTOM iX pO3MOiTy Ky cuc-
TeMi «Boma-TinmpodoOHa ¢aza». Bimomo, mo mix
KOeQIIliEHTOM PO3MOIiITY K posuuHHEX y Jimigax
PEYOBHH 1 KOE(IIli€HTOM MPOHHKHOCTI kp MOJICKYIT

but is much higher in the medium with a relati-
vely hydrophobic cryoprotectant DMSO. The highest
filtration coefficient L of plasma membranes of
PK-15 cells in DMSO solution may be due to its
effect on the state of cell membrane due to the
penetration of DMSO molecules through the lipid
bilayer.

The ability of diphilic molecules to effectively
penetrate into cells is determined by the ratio of
their hydrophobic-hydrophilic properties, as well
as the spatial geometry of the molecules. It is
known that passive diffusion of small hydrophilic
molecules through cell membranes can occur via
through constant channels formed by integral
membrane proteins [4, 6, 8] as well as through
dynamic pores in the lipid bilayer, the existence
of which is stipulated by thermal fluctuations and
lipid packaging defects [11]. At the same time,
hydrophilic substances penetrate the solid lipid
layer extremely slowly due to the low probability

Tabnuusa 2. KoediuieHTn dinstpauii Lp nnasmatuyHnx memobpax knituH PK-15 3anexHo Big Temnepatypu
Table 2. Filtration coefficients Lp of PK-15 cells’ plasma membranes depending on temperature

KoediuieHT nponukHocTi kX 108, m/c
i Permeability coefficient k. x 108 m/s i
KpionpoTtektop P Enepria aktusauii E, , kbx/monb
Cryoprotectant Activation energy E, , kJ/mol
25°C 15°C 5°C
1.2-nA 2,04 + 0,22 2,25 + 0,32 1,44 + 0,44 12,00
1,2-PD
IIEE(FE 3,26 + 0,64 3,21 £ 0,14 1,37 £ 0,15 29,86
aOMCO
DMSO 3,67 £ 0,31 2,13 £ 0,42 2,06 + 0,44 18,94
[miuepuH
Glycerol 2,91 + 0,19 1,84 + 0,34 1,33 £ 0,23 26,85
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LUX PEUYOBHH KPi3b KIITHHHI MEMOpaHHU iCHY€E Tilb-
K1 sKicHa Kopensmis. KoediumieHTH TpPOHUKHOCTI
kp TaKOX CYTTEBO 3aJieKaTb BiJ po3Mipy  dopmu
MIPOHMKHUX Kpi3b MeMOpaHy MOJIEKYJ: 3a OJHAKO-
BHX PO3YMHHOCTI B JMiZaxX i MOJIEKYISPHAX Macax
HIDKYY I[IPOHMKHICTH MAIOThb MOJIEKYJIM 3 pPO3raiy-
JKeHOIO CcTpykTyporo. Koedimientn posmonimy K
y cuctemi «n-oktanom—Boma» I[m, EI, 1,2-I1]] 1
JAMCO cranosasats 0,0027, 0,040, 0,076, 0,247 Bia-
noBimHO [5, 8]. Bimomi posmipu (miametp (d), moB-
xuHa (1) Ta 00’em (V), MoseKyn KpiompOTEKTOPIB:
In-d=47A,1=52 A, V=902A3El-d=
2,6A,1=52A V =276A3; 1,2-11]] — d = 3,7A,
1=5,0A, V=753,7A3; IMCO —d =32 A, 1 = 4,6A,
V = 36,97A3 [3]. Hdauni npo koediuieHTn posro-
Iy Kp cBiquath mpo Te, mo I[m, 1,2-I1J[ i El
MaloTh BHpaXKeHi Tifpo¢inbHi BractuBocTi. OTXKE,
TpaHCMEMOpaHHE NEPEHECCHHS MOJEKYJN LUX pedo-
BHH MOXE 3IIHCHIOBATHCA TiApO(UTEHUMHA TI0-
pamu. Y pobori O.I. Topmienko Ta cmiBaBT. [2]
PO3IISIHYTO  BIPOTIIHICTh MPOHHUKAHHS MOJICKYIH
Kpi3b Tmopy ctaynoro posmipy. OYeBHIHO, SKIIO
MaKCHMAJIbHUI pPO3MIp MOJEKYJIH HE TEpPeBUIIYE
niamerpa mopu (a), TO MOJIEKyJa Kpi3b MOPY MOXKe
MIPOXOIUTH 3 JIOBUILHOIO OPIEHTALIEI0 B IPOCTOPI.
Hagnaku, sixkmo mosxkuHa (1) Ta miamerp (d) momne-
KyJAM TEpEeBHIIYIOTh PO3MIp HOpPH, TO MOJEKyJa
HE MOXE NPOUTH Kpizb MeMOpaHHY MOpy uepes
reOMEeTPUYHI OOMEXEHHS. Y TPOMIXHOMY BUTAJIKY
(1 > a > d) momekyna MoXe TOTPANUTH B TIOPY
TITBKH 32 YMOB II€BHOI Opi€HTaIii B MPOCTOpi
BIIHOCHO TIOpW: KONMW 1i BiCh BIAXWUIISETHCS BIf
oci mopu Ha Kyt (0), 110 HE NEPEBHUIIYE JCIKOIO
3HadeHHs (0 ), sAKe 3aleKUTh Bil CIHiBBiIHOMIEH-
Hsl JTiHIHHUX po3mipiB monekymu (d, 1) Ta miamerpa
nopu (a). BiporigHicte opieHTalil MOJNEKyIH B
inTepBani kytie 0 < 0 < 0 BM3Ha4a€ BIPOTiJHICTH
MIPOHMKAHHS MOJICKYJIM Kpi3b Mopy. 3 oAy Ha Te-
oMeTpuuHi mnapamerpu Momekynu 1,2-I1J[ moxna
MIPUITYCTHUTH, IO PO3MIp TiapodiIbHAX MOp MEMOpaH
xiituH PK-15 nepesumrye 3,7A. BogHouac 3Ha4YeHHS
eHeprii aktmBarii nponukanas 1,2-I1/] moxe cBin-
YUTH TIPO HOTO YACTKOBE MPOHWUKAHHS KPi3hb JIIITiJI-
HUH Oitmap.

3 ypaxyBaHsM 3HadeHHs Koe(dillieHTa pPOo3Io-
Iy Kp JAMCO B cuctemi «n-OKTaHOJI-BOAA», SKE
3HAUHO TEPEBUIIYE TAKUU JUIS 1HIIMX PO3MISHYTHX
kpionporekropiB, AMCO wmoxe OyTH BigHECEHO
70 PO3YMHHUX Y JIiMifax CHONyK. Y 3B’SI3KY 3 LUM
BEIMKa 4YacTKa WOro HaIXOMKEHHS B KIITHHH
MOXe 3a0e3reuyBaThCs NPOHMKAHHIM Kpi3b Ji-
MiHUA Oimap, mMpo Mo CBIAYUTH i CyTTEBO OLIbIIE
3Ha4YeHHs1 eHeprii aktuBamii E X Havimenmmii koe-
(hiIieHT TTPOHMKHOCTI kP Monekyn [, oueBwmHO,
TIOB’SI3aHUH K 3 HOTO BUHATKOBOIO TiIPO]iIBHICTIO

of transition of hydrophilic molecules from the
aqueous medium to the hydrophobic one. But
in all cases, the size of the molecules will affect
the permeability coefficients: due to the limitation
of the sizes of constant / fluctuation-formed pores
or due to the dependence of the energy of the transi-
tion from the aqueous phase to the lipid surface
area of the molecule. With the growth of lipophilic
properties of molecules, the probability of their
penetration by dissolving in the lipid phase in-
creases. Therefore, such substances are quite easy
to penetrate into cells by diffusion through the lipid
bilayer, because for them it is a much smaller energy
barrier. The ability of substances to dissolve in
lipids is characterized by the coefficient of their
partition K in the ‘water-hydrophobic phase sys-
tem’. It is known that there is only a qualitative corre-
lation between the partition coefficient Kp of lipid-
soluble substances and the permeability coeffi-
cient k]D of molecules of these substances through
cell membranes. The permeability coefficients k_
also strongly depend on the size and shape of the
membrane-permeable molecules: with the same solu-
bilities in lipids and molecular weights, molecules
with a branched structure have lower permeability.
The Kp partition coefficients in the ‘n-octanol —
water’ system glycerol, EG, 1,2-PD and DMSO
are 0.0027, 0.040, 0.076, 0.247, respectively [10,
13]. Molecule dimensions (diameter (d), length (I)
and volume (V): glycerol —d=4.7A,1=52A, V=
90.2 A3;EG-d=2.6A,1=5.2A,V=27.6A3,1,2-PD -
d=3.7A,1=5.0A, V =53.7A3, DMSO — d = 3.2
A, 1=4.6A ,V =236,97A3 [3]. Data on the partition
coefficients of K indicate that glycerol, 1,2-PD
and EG have pronounced hydrophilic properties.
Therefore, transmembrane transfer of molecules
of these substances can be carried out by hydro-
philic pores. O.1. Gordiyenko et al. [2] considered
the probability of penetration of a molecule through
a pore of constant size. Obviously, if the maxi-
mum size of the molecule does not exceed the pore
diameter (a), the molecule can pass through the pore
with arbitrary orientation in space. In contrast, if the
length (1) and diameter (d) of the molecule exceed
the pore size, the molecule cannot pass through
the membrane pore due to geometric constraints.
In the intermediate case (I > a > d), the molecule
can enter the pore only under conditions of a cer-
tain orientation in space relative to the pore: when
its axis deviates from the one of the pore at an
angle (0) not exceeding a certain value (0_), which
depends on the ratio of the linear dimensions
of molecule (d, 1) and the diameter of the pore (a).
The probability of orientation of the molecule
within the range of angles 0 <0 <6_ determines the
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(koediieHT po3MOAiTy 3HAYHO MEHILIHUH MOPIBHSHO
3 IHIIMMH TiApOQIABHUMH  KpPiOMPOTEKTOpaMH),
TaK 1 3 TEOMETPHYHUMH TapaMeTpaMu HOro MoJe-
Kylld, siKa Ma€ HaWOIIbIIMK JiaMeTp cepem pos-
IJISTHYTUX KPIOTIPOTEKTOPIB.

BucnoBok

Otpumani xapaxrepuctuku kiituH PK-15 (mo-
BEPXHEBO-00’€MHE BIJIHOLICHHS, OCMOTHYHO He-
aKTHBHUH 00’eM, koedilieHT Qinprpamii Ta Koedi-
LWIEHTH TPOHUKHOCTI) Ui HU3KH KPIOMPOTEKTOPIB
MOXYTh OyTH BUKOPHUCTaHi JUIsi BH3HAYCHHS OIl-
TUMaJbHUX PEKUMIB OXOJOMKEHHS MiJl 4ac Kpio-
KOHCEPBYBaHHS.
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probability of penetration of the molecule through
the pore. Taking into account the geometric para-
meters of the molecule 1,2-PD, we can assume
that the size of the hydrophilic pores of PK-15 cells’
membranes exceeds 3.7A.

At the same time, the value of the activation
energy of 1,2-PD penetration may indicate its par-
tial penetration through the lipid bilayer.

Assuming the value of the partition coefficient of
K  DMSO in the system ‘n-octanol-water’, which
significantly exceeds the K of other considered
cryoprotectants, DMSO can be attributed to lipid-
soluble compounds. As a result, a bulk of its entry
into cells can be provided by penetration through
the lipid bilayer, as evidenced by the significantly
higher value of activation energy E,. The lowest
permeability coefficient kP of glycerol molecules is
obviously related to its exceptional hydrophilicity
(partition coefficient is much lower compared
to other hydrophilic cryoprotectants) and to its
molecule geometric parameters, which has the lar-
gest diameter among the considered cryoprotec-
tants.

Conclusion

The obtained characteristics for PK-15 cells
(surface- area- to- volume ratio, osmotically inactive
volume, filtration and permeability coefficients)
for a number of cryoprotectants can be used to
determine the optimal cooling regimens during
cryopreservation.
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