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Theoretical Estimation of Optimal Linear Cooling Rate
for PK-15 Cell Suspension

Pecpepar: Ha 36epexeHiCTb KNiTUH y npoueci KpucTanisauii KNiTMHHOI CycneHsii BNnuBaloTb ABa TUMWN MOLLUKOAXKYOUMX YMHHUKIB.
[Mepwuii TN KpiONOLWIKOAXKEHb BMHUKAE Mig 4Yac KpucTanisauii No3akniTMHHOrO CepefoBMLLA | BUKIMKAHWUA 3HEBOOHEHHSIM KMiTWH,
NiABULLEHHSIM KOHLEHTpaLii Ta iOHHOI CUnn no3a- Ta BHYTPILUHBbOKITITUHHUX PO34UHIB. [pun 36iNbLUEHHI LWBUAKOCTI OXONOMXKEHHS CTYNiHb
MOLUKOAXKEHb MEPLLOro TUMY 3MEHLLIYETLCA BHACMIAOK CKOPOYEHHS Yacy Ail MOLUKOMKYOUMX YMHHUKIB. [pyruii TN KPiOMOLLUKOAXKEHHS —
BHYTPILUHBOKITITUHHA KpucTanisauis, MMOBIPHICTb SKOI 3pOCTa€ 3a BUCOKUX LUBUAKOCTEN OXONOMKEHHS, BBAXaETbCA MaKCMMarnbHO 3ry6-
HOO ANs KNiTUH. Y poboTi BU3Ha4YeHO ONTUMarbHy NiHiiHY WBUAKICTb OXOonomkeHHs kniTuH PK-15 3a gonomoroto disuko-mareMatuyHoi
MOZAENi, SiKa ON1Cye NMOBIPHICTb KPIOMOLLKOMKEHHS KNITUH NPU MiHINHOMY PEXUMi 3aMOPOXYBaHHS Ta I'PYHTYETbCA Ha ABOXJaKTOPHIW
Teopii KPIOMOLUKOMKEHHS, TEPMOAMHaMIYHIN Teopii roMOreHHOT KpucTanisauii Ta 3aranbHivi Teopii NpoueciB akTmauiiHoro Tuny. Pesynb-
TaTu PO3paxyHKy Mokasanwu, WO B Aiana3oHi WwBuakocTen oxonomkeHHs <0,5°C/xB kpionowwkomkeHHs knituH PK-15 BigbyBaeTbcsi B
OCHOBHOMY BHAacniAOK BMnBY eeKTiB PO34MHY, a Npu LUBUAKOCTSAX OXOnomkeHHs >2,5°C/xB — nepeBaxHO B pe3ynbraTi BHYTPILLHbO-
KNITUHHOI KpucTanisauii. 3anexHicTe BiACOTKA MOLUKOOAXEHUX KIITUH Big LUBMOKOCTI OXONOOXEHHSI Ma€ MOPIBHAHO LUMPOKUMIA MiHIMYyM
B Aliana3oHi weuakocTen oxonomxerHs 0,5...2,5 °C/xs.

KnrouoBi cnoBa: knitnHn PK-15, aBoxdakTopHa Teopis KPiONOLLIKOAKEHHS, BHYTPILLHBOKIITUHHA KpyUcTanisalis, epeKkTn posynHy,
i3vKo-maTemaTnyHa 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 KPiOTIOITKO/IKEH-
HS KIITHH Oe3MocepenHbo abo OImocepeaKoBaHO M0-
B’s13aHi 3 YTBOPEHHSIM 1 POCTOM KPHCTAIIB JIBOAY Y
KJIITHHHIA CYCIIeH31i, sIka 3aMOpoXyeTbes [4, 5, 7,
14, 18]. EkcriepuMeHTaIbHO 1 TEOPETHYHO MOKa3aHo,
mo 30epeXeHICTh KIITHH MiJ 4ac KPiOKOHCEpBY-
BaHHS KYIOJIONOJAIOHO 3aJIeKUTh BIJ| IIBHIKOCTI
OXOJIOJDKCHHsI Ha erami kpuctamizamii [14]. Onru-
MaJIbHY HIBHJIKICTH OXOJOKEHHSI MOXKHA TOSICHUTH
CTBOpPEHOI Meii3ypoM JBOX(AKTOPHOK TEOPIiEr0
kpionomkomkenns [12]. Ilig dYac oxomomkeHHs
CycrieH3ii KIITHH /0 TeMIlepaTypu HIDKYEe TOYKH
3aMep3aHHsl KJIITHHHA Ta [XHE HABKOJIHIIHE CEpelo-
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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
nepeoxonomkeHoMy crani. Ockinpku Oinbin edek-
TUBHI JKepella YTBOPEHHSI 3apOJKIB JIbOAY 3HAXO-
JSTHCS Yy TIO3aKIITHHHOMY CEPEAOBHILI, TO CIOYaT-
Ky Ji1 OpMYEThCS y TTO3AKITITHHHOMY PO3YMHI MiXk
-2 1 —15°C, Tomi sIK BHYTPIITHHOKIITHHHHHA PO3YHH
3QINIIAETRCS  TIepeoxoyiomKkeHuM [9]. Bracmimok
LBOTO TIEPEOXONIOKeHa BHYTPINIHHOKIITHHHA BOJA
Ma€ BUIIAHA XIMIYHUH IOTEHINaN, HiXX BOJA B 4acT-
KOBO 3aMEp3JIOMY MO3aKJIITHHHOMY PO34MHi, SKHUH
3HaXOJMTHCS B PiBHOBa3i 3 (a30i0 Jibody. XiMiyHa
piBHOBara Moe JocsraThcs ad0 NPOHWKHEHHSM
BHYTPIIIHBOKIIITUHHOI BOAM Kpi3b MeMOpaHHHI 0a-
p’ep y NO3aKIITMHHUHA pPO34nH, ab0 yTBOPEHHSIM
BHYTPIIIHBOKIITUHHOTO JH0AY. Croci0, 3a qomnomo-
T'OI0 SIKOTO JOCATAETHCS PIBHOBAra, 3yMOBJICHHUI ILIBUA-
KICTIO OXOJIOJDKEHHS KIJIITHH Ta 3AaTHICTIO BOOU 10
BUXOAYy 3 KJIITHHH Ha30BHi. lle Macomepenecen-
HI OOMEXYEThCS TiAPaBIIYHOIO MPOHUKHICTIO (Lp)
MJ1a3MaTHYHOT MEMOpaHH KIITHHU Ta TUTOINElO ii 1mo-
BEpXHi, JOCTYITHOI JUISI BUXOMY BOAM. SIKIIO BHUXIin-
HHUI IIOTIK BOAM € HEIXOCTATHIM Il BCTAHOBJIEHHS
XIMiYHOT piBHOBar# (y BUTAJIKy BUCOKHX IIBUIKOC-
TEH OXOJIOMKCHHSI), TO TEIUIOOOMIH JOMiHYBaTUME
Hag MacooOMiHOM. OTKe, BHYTPIIIHbOKITITHHHHUN
PO3YHMH CTaHE HaAMIpPHO MEPEOXOJOMKEHUM 1 Oyxe
(hopmyBaTUCs BHYTPIIIHBOKIITUHHHN A, SIKIio
BHIXiJlT BOIH € MOCTaTHIM (3a OLTBII HU3BKHUX IIBUI-
KOCTEll OXOJIOJDKEHHS), TO MAacOICPEHECEHHs Ipe-
BaJIIOBATHME HaJ TEIIONEPEHECEHHM, 3HEBOIHEHHS
KIITHHA Oynme 3abe3meuyBaTH MATPUMKY XiMITHOL
piBHOBAry, M0 BiATEPMiHY€ YTBOPEHHS BHYTPILITHHO-
KIIITHHHOTO THOjy. [IpoTe, 3pemToro, 3a OibIll HU3b-
KHX TEeMIlepaTyp BHYTPIIIHBO- Ta IMO3aKITiTHHHAN
PO3YHMHHU TOBHICTIO 3aTBEPAIIOTh YHACITIIOK (OpMy-
BaHHSI €BTEKTUYHOI CyMiIlIi.

Takum 4uHOM, Ha 30EPEKEHICTh KIITHH Y TIPO-
Leci KpucTanizaii KIITHHHOI CycIieH3il BIIMBAIOTh
JIBa T HOIMIKOPKYIOUMX YMHHMKIB. [lepmmii Tun
KpIOTIONIKO/KEHh BWHUKAE IIiJ] 4ac KpUCTami3arii
MTO3aKJIITHHHOTO CEPEIOBHINA |1 BUKIMKAHUN 3HE-
BONHCHHSIM KJIITHH, IABUIICHHSIM KOHIICHTPAITil
Ta 10HHOI CHJIM I1103a- Ta BHYTPINTHLOKIITHHHHUX
PO3YMHIB 332 PaxyHOK MEPETBOPEHHS YAaCTHHHU PO3-
YUHHHUKA Yy JIia. 3a 30UIbLICHHS MIBHJIKOCTI OXO-
JIO/DKEHHSI CTYMiHb TOUIKO/DKEHb MEPIIOro THITY
3MEHIIY€ETHCS BHACIIIOK CKOPOYEHHSI 4acy Aii momI-
KOKyIounx 4uMHHHKIB [8, 9]. [pyruii tum Kpio-
MOLIKO/DKEHHSI KJIITUH OOYMOBJICHHH YTBOPEHHSIM
BHYTPIIIHBOKJIITUHHUX KPUCTAJIB JIbOAY, SKI BHK-
JIUKAIOTh Ti X caMi e(heKTH, 10 i YUHHUKH TIePIIoro
TUMY, 1 KpiM TOTO 3/IaTHI MEXaHIYHO pyHHYBaTH
MeMOpaHHi cTpykTypu [4, 18]. BHyTpimmHbOKIIi-
TUHHA KpHUCTaJi3alis, WMOBIPHICTH SKOI 3pocTae
NPU BUCOKUX IIBUAKOCTAX OXOJIOJDKCHHS, 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].

Mera poOOTH — BU3HAYCHHSI ONTHUMAJIBHOTI JTiHIN-
HOI IIBUIOKOCTI oxoyiomkeHHs kiaituH PK-15 3a no-
MTOMOTOI0  (hiI3MKO-MaTeMaTUIHOT MOJIeNi, fKa OIH-
Ccye HMMOBIPHICTh KpPIOTOUIKO/KEHHS KIITHH TIpH
JHIHHOMY pEXUMi 3aMOPOXYBAHHS Ta TPYHTYETHCS
Ha JBOX(AKTOPHIA TeOopii KPiOMOIIKOIKEHHS, Tep-
MOJIMHAMIYHIA Teopii TOMOTeHHOI KpHcTasizarii
Ta 3arajipHid Teopii MPOIEeCiB aKTUBALIKHHOTO TUITY,

Teopernune 00TpyHTYBaHHS

Jnst TeopeTHyHO1 OLIHKM 3HAYEHHS ONTHMAllb-
HOi 3 momsiny ABOX(paKTOpHOi Teopii KpiomomKos-
JKCHHS IIBHUJKOCTI OXOJO/KCHHS TpW JHIHHUX
PEeKHUMax 3aMOPOXKYBaHHS KIITHHHOI CycIeH31i HaMu
Oyna po3mIstHyTa HMOBIPHICTH TOIIKOKSHHS KITi-
THH sK (aKTOpamu, TOB’SI3aHUMH 3 BHYTPIIIHBO-
KJIITHHHOIO KPHUCTATI3AIl€l0, TaK 1 3 TaKUMH, IO
BU3HAUYAIOTHCSl BIUIMBOM TO3aKIITHHHOTO PO3YHHY
[6]. Jlust BHU3HAUECHHS INBHJKOCTECH OXOJIOKCHHS,
3a SIKUX BiJIOyBa€ThCsI BHYTPIIIHBOKIITHHHA KpHC-
Tanizauis i, oTKe, 3arudesb KIiTHH, Oyiia po3misHY-
Ta 3aJEKHICTh HMOBIPHOCTI BHYTPIIIHBOKIIITHHHOL
KpHcTaiizamii BiJ MEepeoXoIOJPKEHHS BHYTPILIHBO-
KIITHHHOTO po34yMHy. Taky 3aleXHICTh BHU3HAYaIH,
CIMPAIOYHMCh HA TEPMOJUHAMIYHY TECOPII0 yTBOPEHHS
KPHUCTAIIB Y PO3YMHAX 1 3arajibHy TEOpil0 MPOIECiB
aktuBarliitaoro tuny [2]. Y po6oti Ye.O. Gordiyenko
Ta cmiBaBT. [6] Oyno oTpuMaHO BHpa3 IS WMO-
BIPHOCTI YTBOPEHHsI BHYTPIIIHbOKIITHHHOTO KpHC-
Tay JHOAY B OJMHUIIIO Yacy B MEPECUUYECHOMY BHY-
TPITHBOKITITHHHOMY PO3UYHHI:

VVIIL:[E(T)—CMJZ B B _
T{E(T)—cm]

oo
e <t>l_ — CepeHiil yac, HeoOXiTHUI I yTBOPSHHS
KpHUCTaja JhOAy B TEPECHYCHOMY OiHAPHOMY BOJI-
HOMY po3uuHi mipu Temmeparypi T; A — mocriiiHa
BEITMYIMHA, KA Ma€ PO3MIPHICTE Jacy Ta 3ade3Iedye
npaktugHo MUTTEBY (<0,1 ¢) KpucTamizaIio BOIH
3a 11 MakcuMaTbHO MOXKITHBOTO (110 —40°C)

A

, (D)

s C ~fn
MePEOXONIOMKeHH [6]; ¢ =— , c(T ) — KOHIIGHT-
CO
paiis mo3aKkIiTHHHOTO PO3YMHY, 32 SKOi BiH 3HAaXO-
JUTHCS. B TEPMOJAMHAMIUHIN PiBHOBA31 3 JIHOIOM MPH
Temneparypi T; ¢, — Buxigna (10 3aMopo>1<yB§HH51)
KOHLEHTpalis PO3YMHEHOT PEYOBHHU IO3aKIITHH-

- T
HOTO pO34MHYy; 7' = —— — IPHUBEJECHA TEMIIEpaTypa;
kO

T — noroune 3mHaveHHs posuuny, T, — 3HAYCHHS

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:

1 [é(f)—ém]z B
W=-=—-onu’l - =
O A T )]

where (7). 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
. N e
—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-

M

lute in the extracellular solution; 7° :i —reduced
kO

temperature; T is the current value of the solu-

tion, T  is the melting point of the solution;

A

Cin —Sin reduced concentration of solutes in intra-
CO

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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A

Cin =

in

Co

TEMIEpaTypyu IUIABJICHHS PO3YMHY;

[IPUBECHA KOHLEHTpALisl PO3YMHEHUX PEUOBHH
Y BHYTPILIHBOKJIITUHHOMY PO34YHMHi; €, — NOTOYHE
3HAUEHHA CYMapHOI MOJIbHOI YacTKM PO3UYMHEHUX
BCEepEINHI KIITHHU PEIOBHH.

IMOBIpHICTS YTBOPEHHS BHYTPIIIHBOKIITHHHOTO
KpHUCTaIly JIbOAY B NEPECHUYECHOMY BHYTPIIIHBOKII-
TUHHOMY pO3YMHI 32 Yac KpucTajizaimii mMmo3akiii-
TUHHOTO po3unHy (W*) BHU3HA4Ya€TBHCS IHTETPajoM
3a acoM (t) BiJI MOMEHTY 4acy IMOYaTKy KpuCTali-
3auii (t,) B MO3AKIITMHHOMY PO3YMHI JIO MOMEHTY
gacy (t.), Ipu SAKOMY TeMIepaTypa I03aKIiTHHHOIO
PO3YMHY cTa€e PiBHOIO HOro €BTEKTHYHIH TemIlepa-

Typi:
W= Ewdt. @)

OnTuMaIIbHUM [UIA 3aI00ITaHHA IIOIIKODKEHHIO
KJIITUH BHYTPIIIHBOKIITHHHUMH KPHUCTAJIAMH JHOAY
€ pexXuM oxoJofpkeHHs T(t), Ipu SIKOMY iIMOBIPHICTB
BHYTPIIIHBOKIITUHHOT KpHCTaNli3alii MiHIMajbHa Y
MOPIBHSHHI 3 THITUMH PEKUMAMH OXOJIOPKEHHSI:

IYEIN 2 B .

c(T)—c,vn} expy———————— rdt > min. (3)
k r[¢(f)-cu]

OckinbkM B paMKax JBOX(aKTOPHOI Teopil
KPIOIIOIIKO/UKEHHSI YTBOPEHHsI KPHUCTAly JIbOAY B
KJIITHHI HEMHHYYe TPU3BOAUTH 1O 1i 3aruben,
“MoBipHicTE W* y popmynax (2), (3) MOKHA OTOTOXK-
HUTH 3 IMOBIPHICTIO 3aru0eli KIITHHH 32 PaxyHOK
BHYTPIIIHBOKIITUHHOT KpucTanmizamii. Kpim Toro,
OCKIJIbKM B KIIITHHHIN CycIieH3ii, Ka 3aMOPOKY€Th-
csl, Ty’Ke BeJIMKa KUTBKICTh KJIITHH, TO 1X CYKYITHICTb
MOXHA PO3IVISIIATH SK CTaTHCTUYHMHA aHcamOnb i
OTOTO)KHUTH HMOBIpHICTH W* i3 4acTKOIO KIITHH,
SIK1 TIOIITKOJIKYFOTHCSL Ha €Talli KpUCTaTi3alii KIIiTHH-
HOI cycrieH3ii B pe3ynbrari BHYTPIIIHbOKIITHHHOTO
JILOIOYTBOPEHH.

[TormkomkeHHST KIITHH Y TIPOIeCi KpUcTami3arii
KJIITHHHOI CyCIleH31i 0OyMOBJIeHE HE TIJIBKH YTBO-
PEHHSIM BHYTPIIIHBOKIITUHHUX KPHUCTAJIB JHOY,
arne i Tak 3BaHUMHU e(eKTaMH PO3YMHY, BHACIHIJOK
SIKMX CTYIiHb TOUIKOJDKCHHS KIITHH 30UIbIIYETh-
Csl 3 MIJBUINEHHSIM KOHIICHTpAIlil pO34MHY, 10 KOH-
TaKTy€ 3 KIITHHHUMH CTPYKTYpaMH, 1 TPUBAIICTIO
excrio3unii knituH y Heomy [11, 13]. ImoBipHicTb
KPIOTIONIKO/KeHHST KIIITUH Ha eTami Kpucramizarii
edeKTaMu PO34YNMHY BH3HAYa€MO HANMPOCTILIONO 3a-
JISKHICTIO BiJ] KOHIIEHTpAIlii BHYTPIITHBO- (cin) 1 mo-
3aKTITHHHOTO ( C) 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= ewr . @

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:

2
W*:I[E(T)—cm} exp —% dt > min. (3)
h r[¢(f)-cu]

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:

W= L
2D

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-

[ (cué ar. 4)
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OioJtorivHI 00’ €KTH i Yac KPiOKOHCEPBYBaHHSI:

*ok

2DJ. (Cné )dt . 4)
Koncranra D nopiBHIOE TpUBAIOCTI €KCHO3UIIT
KIITHH Y KpPiO3aXMCHOMY PO3YHHI 3a TemIieparypu
HOro TUIaBIICHHS, NPU SIKill JKUTTE3ATHICTh BTpada-
10Tb 50% kiiTuH. Bubip niainTerpaibHOro BUpasy sk
M0OyTKY KOHIICHTPAITil 1103a- Ta BHYTPIITHbOKITI THH-
HOTO PO3YHHIB BPAXOBY€ Ty OOCTaBUHY, IO TOIITKOI-
JKCHHS CTPYKTYpHHX Ta (QYHKI[IOHATBHUX €JICMEHTIB
KIIITHHA MOXE BiJIOyBaTHCh SIK B pe3yJbTaTi 0e3ro-
CEepeIHLOTO KOHTAKTY 30BHILTHBOT TOBEPXHI MeMOpa-
HY KJIITHHH 3 HaBKOJHIIHIM PO3YMHOM, TaK i BHAcC-
JoK Aii BHYTPIIIHBOKIITUHHOTO TiNEPTOHIYHOTO
PO34YMHY Ha CYOKIITHHHI CTPYKTYpu. Y 3aragbHOMY
BUIIAJKy IPU 3aMOPOKYBaHHI KIITUH C;, 7 Cout .

Kuituan PK-15 nposBnstioTs OinbITy 4y TINBICTH
JI0 JTi OXOJIO/KEHUX PO3YHHIB, HI)K BUHSATKOBO CTIHKI
JIPLKIDKOBI KITHHH Saccharomyces cerevisiae, ane €
CTIHKIIIAMH 32 SHTEPOIUTH MU [6]. st HEX Oyito
BHOpaHO MPOMIXKHI 3Ha4eHHS KoHCTaHTH D = 60, 300
Ta 600 xB.

Edextn po3unHy 1 BHYTPIIIHBOKIITHHHA KpH-
CTayizallisi IOIIKO/DKYIOTh KIIITHHH  HE3aJIC)KHO
OJIHE BiJi OIHOTrO, TOMYy KMOBipHicTh (W) momkon-
JKCHHSI KJIITMH Ha eTalli KpHcTami3alii mpu 3amo-
POXKyBaHHI KJIITHUHHOI CyCHeH31i TOPiBHIOE CyMi yKa-
3aHMX BuUIle WMoBipHOCcTel (3) Ta (4): W= W'+ W™,
[Ipu 3ananiii MOCTIHHIA MIBUAKOCTI OXOJIOJUKEHHS

dT

= /5‘( £> 0) OTPUMYEMO:
TkO | Z(P)_ 0, : _# T_
R R = e
—;;Tﬂj"b (Cin )dT = min . (5)

Pe3yabTaTn T2 00roBOpeHHs

Jliist BU3HAYECHHS Ha MiACTaBi OEPKaHOTO BUPA3y
(5) 3ame)KHOCTI BiACOTKA MOMIKOMKEHUX KIIITHH Bif
IIBHIKOCTI OXOJIO[UKEHHS CII0YATKY HEOOX1IHO 3HaM -
tn 3anexHocti ¢(7T ) ta ¢ |T ). Knituan PK-15,
aki Oyl OTpUMaHI y BNl KpiOSHIOKPHUHOIOTI]
IMIKiK HAH Vkpainu, 30epiranucs B HH3BKOTEM-
neparypHomy Oanky IIIKiK HAH VYkpainu y xpio-
3axucHoMmy cepezosuiii 3 10% JMCO. dopmyiy,
IO ONMHUCYE KPHBY IUIABJICHHS MOTPIHHOTO PO3YHMHY
«IUMETWICYNIB(OKCUA — XJIOPHI HATPil0 — BOAA»,
ofiepKalM IIISIXOM anpoKcuMamii MeTogoM Haii-
MEHIIMX KBaJpariB IOJIHOMOM JAPYroro CTYIEHS
[3]. Takum guHOM, OfHA 3 HEOOXIMHHUX JUIS OIIHKH
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s
g,

lular hypertonic golution. Generally when freezing
cells this is ¢,, # Cour.

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 C;—T =—p(S>0) we obtain:
t

To fu[2(#\_2 T B 5
ﬂAI (el e rle)-a] |
2D,b’ I ‘e (cmc)dT 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 ¢ ST 5 and ci(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:

&(7)=-83,5957" +125,95T — 41,355 (6)

The second of the required dependences
Cin=cim|\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

g Toct exp| | 177

Cin _ o [&()-eu |
T (1-a)7, (1) 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-
HA 3QJICKHOCTEH y BUMNAMKY, SIKMM MU PO3IISAAEMO,
Mae€ BUIIISI:

¢(T)=-83,5957T7 +125,95T —41,355.  (6)

Jlpyra 3 myKaHHUX 3aJeXKHOCTEH Cin = Cin (f)
onucyeThes monanumu y podoti €.0. Topaienka [1]
PIBHSHHSMH, SIKI 3 ypaxyBaHHSIM 3akoHy Apeniyca
1 BU3HAYCHHSI IPUBOJISITH JI0 BUPa3y:

. nae] £(-1)]
dew R\ T [g(f)_;,-,,} (7)

dr (1=a)r,(T,)A

ne 1 1 E — XapakTepHuii yac Ta €Hepris akTHBalil
MIPOHUKAHHS MOJEKYNI BOIU Kpi3b KIITHHHY MeMO-
pany; R — yHiBepcanbHa ra3osa craia.

Po3B’s3yroun 1€ piBHSHHSA YHCEIBHO TMPHU Pi3-
HUX IIBYJKOCTAX OXOJIO/DKEHHS [3 1 TIOYaTKOBHX
ymoBax cin (0)=1, T(O)—I(T <T<1) 3 ypaxy-
BaHHSAM ToOrO, o mus kritaua PK-15 mpu 3amopo-
KYBaHHI Y Kpi03aXHCH0My cepenoBui 3 1M kpio-

MIPOTEKTOPOM I[MCO a =023, T, = 2639 K,
ET)=—83 59572 +125,95T — 41, 355, D = 60, 300,
600 xB, A = 0,15, 1,5, 15 xB, Ta miACTABISIOYHN

OTpUMaHi pimeHHst B (5), 3HaAXOAMMO HWMOBIPHICTh
nomko/pkeHHs: kiithH PK-15 Ha erami kpucrani-
3arrii.

Ha puc. 1 Ta 2 momani 3ameXHOCTI HMOBIPHOCTI
KPHUCTAJOyTBOPEHHS 3a PI3HUX LIBUAKOCTEH 0X0I01-
JKEHHSI Ta 3HAa4YeHb KoedimieHTta A, Ha puc. 3 1 4 —
HMoBipHOCTI momkokeHHs: kiitiH PK-15 po3zun-
HoM JIMCO 3a pi3HUX HIBUAKOCTESH OXOJIOKCHHS Ta
3Ha4eHb KoedimienTa D. 3a pi3HUX MOCTIHHUX MIBUJI-
KOCTSX OXOJOMmKeHHs [3, 3HaueHHsx A = 0,15 xB,
D =300 xB 0TpuMy€EMO 3aJICKHICTh BiJICOTKA ITOLIKO/I-
JKEHHX KJIITUH JIBOMa TUNAMH YWHHUKIB (puc. 5):
BHYTPIITHHOKIIITHHHOIO KpUCTAai3ali€ero (kpusa 3) Ta
eexramu po3unHy (kpuBa 2). BigcoTtok kiiThH, 110
MTOIITKOKYIOTHCS 32 PaXyHOK CyMapHOI1 [ii 000X TH-
T1iB YMHHWKIB, TIPEICTABICHNI Ha PUCYHKY KPUBOIO 1.
TakuM 4uHOM, pO3paxOBaHa ONTHUMAJIbHA ILIBHUIKICTH
oxosomkeHns kiitiH PK-15 cranosuts —1°C/xB.

Sk BUTIKaE 3 pe3yJbTaTiB PO3paxyHKy (puc. 5),
3a mBHIKOCTeH oxojokeHHs [ < 0,5°C/xB kpio-
nomko/pkeHHsT kiituH PK-15 BinOyBaeThcst Tinb-
KM BHACHiIOK €(eKTiB PO3YMHY 1 BU3HAYAETHCA
iHTerpanom (4), a 3a MIBUIKOCTEH OXOJIOMKECHHS
B = 2,5°C/xB — mepeBaxHO B pe3yibTaTi BHYTpILI-
HBOKJIITHHHOI KpUCTAaITi3alii i BU3HAYAEThCS IHTETpa-
oM (3). 3aNexHICTh CyMapHOTO BHECKY ITUX YHWH-
HUKIB Y KPIOIIOIIKO/KEHHS KIIITHH Ma€ TOPIBHSIHO
ITUPOKUH MIHIMYM y Jiama3oHi IMIBHAKOCTEH OXO-
nomxkenns 0,5...2,5°C/xB.
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MpuBeneHa Temnepatypa
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Puc. 1. IMOBIpHICTb KPUCTaNOYTBOPEHHSA NPU Pi3HMX LLIBUA-
KocTaAx 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 ¢, (0) =1, 7(0)= l(T <T<1) the fact that
for PK-15 cells when frozen in a cryoprotective
medium with IM cryoprotectant DMSO o = 0.23,
T, =268.9 K, ¢(T)=-83,595T" +12595T - 41,355,
D =60, 300, 600 min, A=0.15, 1.5, 15 min and subs-

100
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20 A
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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 KpUCTanoyTBOPEHHS NP Pi3HWUX 3Ha-
YeHHsIx 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 noOLWKOmKeHHA KniTuH PK-15 pos-
ynHoM OMCO npu pisHUX 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 NOWKOAXKEHHS 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.

o
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IMOBIPHICTb MOLUKOMKEHHS KINITUH pO34nHOM, %
Probability of injury by solution, %

BucHoBku

TakuM YWHOM, 3aCTOCOBaHI HaMH aJTOPUTMH
TEOPETHUYHOT OLIIHKK ONTUMAJIbHOTO 3HAYCHHS [IBU/I-
KOCTI OXOJIO/DKEHHSI MPU JIHIHHOMY PEXUMI 3amo-
POXKYBaHHS BUSIBUIUCS aJICKBATHUMU JIJISI CYCIICH31H
KapJIMHAIBHO BIJIMIHHUX KIIITHH, SKi BIJIPI3HSIOTHCS
32 YYyTIUBICTIO JI0 PI3HUX THUIIIB TIOIIKOKYHOUYHX
YUHHUKIB. OTpuUMaHi pe3ylbTaTH IiATBEPIKYIOTH

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 P, 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 NOLKOAXYITbCA 3a pa-
XYHOK cymapHoi fii (1) edekTiB po3unHy (2) i BHYTpiL-
HBOKMITUHHOT KpucTanisauii (3), 3anexHo Big LWBWAKOC-
Ti OXONOMXEHHS MNpW 3aMOPOXyBaHHI CyCneHsii KMiTuH
PK-15 B posuuHi «gumeTtuncynbdokeng (10 o6’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
0f0.5...2.5 °C/min.
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MPUIATHICTE PO3pPOOJICHOT HAMU MOZAETI A BU3-
HAYeHHS ONTUMAJIbHOI IIBUAKOCTI OXOJIOJPKECHHS
KIITHHHOI cycrieHsii, 0 IPYHTYETbCS Ha IBOX(ak-
TOpHIN Teopii KpiOMOIIKOMKEHHS, TePMOJAUHAMIY-
Hill Teopii TOMOTeHHOI KpHCTaji3amii Ta 3araibHii
Teopii MPOIIECiB AKTUBAIIHOTO THILY.

Nitepatypa

1. TopaieHko €0, lopaieHko Ol, MapyuwieHko BB, Ta iH. Yoocko-
HaneHa Mopenb MacVMBHOTO MacoMepeHocy Kpisb nnasma-
TUYHY MembpaHy KniTuHu. Biodisnynnin BicHuk. 2008; 21(2):
75-80.

2. NaHpay A, Nudwwuy EM. Ctatuctnyeckasn cpwmsmka. Y.1. Mo-
cksa: Hayka; 1976. 584 c.

3. TogpwH A®, MNMonueHeHko JIN, KoBaneHko CE. Tennodumaunye-
Ckue CBOWMCTBa KpuonpoTekTopos. |. TemnepaTypa n Tennota
nnaenenuns. lpobnembl kpuobuonorun. 2009; 19(2): 163—
76.

4. Chang T, Zhao G. Ice Inhibition for Cryopreservation: Materials,
Strategies, and Challenges. Adv Sci (Weinh). 2021; 8(6):
2002425.

5. Fahy GM, Wowk B. Principles of Ice-Free Cryopreservation
by Vitrification. Methods Mol Biol. 2021; 2180: 27-97.

6. Gordiyenko OlI, Kovalenko SYe, Kovalenko IF, et al. Theoretical
estimation of the optimum cooling rate of a cell suspension
at linear freezing modes based on a two factor theory of
cryodamage. CryoLetters. 2018; 39(6): 380-5.

7. Hunt CJ. Cryopreservation: vitrification and controlled rate
cooling. Methods Mol Biol. 2017; 1590: 41-77.

8. LiR.,YuG., Azarin SM, Hubel A. Freezing Responses in DMSO-
Based Cryopreservation of Human iPS Cells: Aggregates
Versus Single Cells. Tissue Eng Part C Methods. 2018; 24(5):
289-99.

9. Mazur P. Theoretical and experimental effects of cooling and
warming velocity on the survival of frozen and thawed cells.
Cryobiology. 1966; 2: 181-92.

10.Mazur P. The role of intracellular freezing in the death of cells at
supraoptimal rates. Cryobiology. 1977; 14(2): 251-72.

11.Mazur P. Freezing of living cells: mechanisms and implications.
Am J Cell Physiol. 1984; 247(3): 125-42.

12.Mazur P, Leibo SP, Chee EHY. A two factors hypothesis
of freezing injury. Cell Res. 1972; 71: 345-85.

13.Moussa M, Dumont F, Ferrier-Cornet JM. Cell inactivation
and membrane damage after long-term treatments at sub-
zero temperature in the supercooled and frozen states.
Biotechnol. Bioeng. 2008; 101(6): 1245-55.

14.Pegg DE. Principles of cryopreservation. Methods Mol Biol.
2015; 1257: 3—19.

15.Poisson JS, Acker JP, Briard JG, et al. Modulating Intrace-
llular Ice Growth with Cell-Permeating Small-Molecule Ice
Recrystallization Inhibitors. Langmuir. 2019; 35(23): 7452-
58.

16.Wesley-Smith J, Walters C, Pammenter NW, Berjak P. Why
is intracellular ice lethal? A microscopical study showing
evidence of programmed cell death in cryo-exposed emb-
ryonic axes of recalcitrant seeds of Acer saccharinum. Ann
Bot. 2015; 115(6): 991-1000.

17.William N, Acker JP. Transient loss of membrane integrity
following intracellular ice formation in dimethyl sulfoxide-
treated hepatocyte and endothelial cell monolayers. Cryo-
biology. 2020; 97: 217-21.

npo6nemu Kpiobionorii i kpiomeaULMHN
problems of cryobiology and cryomedicine

Tom/volume 31, Ne/issue 3, 2021

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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