Probl Cryobiol Cryomed 2021; 31(3):214-222
https://doi.org/10.15407/cryo31.03.214

Y[IK 57.043:51-76
O.l. TopgieHko*, |.®. KosaneHko, C.€. KosaneHko, J1.I. Kynewosa, O.®. ToapiH

TeopeTu4yHa ouiHKa oNnTUManbLHOI NiHINHOI
LUBMAKOCTi OXONMomKeHHA cycneHsil knituH PK-15

UDC 57.043:51-76
O.l. Gordienko*, |.F. Kovalenko, S.Ye. Kovalenko, L.G. Kuleshova, O.F. Todrin
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for PK-15 Cell Suspension

Pecpepar: Ha 36epexeHiCTb KNiTMH y npoueci KpucTanisauii KNiTMHHOI CycneHsii BNnuBaloTb ABa TUMWN MOLLUKOAXKYUMX YMHHUKIB.
[Mepwmii TN KpiONOLIKOAXEHb BMHUKAE Nig Yac KpucTanisauii No3akniTMHHOrO CepefoBuMLLA | BUKIMKAHWA 3HEBOOHEHHSIM KMiTWH,
NiABULLEHHSIM KOHLEHTpaLii Ta iOHHOI CUInn No3a- Ta BHYTPILUHbOKITITUHHUX PO34UHIB. [pun 36iNbLUEHHI LWBUAKOCTI OXONOAXKEHHS CTYNiHb
MOLUKOAXKEHb MEPLLOro TUMY 3MEHLLIYETLCA BHACIAOK CKOPOYEHHS Yacy Ail MOLUKOMKYOUMX YMHHUKIB. [pyruii TN KPiONOLLUKOAXKEHHS —
BHYTPILUHBOKITITMHHA KpucTanisauis, MMOBIPHICTb SKOI 3pOCTa€ 3a BUCOKUX LUBUAKOCTEN OXONOMKEHHS, BBAXaETbCA MaKCMMarnbHO 3ry6-
HOIO ANs KNiTUH. Y poboTi BU3Ha4YeHO ONTUMarbHy NiHiiHY WBUAKICTb OXonomkeHHs knituH PK-15 3a gonomoroto gisnko-mateMatuyHoi
MOZAEri, SiKa ON1Cy€e NMOBIPHICTb KPIOMOLUKOMKEHHS KNITUH NPU MiHINHOMY PEXUMi 3aMOPOXYBaHHS Ta I'PYHTYETbCA Ha ABOXJaKTOPHIW
Teopii KPIOMOLUKOMKEHHS, TEPMOAMHaMIYHIN Teopii roMOreHHOT KpucTanisauii Ta 3aranbHili Teopii NpoueciB akTmauiiHoro Tuny. Pesynb-
TaTu PO3paxyHKy Mokasanwu, WO B Aiana3oHi wBuakocTen oxonomkeHHs <0,5°C/xB kpionowwkomkeHHs knituH PK-15 BignbyBaeTbcsi B
OCHOBHOMY BHacChiAOK BMinBY edeKTiB PO34MHY, a Npu LUBUAKOCTSAX OXONomkeHHs >2,5°C/xB — nepeBaxHO B pe3ynbraTi BHYTPILLHBO-
KNITUHHOI KpucTanisauii. 3anexHicTe BiACOTKA MOLUKOOAXEHWUX KIITUH Big LUBMOKOCTI OXONOOXKEHHSI Ma€ MOPIBHAHO LUMPOKMIA MiHIMyM
B AianasoHi weuakocTen oxonoaxerHs 0,5...2,5 °C/xs.

KnrouoBi cnoBa: knituHn PK-15, aBoxdakTopHa Teopisi KPiONOLUKOAKEHHS, BHYTPILLHBOKIITUHHA KpyUcTanisadis, epeKkTn posynHy,
i3nKo-maTemaTyHa Mogerb.

Abstract: Preservation of cells during crystallization of the cell suspension is influenced by two types of damaging factors.
The first type of cryoinjury occurs during the crystallization of the extracellular environment and is caused by dehydration of cells,
increasing the concentration and ionic strength of extracellular and intracellular solutions. As the cooling rate rises, the damage rate
of the first type decreases as a result of the reduced time of action of damaging factors. The second type of cryoinjury is intracellular
crystallization, the probability of which enhances at high cooling rates, is considered the most destructive to cells. The optimal
linear cooling rate for PK-15 cells is determined using a physico-mathematical model, which describes the probability of cryoinjury
of cells in the linear freezing mode and is based on the two-factor theory of cryoinjury, thermodynamic theory of homoge-
neous crystallization and general theory of activation-type processes. The findings have shown that within the range of cooling
rates < 0.5 °C/min the cryoinjury of PK-15 cells occurs mainly due to the effects of the solution, and at cooling rates > 2.5 °C/min this
was mainly resulted from an intracellular crystallization. The dependence of the percentage of damaged cells on the cooling rate has
a relatively wide minimum within the range of cooling rates of 0.5 °C/min... 2.5 °C/min.

Key words: PK-15 cells, two-factortheory of cryoinjury, intracellular crystallization, solution effect, physical and mathematical model.

Hapasi 3araibHONpUHHATHM € YSBIGHHS TIPO
Te, 0 HAHOLIBII CYTTEBI YNHHUKHU KPiOTIOIITKOIKEH-
HS KJITHH 0e3MocepelHb0 ad0 OIMOCepeIKOBaHO T10-
B’s13aHi 3 YTBOPEHHSIM 1 POCTOM KPHUCTANIB JIbOIY Y
KIITHHHIA CYCTIeH31i, sIka 3aMOpoXyeTbes [4, 5, 7,
14, 18]. ExcrieppuMeHTaIBHO 1 TCOPETUIHO TTOKA3aHO,
o 30epeXeHiCTh KITHH MiJ Yac KpPiOKOHCEPBY-
BaHHS KyTOJOMOMIOHO 3alIeUTh BiJ IIBHIKOCTI
OXOJIOJDKCHHsI Ha etami kpuctamizamii [14]. Onru-
MaJibHY HIBHJKICTh OXOJIOPKEHHS MOXHA TOSICHUTH
CTBOpEHOI0 Meii3ypoM ABOX(AKTOPHOIO TEOpi€to
kpionomkomkenns [12]. Ilig dYac 0X0JIOKEeHHS
CycrieH3ii KIITUH JI0 TEeMIeparypu HIKYE TOYKU
3aMep3aHHsl KIITHHHU Ta IXHE HABKOJIHIIHE CEpPelo-
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Currently, the most significant factors of cell
cryoinjury are generally accepted to be directly or
indirectly related to the formation and growth of
ice crystals in the cell suspension, subjected to
freezing [1, 2, 5, 13, 18]. It has been experimen-
tally and theoretically shown that the safety of cells
during cryopreservation depends in a dome-like mo-
de on the cooling rate at the crystallization stage
[13]. The optimal cooling rate can be explained
by the two-factor theory of cryoinjury created by
Mazur [11].

When the cell suspension is cooled to a tempe-
rature below freezing, the cells and their environ-
ment initially remain in an unfrozen supercooled
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BHUIIIE CMOYATKY 3aJMIIAIOTHCS Y HE3aMOPOKEHOMY
nepeoxonomKkeHoMy crani. Ockinbku Oinbin edek-
TUBHI JKepella YTBOPEHHS 3apOJKIB JIbOAY 3HAXO-
JSTHCS Yy TIO3aKIITHHHOMY CEPEAOBHILI, TO CIOYaT-
Ky Ji (hOpMYETBCS y TMO3AKITITHHHOMY PO3YUHI MiXk
-2 1 —15°C, Tomi Sk BHYTPINTHBOKIIITHHHUA PO3YNH
3QIMIIAETRCS  TTepeoxoyiomkeHuM  [9]. Bracmimok
IIBOTO TIEPEOXOJIOHKEHA BHYTPIITHHOKIIITHHHA BOJIA
Ma€ BHUINMHA XIMIYHUN IOTEHLiad, HXK BOJAA B 4acT-
KOBO 3aMep3JIOMY MO3aKIITHHHOMY PO3UWHI, SKHUH
3HAXOIUTHCS B PiBHOBa3i 3 (ha3oro npoay. XiMivHa
piBHOBara MoKe JocsraThcs a00 NpPOHWKHEHHSM
BHYTPIIIHBOKIITHHHOT BOAM Kpi3b MeMOpaHHHI 0a-
p’ep y TO3aKIITHHHUHA PO34WH, ab0 yTBOPEHHSIM
BHYTPIIIHBOKIITHHHOTO JhoAy. Crioci0, 3a qomnomo-
TOI0 SIKOTO JOCATAETHCS PIBHOBAra, 3yMOBIICHHUI IIBHUA-
KICTIO OXOJIOJDKEHHS KJIITHH Ta 3AaTHICTIO BOOU 10
BUXOAY 3 KIITMHM Ha3oBHi. lle MacomepeHeceH-
Hs OOMEXY€EThCS TiAPABIIYHOK MPOHUKHICTIO (Lp)
IJIa3MaTHIHOI MeMOpaHu KIIITHHU Ta IUIOMIEIO 1i TTo-
BEpXHi, JOCTYITHOI JUISI BUXOMY BOAM. SIKIIO BHXIin-
HUH TOTIK BOAW € HEJIOCTATHIM JUIsi BCTaHOBJICHHS
XIMiYHOT piBHOBar# (y BUTAJKy BUCOKHX IIBHJIKOC-
TEH OXOJIOMKCHHSI), TO TEIUIOOOMIH JOMiHYBaTHME
Hag MacooOMiHOM. OTKe, BHYTPILIHBOKITITHHHHUN
PO3YHMH CTaHe HaAMIPHO MEPEOXOJOMKEHUM 1 Oyne
(dopmyBaTucsi BHYTPIIIHBOKIITUHHMNA JiA. SIkmio
BHXiJl BOJH € JOCTaTHIM (3a OLIbII HU3bKHX IIBUI-
KOCTEl OXOJIOJPKEHHS), TO MacOIECpPEHECEHHs Ipe-
BaJIIOBaTHME HaJ TEIUIONECPEHECEHHM, 3HEBOTHEHHS
KIiTUHU Oyze 3a0e3nedyBaTd MIATPUMKY XiMI4HOT
piBHOBary, o BiATEpMiHy€ YTBOPEHHS BHYTPILITHHO-
KIIITHHHOTO JK01Y. [IpoTe, 3pemIToro, 3a OiIbII HU3b-
KHX TEMIIeparyp BHYTPINIHBO- Ta IMO3AKIITHHHHMA
PO3YHMHY TIOBHICTIO 3aTBEPAIIOTh YHACTIIOK (hopMy-
BaHHSI €BTCKTHYHOT CYMIIITi.

TakuM 9uHOM, Ha 30€PEKEHICTh KIITHH y TIPO-
Leci KpucTaizamii KIITHHHOI CyCIeH3ii BILTUBAOTh
JIBa THITU TOMIKO/DKYIOYMX YMHHHKIB. [lepmmii Tumn
KPIOTIONIKO/PKCHh BHUHHUKAE IIiJ] 4Yac KpuCTamizarii
MO3aKJIITHHHOTO CEPENIOBUINA 1 BHUKIMKAHUN 3He-
BOJIHEHHSIM KJIITHH, WiJIBUIIECHHIM KOHIICHTpAIlil
Ta 1OHHOI CWJIM TO3a- Ta BHYTPIIIHBOKIITHHHUX
PO3YMHIB 332 PaxyHOK NEPETBOPEHHS YaCTHHHU PO3-
YMHHUKA Yy Jid. 3a 30UIbIIEHHS IIBUAKOCTI OXO-
JIOMKEHHSI CTYMiHb TOMIKOKEHb MEPUIOr0 THUILY
3MEHILY€ETHCS BHACIIIOK CKOPOYEHHS 4acy Aii mom-
KOJDKYIOUMX YMHHUKIB [8, 9]. [pyruii tum kpio-
MTOIIKO/PKEHHST KIITHH OOYMOBJICHHI YTBOPEHHIM
BHYTPIITHBOKIITHHHUX KPHUCTAJIB JHOMY, SKi BHK-
JINKAIOTH Ti K caMi €(eKTH, IO 1 YNHHUKH TEPIITOTO
TUITY, 1 KpiM TOTO 3daTHI MEXaHIYHO PyHHYBaTH
MeMOpaHHi cTpykTypu [4, 18]. BHyTpimmboKIIi-
THHHA KpHUCTali3ailis, HMOBIPHICTh SIKOI 3pOCTaE
OpU BUCOKUX WIBUAKOCTAX OXOJIOJPKCHHS, BBa-
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state. Since the more efficient sources of ice germ
formation are in the extracellular environment, ice
is initially formed in the extracellular solution
between —2 and —15°C, while the intracellular solu-
tion remains supercooled [8]. As a result, super-
cooled intracellular water has a higher chemical
potential than that in a partially frozen extracellular
solution that is in equilibrium with an ice phase.
Chemical equilibrium can be achieved either by
the penetration of intracellular water through the
membrane barrier into the extracellular solution,
or by the intracellular ice formation. The method
by which equilibrium is achieved is determi-
ned by the rate of cell cooling and the ability of
water to exit the cell. This mass transfer is limited
by the hydraulic permeability (Lp) of the plasma
membrane of the cell and its surface area available
for water release. If the released water flow is
insufficient to establish chemical equilibrium (in the
case of high cooling rates), heat transfer will domi-
nate over mass transfer. Therefore, the intracel-
lular solution will become excessively super-
cooled and intracellular ice will form. If the water
release is sufficient (at lower cooling rates), then
mass transfer will prevail over heat transfer, de-
hydration of the cell will ensure the maintenance of
chemical equilibrium, which delays the formation
of intracellular ice. However, eventually, at lower
temperatures, the intracellular and extracellular solu-
tions solidify completely due to the formation of
a eutectic mixture.

Thus, the preservation of cells during the crys-
tallization of their suspension is influenced by two
types of damaging factors. The first type of cryo-
injury occurs during the crystallization of the extra-
cellular environment and is caused by dehydration
of cells, increasing the concentration and ionic
strength of extracellular and intracellular solutions
by converting part of the solvent into ice. With
increasing cooling rate, the degree of damage of the
first type decreases due to the reduced time of
action of damaging factors [7, 8]. The second type
of cryoinjury of cells is caused by the formation
of intracellular ice crystals, which originate the
same effects as the factors of the first type, and are also
able to mechanically destroy membrane structures
[1, 18]. Intracellular crystallization, the probability
of which increases at high cooling rates, is consi-
dered the most destructive for cells [9, 13—16].

The purpose of this research was to determine
the optimal linear cooling rate for PK-15 cells
using a physico-mathematical model that descri-
bes the probability of cryoinjury of cells in the li-
near freezing mode and is based on the two-fac-
tor theory of cryoinjury, thermodynamic theory of
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JKAETbCS MaKCUMaJbHO 3ryOHOrO Juis kiituH [10,
14-17].

Merta poOOTH — BU3HAYECHHSI ONTHMAJBHOI JiHIN-
HOI IIBUIKOCTI oxoyiomkeHHs kiaituH PK-15 3a no-
MTOMOTOI0  (hI3MKO-MaTeMaTUYHOT MOJIENi, SKa OIH-
Cye HMOBIPHICTh KpPIOTIONIKO/DKEHHS KIITHH TIpH
JHIAHOMY PEXHMi 3aMOPOXKYBaHHS Ta TPYHTYETHCS
Ha ABOX(aKTOpHIH Teopii KPiOMOIIKOMKEHHS, Tep-
MOIWHAMIYHIA Teopii TOMOTEHHOI KpHCcTaizamil
Ta 3arajbHii Teopii MpoIeciB aKTUBAIIITHOTO THITY,

Teopernune 00IpyHTYBaHHS

Jinst TeopeTHYHOT OIIHKY 3HA4YCHHSI ONTHMAllb-
HOT 3 morsixy ABOX(paKTOpHOI Teopii KpiomomIKo-
JKCHHSI IIBUJKOCTI OXOJIO/DKCHHSI TpU JHHIHHUX
PEeKUMax 3aMOPOKYBaHHS KIIITHHHOI CyCIIeH31i HaMu
Oyna po3mIsiHyTa HWMOBIPHICTh TOIIKOMKEHHS KJIi-
TUH SIK (paKTOpaMH, IOB’SA3aHUMH 3 BHYTPILIHBO-
KIIITUHHOIO KpPUCTANi3alli€ro, TaK i 3 TaKUMH, II0
BU3HAYAIOTHCSl BIJIMBOM IO3AKJIITHHHOTO PO3YHMHY
[6]. Jyist BHU3HAUEHHS IIBUJIKOCTEM OXOJIOKEHHS,
3a SKUX BiJIOYBa€ThCS BHYTPINTHHOKIITHHHA KPHC-
Taji3amis i, oTKe, 3arudenb KIiTHH, Oyaa po3TIsaHy-
Ta 3aJIeKHICTh WMOBIPHOCTI BHYTPIIITHBOKIITHHHOT
KpHCTaJi3amii Bill MEePEOXOJIOMKEHHS BHYTPIIIHBO-
KJIITUHHOTO PO34MHY. TaKy 3aJeXHICTh BHU3HAYAIH,
CIHUPAIOYNCh HA TEPMOIUHAMIUHY TEOPII0 YTBOPEHHS
KpHUCTaJIB Y PO3UMHAX 1 3arajibHy TEOPil0 MPOIECiB
aktuBarlliitnoro tuny [2]. Y po6oti Ye.O. Gordiyenko
Ta cmiBaBT. [6] Oyno OTpMMaHO BUpa3 Al HMoO-
BIPHOCTI YTBOPEHHSI BHYTPIIIHBOKIITHHHOTO KpHC-
Taly JbOAY B OJMHHUIIO Yacy B MEPECHUYECHOMY BHY-
TPILIHBOKITITHHHOMY PO3YHHI:

_L:[é(f)—ém]zexp ) B
S A T[&(F) o |

ne (t). — cepenmiii gac, HeOOXimHMI I yTBOPEHHS
KpHUCTala JhOAYy B TEpPEeCHYeHOMY OiHApHOMY BOJ-
HOMY po3uuHi mpu Temmeparypi T; A — mocriiiHa
BEJIMYMHA, SIKa Mae PO3MIpPHICTh Yacy Ta 3ade3reuye
npakTuaHOo MHTTEBY (<0,1 ¢) KpucTamizamiio BOIH
3a 11 MakcuManbHO MOKIUBOTO (110 —40°C)

A

. (D

2 C ~yn

MepeoxonomkeHHs [6]; C=—, C(T) — KOHLIEHT-
C0

pauis Mo3aKIiTHHHOTO PO3YMHY, 32 SKOi BiH 3HaXO-

JTUTHCS. B TEPMOJIMHAMIYHIN PIBHOBA31 3 JILOIOM TIPH

Temmeparypi T; ¢, — Buxigna (10 3aMopox<yB§HHﬁ)

KOHIICHTpAIliSI PO3YMHEHOI PEUOBHHH ITO3aKIITHH-

~ T
HOTO pO3uMHy; T = —— — IPHUBEJECHA TEMIIEpaTypa;
ko

T — noroune 3nHaveHHs posuuny, T, — 3HAYCHHS
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homogeneous crystallization and general theory
of activation-type processes.

Theoretical substantiation

To theoretically estimate the value of the op-
timal from the point of view of two-factor
theory of cryoinjury cooling rate at linear free-
zing conditions of the cell suspension, we considered
the probability of cell damage as factors associa-
ted with intracellular crystallization and those
determined by the influence of extracellular solu-
tion [4]. To determine the cooling rates at which intra-
cellular crystallization occurs and, consequently, cell
death, the dependence of the probability of intracel-
lular crystallization on the supercooling of the
intracellular solution was considered. This depen-
dence was determined based on the thermodynamic
theory of crystal formation in solutions and the
general theory of activation-type processes [6]. As
it was reported [4], an expression was obtained
for the probability of formation of an intracellular
ice crystal per unit time in a supersaturated intra-
cellular solution:

A~

1 [8(T)—6in]2 B
Wl TN A T A AL A 2
<t>i A o T{C(T)—Cm}

where <’[>i is the average time required for an ice
crystal formation in a supersaturated binary aqueous
solution at a temperature of T; A is a constant
value that has the dimension of time and pro-
vides almost instantaneous (< 0.1 s) seconds crystal-
lization of water at its maximum possible (up to

., (D

. ~ C ~y=
—40°C) supercooling [4]; C=—, C(T )— concent-
CO
ration of extracellular solution at which it is in
thermodynamic equilibrium with ice at temperature
T; ¢, — initial (before freezing) concentration of so-

lute in the extracellular solution; T :L —reduced
kO

temperature; T is the current value of the solu-

tion, T is the melting point of the solution;

Cin :Ecil reduced concentration of solutes in intra-
0

cellular solution; ¢, is the current value of the

total molar fraction of substances dissolved inside

the cell.

The probability of formation of an intracel-
lular ice crystal in a supersaturated intracellular
solution during the crystallization of the extracel-
lular solution (W*) is determined by the time integ-
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TEMIEepaTypyu IUIaBJICHHS PO3YMHY; Cin )

Co
[pPUBEACHA KOHLEHTPALisl PO3YMHEHUX PEUOBHH
Y BHYTPILIHBOKJIITUHHOMY PO34YHMHi; €, — NOTOYHE
3HAUEHHA CYMapHOI MOJIbHOI YacTKM PO3UYMHEHUX
BCEepEIUHI KIITHHU PEIOBHH.

IMOBIpHICTh YTBOPEHHSI BHYTPINTHBOKIITHHHOTO
KPUCTANTy JHOAY B MEPECHICHOMY BHYTPIIIHBbOKIII-
THHHOMY pPO3YMHI 3a Yac KpHCTaTi3allii IMo3aKIi-
TUHHOTO po3unHy (W™*) BH3Ha4aeThCs iHTETrpasoM
3a gacoM (t) BiJI MOMEHTY 4acy IOYaTKy KpuCTali-
3anii (t,) B MO3AKIITMHHOMY PO3YMHI JIO MOMEHTY
yacy (t.), Ipu SAKOMy TeMIepaTypa I03aKIiTHHHOIO
PO34YMHY CTa€e PiBHOIO HOro €BTEKTHYHIN TemIlepa-

Typi:
W = [ lw,dt. )

OnTuMaIIbHUM [UIA 3aII00ITaHHA TIOIIKODKEHHIO
KJIITHH BHYTPIITHOKITITHHHIMH KPUCTATAMHU JIOIY
€ pexxum oxonokeHHs T(t), mpu KoMy IMOBIPHICTB
BHYTPIITHHOKJIITHHHOI KpUCTasi3amii MiHIMajabHA Y
MOPIBHSHHI 3 THITUMH PEKUMAMH OXOJIO/PKEHHSI:

2
W*:tj[é(f)—ém} exp —% dt - min. (3)

" T3|:C(T)—Cin:|

Ockinbkn B paMkax JBOX(pakTopHOi Teopii
KPiOIOIIKO/UKEHHSI YTBOPEHHsI KPHUCTaly JbOAY B
KIITHHI HEMUHYy4Ye TPU3BOIUTH 10 ii 3arumbei,
“moBipHicTe W* y popmynax (2), (3) MOKHA OTOTOXK-
HHATH 3 IMOBIPHICTIO 3aru0eni KIITHHU 32 PaxyHOK
BHYTPIITHROKIIITHHHOI KpucTamizarmii. Kpim Toro,
OCKUTBKH B KJIITHHHIN CyCIeH31i, sika 3aMOPOKYETh-
csl, y>Ke BEJMKa KiJIbKICTh KIIITHH, TO X CyKYyITHICTh
MOXKHA pO3IVISIaTH SK CTAaTUCTUYHUN aHcamOnb i
OTOTOXKHUTH HMOBipHicTH W* i3 9acTKOIO KIITHH,
SIK1 TIOITKOJIXKYIOThCS Ha eTari KpucTaiizamii KIiTHH-
HOI cycmeH3ii B pe3ynbTaTi BHYTPIIIHBOKIITHHHOTO
JILOIOYTBOPEHHSI.

[TomKomkeHHsI KIITHH y MpoLeci KpucTamizamii
KIITHHHOI cycrieH3ii 0OyMOBJIeHE HE TUIBKH YTBO-
PEHHSIM BHYTPIIIHBOKJIITHHHUX KPHCTANIIB JIbOLY,
ane ¥ Tak 3BaHUMH e()eKTaMH PO3UMHY, BHACIHIJOK
SIKUX CTYIiHb ITOIIKO/DKEHHS KIITHH 30UTBIIYETh-
sl 3 MiJBUILEHHAM KOHLEHTpALil pO3YUHY, L0 KOH-
TaKTy€ 3 KIITHHHAMH CTPYKTypaMH, i TPHUBAIICTIO
ekcrio3uii kimitiH y HhoMy [11, 13]. IMoBipHICTB
KpIOTIOIIKOKEHHS KIIITHH Ha eTalll KpucTalizamil
eexTaMu pO3UNHY BH3HAYAEMO HAUIIPOCTINIOO 3a-
JIEKHICTIO BiJl KOHIIEHTpALlii BHYTPilIHLO- (C, ) 1 MO-
3aKTiTUHHOTO ( ) TiMEPTOHIYHUX PO3YHHIB Ta TPH-
BaJIOCTI KOHTAKTY 3 HUMH, sIKa BPaxOBYe€ JIBI yKa3aHi
BHIIIC XapaKTEPHI 0COOTUBOCTI Mii ITOTO YNHHUKA Ha
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ral (t) from the time of crystallization (t ) in the
extracellular solution to the time (t;) at which the
extracellular solution temperature becomes equal
to its eutectic temperature:

W’ = [Ewdt . )

Optimal for preventing cell damage by intracellular
ice crystals is the cooling mode T (t), in which the
probability of intracellular crystallization is minimal
compared to other cooling modes:

—Ci % dt — min. (3)
K TS[C(T)—Cin}

Since, within the framework of the two-factor
theory of cryoinjury, the formation of an ice crystal
in a cell inevitably leads to its death, the probability
of W* in formulas (2), (3) can be identified with
the probability one of cell death due to intracel-
lular crystallization. In addition, since the cell sus-
pension that is frozen contains a very large number
of cells, the set of cells can be considered as a sta-
tistical ensemble and the probability of W* can
be identified with the proportion of cells damaged
during crystallization of the cell suspension by int-
racellular ice formation.

Cell damage during crystallization of cell suspen-
sion is caused not only by the formation of intra-
cellular ice crystals, but also by the so-called effects
of the solution, as a result of which the degree of
cell damage increases with a rise in concentration
of solution in contact with cell structures and
duration of cell exposure [10, 12]. The probabi-
lity of cryoinjury of cells at the crystallization stage
by the effects of solution is determined by the simp-
lest dependence on the concentration of intra- (c, )
and extracellular ( €) hypertonic solutions and du-
ration of contact with them, which takes into account
the two characteristics of this factor on biological
objects during cryopreservation:

"= [ Gt 4)

The constant D is equal to the duration of
exposure of cells in a cryoprotective solution at
its melting point, at which 50% of cells lose via-
bility. The choice of subintegral expression as
the product of concentrations of extracellular and
intracellular solutions takes into account the fact
that damage to structural and functional elements
of the cell can occur as a result of direct contact of
the outer surface of cell membrane with the
surrounding solution and as a result of intracel-
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OioJtorivHI 00’ €KTH i Yac KPiOKOHCEPBYBaHHSI:

*k

- %j‘; (CinG )dt. (4)

Koncranrta D nopiBHIOE TpUBAIOCTI €KCHO3ULIT
KIITHH Y KpPiO3aXMCHOMY PO3YHHI 32 TeMIleparypu
Horo miaBlIeHHS, OPHU SKiH JKUTTE3JAaTHICTh BTpaya-
10Tb 50% Ki1iTuH. Bubip niginTerpaibHOro BUpasy sk
0Oy TKy KOHIIEHTpAIil T103a- Ta BHYTPIITHBOKII THH-
HOTO PO3YHHIB BPAXOBY€ Ty OOCTaBHUHY, IO TOITKO-
JKEHHS CTPYKTYPHUX Ta (PYHKIIOHATHLHUX CICMEHTIB
KIIITHHA MOXKE BiIOYBaTHCh SIK B pe3yJbTaTi 0Oe3Ino-
CepeqHbOro KOHTAKTY 30BHIIIHBOI TOBEPXHI MEMOpa-
HU KIITHHHA 3 HABKOJHIIHIM PO3YMHOM, TaK 1 BHAC-
JIOK Aii BHYTPIIHBOKIITUHHOTO TiNEPTOHIYHOTO
PO34YMHY Ha CYOKIITHHHI CTPYKTYpHU. Y 3aragbHOMY
BUIIAJKy TIPU 3aMOpOKyBaHH1 KIiTHH Cj, # Cout .

Knituan PK-15 nposiBisitors Oibly 4y TIHUBICTH
JI0 /i1 OXOJIOJKCHUX PO3YHHIB, Hi)K BUHSTKOBO CTIHKI
JPLKIDKOBI KIIITHHE Saccharomyces cerevisiae, ane e
CTIMKIIIMMHU 32 eHTepoIuTH MUt [6]. Jlns Hux Oyino
BUOpaHO MPOMiXKHI 3Ha4eHHs koHcTanTu D = 60, 300
ta 600 xB.

Edextn po3unmHy i BHYTPINIHBOKIITHHHA KpH-
CTamizarisi TOIIKO/DKYIOTh KIITHHU  HE3aJIe)KHO
OIHE Bix omHOTO, TOMYy HMOBipHICTH (W) momrkon-
JKEHHSI KIIITHH Ha eTami KpHUCTami3arlii MmpH 3aMo-
POXXKyBaHHI KIIITHHHOT CYCIIeH311 JOPIBHIOE CyMi yKa-
3aHMX BHIIE WMoBipHOCTEH (3) Ta (4): W =W"+ W™,
[Ipu 3ananiii MOCTIHHIA HIBUAKOCTI OXOJIO/UKEHHS

dr

i —B(B > 0) orpumyemo:

:Tﬂ te | 2(T _Ain ? _L T -
W= el LE(T) e e el |
R (60T = min. 5)

PesyabraTn T2 00roBOpeHHsN

Jliis BU3HAYEeHHS HA Ti/ICTaBi OJIEP’KaHOTO BUPA3y
(5) 3aMe)KHOCTI BiZICOTKA MOMIKOKEHUX KIIITHH Bif
IIBUIKOCTI OXOJIQ[DKEHHS CIIOYATKY HEOOX1THO 3HAM-
TH 3aJeXKHOCTI C(T ta Cin(T ). Kinituau PK-15,
SKi Oymu OTpUMaHi y BiAAUI KPiOCHIOKPHUHOJIOTIT
ITIKiK HAH VYkpaiam, 30epiranucs B HHU3BKOTEM-
neparypaomy 6anky IIIKiK HAH Vkpaiau y xpio-
3axucHoMy cepenoBuitii 3 10% JMCO. Dopmyiry,
10 OIMHUCYE KPUBY IUIABJICHHS TOTPIHHOTO PO3YUHY
«IUMETHICYJIb(MOKCU — XJIOPHJl HATPil0 — BOIAY,
OJIcpXKaJIM TUISXOM anpoOKCUMAIlli METOJOM Haii-
MEHIIMX KBaJpariB IMOJIHOMOM JAPYTroro CTYIEeHS
[3]. Takum umHOM, OAHA 3 HEOOXITHHUX IS OI[IHKH
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b
g,

lular hypertonic golution. Generally when freezing
cells this is C;, # Cout.

PK-15 cells are more sensitive to cooled so-
lutions than exceptionally resistant Saccharomyces
cerevisiae yeast cells, but are more resistant than
mouse enterocytes [4]. Intermediate values of the
constant D = 60, 300 and 600 min were chosen
for them.

The effects of the solution and intracellular
crystallization damage the cells independently of
each other, so the probability (W) of cell damage
at the stage of crystallization during freezing of the
cell suspension is equal to the sum of the above
probabilities (3) and (4): W = W™+ W™, At a given

constant cooling rate (jj_-lt- =—p(S>0) we obtain:

:Tﬁ te [ Z(T _Ain : _# T_
W=l LLE(T) e o T[8(F)-e | ;
_%jﬁ(éiné)a? = min. (5)

Results and discussion

To determine the dependence of the percentage
of damaged cells on the cooling rate on the basis
of the obtained expression (3), it is first necessary
to find the dependences C ST} and Cin (T ) PK-15
cells, which were obtained at the Department of
Cryoendocrinology of IPC&C of NAS of Ukraine,
were stored at a low-temperature bank of IPC&C of
NAS of Ukraine in a cryoprotective medium with
10% DMSO. The formula describing the melting
curve of the ternary solution ‘dimethyl sulfoxide —
sodium chloride — water’ was obtained by approxima-
tion by the least squares method by a polynomial
of the second degree [15]. Thus, one of the needed
to be estimated for the optimal constant cooling
rate of the dependences in the case we are consi-
dering is:

~

¢(T)=-83,595T% +125,95T —41,355.  (6)

 The second of the required dependences
Cin = Cin T) described by the equations presented
by Ye.O. Gordiyenko [3], which, taking into ac-
count the law of Arrhenius and the definition, lead
to the expression:

~ E 1

aen P RT T

L= o [E(T)=cn] @
daT (1-a)7,(T,) B

where t, and E — the characteristic time and

energy of activation of the penetration of water
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ONTUMANBHOI IIOCTIHHOI WIBUIKOCTI OXOJIOKEH-
Hsl 3aJIE)KHOCTEW Yy BUNAAKY, SIKM MU PO3IVIALIAEMO,
Mae€ BUIJISII;

¢(T)=-83,595T% +125,95T —41,355.  (6)

Jlpyra 3 mryKaHHX 3aJeKHOCTeH Cin = Cin (f
OTIHCYETRCS TogaHuMu y poooti €.0. Topaienka [1]
PIBHSHHSMHU, SIKI 3 ypaxyBaHHSIM 3akoHy ApeHiyca
1 BU3HAYCHHSI IPUBOIATH 10 BUPA3y:

o g -1
~ Tciexp| —|1-—
dcw Mor _TUT3(F)-e] 0

dT (1-a)z,(T) B

ne 1 1 E — XapakTepHuii yac Ta e€Hepris akTHBalil
IIPOHUKAHHS MOJEKYJI BOIU Kpi3b KIITHHHY MeMO-
pany; R — yHiBepcanbpHa ra3osa crasa.

Po3B’s13yroun 1me piBHSHHSA YHCEIBHO IPHU Pi3-
HUX IIBUAKOCTAX OXOJNOKEHHS [3 1 IOYaTKOBUX
ymoBax Cin(0)=1, T(O):I(TE <T Sl) 3 ypaxy-
BaHHAM TOTO, IO /g Kiaitud PK-15 mpu 3amopo-
XKYBaHHI y KpiozaxucHomy cepefosulii 3 1M kpio-

nporekropom JIMCO o = 0,23, T = 2639 K,
6@T)=—83,59ST2+125,95T—41,355 , D = 60, 300,
600 xB, 4 = 0,15, 1,5, 15 xB, Ta OiACTaBIAIOYH

oTpuMaHi pimeHHs B (5), 3HAXOAMMO HMMOBIpHICTH
nomko/pkeHHs: kiituH PK-15 Ha erami kpucrani-
3arii.

Ha puc. 1 Ta 2 mogani 3a1e:KHOCTI WMOBIPHOCTI
KPUCTAIOYTBOPEHHS 32 PI3HUX MIBUAKOCTEH OXOJOA-
JKEHHS Ta 3HA4YeHb KoedimieHTta A, Ha puc. 3 1 4 —
WMOBIpHOCTI TIOKOMKeHHS KiIiTuH PK-15 posun-
HOM JIMCO 3a pi3HUX MBHIKOCTEH OXOJIOMKEHHS Ta
3Ha4ueHb KoedirieaTa D. 3a pi3HUX MOCTIHHUX MIBHI-
KOCTSX OXOJIOMmKeHHs [3, 3HaueHHsx A = 0,15 xB,
D =300 xB 0TpUMYy€EMO 3aJICIKHICTh BiJICOTKA MTOIIKO/-
JKCHMX KJIITUH JIBOMa TUNAMHM YMHHUKIB (puc. 5):
BHYTPIIIHBOKIIITHHHOIO KpHcTani3amiero (kpusa 3) Ta
edexTamMu pozunHy (KpuBa 2). BimcoTok kmiTuH, 1o
MOIIKO/KYIOTHCS 32 PaXyHOK CyMapHOI Jiii 000X TH-
I1iB YMHHHUKIB, MIPEJICTABICHUI HA PUCYHKY KPHUBOIO 1.
Takum YHMHOM, pO3paxOBaHA ONTHUMAbHA IIBHKICTh
oxonomkensst kitua PK-15 cranosurs —1°C/xB.

Sk BUTIKae 3 pe3y’abTaTiB PO3paxyHKy (puc. 5),
3a mBHIKocTer oxonomkeHHS [ < 0,5°C/xB Kpio-
nomko/pkeHHsT KiituH PK-15 BigOyBaeThcst Tinb-
KM BHACHiZOK €(EeKTiB PO3UYMHY 1 BH3HAYAETHCS
iHTerpamoM (4), a 3a MIBUAKOCTEH OXOJOKCHHS
B > 2,5°C/xB — mepeBa)kHO B pe3yJIbTaTi BHYTPIII-
HBOKJTITHHHOI KpUCTaITi3amii i BU3HAYAEThCS IHTEeTpa-
oM (3). 3anmexHICTh CyMapHOTO BHECKY IIUX YHH-
HUKIB y KPIOMOIIKO/DKEHHSI KIIITHH Ma€ MOPIBHSIHO
IIMPOKAH MIHIMYM Y Jiana3oHi IIBUAKOCTEH OXO-
nomxenns 0,5...2,5°C/xs.

npo6nemu Kpiobionorii i kpiomeaULMHN
problems of cryobiology and cryomedicine

Tom/volume 31, Ne/issue 3, 2021

100

S

.o~

< 80 -

52

5

;:c} 60 - 4

=

£ 3

o5 40 -

S5 2

22

23 20 A

a8 y

g

E& O T T T
0,6 0,7 0,8 0,9

MpuBeneHa Temnepatypa
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Puc. 1. IMOBIpHICTb KpUCTaNOYTBOPEHHSA NPU Pi3HMX LLIBUA-
KocTsaAx oxonomkeHHs: 1 — 0,5°C/xB; 2 — 1°C/xB; 3 — 5°C/xB;
4 —10°C/xs.

Fig. 1. Probability of crystal formation at different coo-
ling rates: 1 — 0.5°C/min; 2 — 1 °C/min; 3 — 5°C/min;
4 —10°C/min.

molecules through the cell membrane; R — universal
gas constant.

Solving this equation numerically at different
cooling rates B and initial conditions, taking into
account Cin (0)=1,T(0)= l(TE <T< 1) the fact that
for PK-15 cells when frozen in a cryoprotective
medium with 1M cryoprotectant DMSO o = 0.23,
T,,=268.9K, C(T):—83,59ST2 +125,95T — 41,355,
D =60, 300, 600 min, A=0.15, 1.5, 15 min and subs-
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Probability of crystal formation, %

0

0,75 0,77 0,79 0,81 0,83
MpuBeneHa Temnepatypa

Reduced temperature

0,85

Puc. 2. IMOBIpHICTb KpMUCTanoyTBOPEHHS NP Pi3HWUX 3Ha-
YeHHsx koediuieHTa A: 1 —-0,15xB; 2 - 1,5 xB; 3 — 15 xB.
Fig. 2. Probability of crystal formation at different values
of the coefficient A: 1 — 0.15 min; 2 — 1.5 min; 3 —
15 min.
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Puc. 3. ImMOBIipHiCTb nOLWKOmKeHHA KniTuH PK-15 pos-
ynHoMm OMCO npu pi3HUX LIBMAKOCTSAX OXONMOOXKEHHS:
1-0,5°C/xB; 2 — 1°C/xB; 3 — 5°C/xB; 4 — 10°C/xB.
Fig. 3. Probability of injury to PK-15 cells by DMSO solu-
tion at different cooling rates: 1 — 0.5 °C/min; 2 — 1 °C/min;
3 -5 °C/min; 4 — 10 °C/min.
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Puc. 4. IMOBipHICTb NOWKOMXKEHHS KNiTUH PK-15 po3ynHom
OMCO npw pisHux 3HaveHHsAx koedpiuieHta D: 1 — 60 xB;
2 — 300 xB; 3 —600 xB.
Fig. 4. Probability of injury to PK-15 cells by DMSO solu-
tion at different values of the coefficient D: 1 — 60 min;
2 — 300 min; 3 — 600 min.
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IMOBIPHICTb MOLUKOMKEHHS KINITUH pO34nHOM, %
Probability of injury by solution, %

BucHoBku

TakuM YMHOM, 3aCTOCOBaHI HaMH AITOPUTMH
TEOPETUYHOI OL[IHKU ONTUMAIILHOTO 3HAYCHHS LIIBH/I-
KOCTI OXOJIOJPKEHHSI MpPU JIHIHHOMY PEXUMI 3aMo-
POKYBaHHS BUSBIIIMCS aJIeKBaTHUMU ISl CYCIICH31H
KapIWHAIBHO BiJIMIHHUX KIIITHH, SKi BiPI3HAIOTHCS
32 YYyTIUBICTIO N0 PI3HUX THIIIB TONIKOKYOUYHX
YUHHUKIB. OTpHMaHi pe3yiabTaTH MiATBEPIKYIOTh

220

tituting the obtained solutions in (5), we find the
probability of damage to PK-15 cells during the
crystallization step.

Figs. 1 and 2 show the dependences of the
probability of crystal formation at different cooling
rates and values of the coefficient A, Figs. 3 and 4
demonstrate the probabilities of damage to PK-15
cells by DMSO solution at different cooling rates and
values of coefficient D. At different constant cooling
rates 3, values of A = 0.15 min, D = 300 min we
obtain the dependence of the percentage of damaged

BigcoTok noLwKoaKeHnx KniTuH
Percentage of injured cells

LBnakictb oxonomkeHHs, K/ xB
Cooling rate, K/min

Puc. 5. BigcoTok KmiTWH, WO NOLKOAXYIOTbCA 3a pa-
XYHOK cymapHoi fii (1) edekTiB po3uuHy (2) i BHyTpiL-
HBOKMITUHHOI KpucTanisauii (3), 3anexHo Big LWBWAKOC-
Ti OXONOMXEHHS MNpW 3aMOPOXyBaHHI CyCneHsii KMiTuH
PK-15 B posuuHi «gumeTtuncynbdokeng (10 06’eMHUx %) —
0,135M — Boga».

Fig. 5. Percentage of cells damaged by the total action (1)
of the effects of solution (2) and intracellular crystalliza-
tion (3), depending on the cooling rate when freezing the
suspension of PK-15 cells in a solution of ‘dimethyl sulf-
oxide (10 volume%) — 0.135M — water’.

cells by two types of factors (Fig. 5): intracellular
crystallization (curve 3) and the effects of solution
(curve 2). The percentage of cells damaged by the
combined action of both types of factors is shown in
Figure 1. Thus, the calculated optimal cooling rate of
PK-15 cells is —1°C/min.

As follows from the findings (Fig. 5), at cooling
rates of B < —0.5°C/min cryoinjury of PK-15 cells
occurs only due to the effects of the solution and is
determined by the integral (4), and at cooling rates
B < 2.5°C/min this is mainly in the result of intracel-
lular crystallization and is determined by the in-
tegral (3). The dependence of the total contribution
of these factors to the cryoinjury of cells has a rela-
tively wide minimum in the range of cooling rates
of 0.5...2.5 °C/min.
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MPUIATHICTE PO3pPOOJICHOT HAMU MOZAETI A BU3-
HAYeHHS ONTUMAJbHOI IIBUAKOCTI OXOJIOKECHHS
KIITHHHOI cyclieH3ii, 0 IPYHTYETbCS Ha IBOX(ak-
TOpHIN Teopii KpiOMOIIKOKEHHS, TePMOJAUHAMIY-
Hill Teopil TOMOTeHHOI KpHCTaji3amii Ta 3araibHii
Teopii MPOIIECiB AKTUBAIIHOTO THITY.
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Conclusion

Thus, the algorithms used by us to theoretically
assess the optimal value of the cooling rate in
the linear freezing mode were adequate for the
suspensions of absolutely different cells, which differ
in sensitivity to various types of damaging factors.
The obtained results confirm the suitability of the
model developed by us for determining the optimal
cooling rate of the cell suspension, based on the two-
factor theory of cryopreservation, thermodynamic
theory of homogeneous crystallization and general
theory of activation-type processes.
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