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Bcero 6onee 50 et npo1uio co BpeMeHH IePBhIX COOOIICHUH 0 BOCCTAHOBJICHUH XUBBIX KJIETOK MOCJIE BO3ICHCTBUS KPUOTEHHBIX
TEMIIepaTyp, HO C TEX MO HayKa KpHOOHOJIOT S IPOJIBHHYJIACH IAJICKO BIIEPE/l, BHECS BKJIAJ BO MHOTHE 00J1aCTH OMOJIOT U ¥ MEANLIUHEL.
KpuoxoncepBupoBaHue cTano IIaBHOH, pyTHHHON HpOLeAypoil B TakuX 0ONacTAX, KaK PenpoAyKTHBHAs MEIUIMHA YelIOBEKa,
pa3BeIeHUE KUBOTHBIX, XpaHEHHE B HU3KOTEMIIEPaTypPHBIX OaHKax KJIETOK pa3HbIX BUAOB (KaK IpO-, TaK U DyKapHOTOB), CO3IaHHE
KOJUTEKIIUH 3TAJOHOB KJICTOK, XpaHCHHE B KPHOOAHKAX KPOBH M HEOONBIINX TKaHEH. 3a 3TO BpeMs ObUT HAKOIUICH OOJIBIION 00beM
3HAHHI B TOHIMAaHUHT OCHOBHBIX MEXaHU3MOB, KOHTPOIHUPYIOLINX CMEPTh KIIETOK HJIH BEDKHBAHHE, H LIEITb 0030pa COCTOMUT B TOM, YTOOBI
H3JI0KHUTH NaHHYI0 HHpopManuio. Biepeny octaercst Takyke MHOTO BOIIPOCOB, PEIIUB KOTOPBIE KpHOOHOIOTHS BHECET CBOM BKIIAJ B
OMOTEXHOJIOTHIO M TKAHEBYIO HHIKEHEPHIO . DTH BOTIPOCH 00CYKIAI0TCS B JaHHOU padoTe.

Knroueswie cnosa: KpuoKOHCEPBUPOBAHHE, KPUOTIPOTEKTOP, TKAHEBAS HHKCHEPHSL.

Tpoxwu Oinblie SO pokiB MUHYJIO 3 4acy MEPLIMX I OBiJOMIICHB PO BiJHOBJICHHS )KUBHUX KIIITHH MicCH [il KPiOT@HHHUX TeMIleparyp,
ajie 3 TOro 4acy Hayka Kpio0ioJioris IpOoCyHyJach Jajieko BIepe] 1 BHecna CBiil Bkiaj B Oarato obnacrtei 6ionorii i MEAUIMHY.
KpiokoHCepBYBaHHS CTAlO TOJOBHOI, PYTHHHOIO IPOLEAYPOI0 B TAaKUX OONACTAX, K PENPOAYKTUBHA MEIMLIMHA JIIOJUHH,
PO3ILIOKYBaHHS TBAPHUH, 30epiraHHs B HU3bKOTEMIIEPATypHHUX OaHKaX KJIITHH PI3HUX BUIB (SIK MPO-, TaK 1 €yKapioTiB), CTBOPCHHS
KOJICKIIi] €TaJIOHIB KIIITHH, 30epiranHs B KpioOaHKaX KPOBi 1 )parMeHTiB TKaHUH. 3a 1ei 9ac Oyi1o HAaKOMMYEHO BEJMKHA 00’ €M 3HaHb B
PO3yMiHHI OCHOBHUX MEXaHi3MiB, SIKi KOHTPOIIOIOTh 3aru0eib KIiTHH a00 BIKMBAHHS, 1 METa JAHOTO OISy — BUKJIAJCHHS NaHOI
iHpopMarii. Y MaliOyTHROMY 3aJTHIIAETHCS TAKOXK 0araro MUTaHb, 3 BUPIMICHHIM SKHX KPio0ioJIoris 3p0OUTh BHECOK B 0i0TEXHOIIOTIIO
1 TKaHWHHY 1HKeHepito. L{i muTaHHS 00rOBOPIOIOTHCS y AaHIl poOOTi.

Kniouosi cnosa: xpiokoHCepBYBaHHs, KPIOMIPOTEKTOP, TKAHMHHA 1HXEHEIsl.

It is only just over 50 years since the first reports of recovery of living cells from cryogenic temperatures, but since then, the
science of cryobiology has progressed to make an impact in many areas of biology and medicine. Cryopreservation has become a
central, routine procedure in areas such as human reproductive medicine, animal breeding, banking of cells from many genera (both
prokaryotes and eukaryotes) to establish Reference Collections, and cryo-banking of blood and small tissues. During this time, a
considerable understanding has been accrued of the basic mechanisms which control cell death or survival, and the aims of the current
review are to set out this information. There also remain many challenges ahead, to expand the science of cryobiology in biotechnology
and tissue engineering, and these are discussed.

Key-words: cryopreservation, cryoprotectant, tissue engineering.

CoxpaHeHHe KU3HECTIOCOOHBIX KIIETOK, B YaCTHOCTU
M30JIMPOBAHHBIX WITH KyJIETUBHPYEMBIX, SIBIISETCS HEOTHEM-
JIEMOI COCTABIIIOIIEH KadeCTBeHHOM broTexHomoruw. [ 1o
CYTH, KJIETKH HEOOXOIMMO “TIPHOCTaHOBUTH BO BPEMEHH
9TOOBI 3aT€M BOCCTAHOBHTB TIPOOBI IS 3aMEHBI KYJIETYP,
YTpPaTUBILIMX POM3BOIUTENBHOCTD B PE3YIIBTATe CTAPEHNS,
13-3a MH(EKLUN T MEXaHHYECKOT O TIOBPEXKICHHSL, 8 TAIOKE
IU1sl o0ecTieyeHNsT HAIeKHOCTH TMPOAYKTa HEOOXOAUMO
CPaBHHUTb Pa3TMYHBIE POOBI C U3BECTHBIM TUTIOM KYIIBTYD.

The ability to preserve viable cells from a
particular isolate or batch culture is an integral
requirement of good product management in
biotechnology. In essence the cells need to be
“suspended in time” so that batches can be re-
vitalised to replace cultures which have lost
productivity through senescence, infection or
mechanical failure; also, the identity of various
batches must be validated against known type
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Takum 00pazom, 3T0 TpeOOBaHME TTOIPA3YMEBACT CPOK
XpaHCHUA Ha MPOTAKEHUHM MHOI'MX MECALCB U JICT. Ha
CEroHsI KpHOKOHCEPBHUPOBAHHE — €IMHCTBEHHBIN N3BECT-
HBIA METOJI, CITOCOOHBIN 0OCCIIEUUTh TaKoe AIMTEILHOE
COXpaHEHHUE KHU3HECTIOCOOHOCTH SZIEPHBIX KJIETOK MJIEKO-
NHMTAIONMX WK pacteHuil. [Iporece 3amopaxuBaHus-
BBICYIIMBAHHs (OMHMCAaHHBIN paHee) — TEeXHOJIOTHS,
TIOXOIAIIIAS TS MHOT X OaKTepHiA, TPOOB MITH BOZIOPOCIIEH,
HO YTO KacaeTcsl yKapUOTHIECKHX KIIETOK, TAKOU IPOIIecC
el11e He BOIIIEI B yCTAHOBHBIITYFOCS IPAKTHKY TIPUMEHEHIS,
XOTSI C HE/IABHETO BpeMEHH HHTEPEC K €r0 UCTIOB30BAHUEO
IUTs1 OoJiee CIIOMKHBIX CHCTEM BO30OHOBIIsIETCs. B pabote
MPUBOAUTCS 0030p TOTO, YTO HA CETOJHS W3BECTHO O
KPUOKOHCEPBUPOBAHNH, IIPEUMYILECTBA U HEJOCTATKU
CYILIECTBYIOIIMX METO/IOB, HOBBIE pa3paboTku. bymyT
00CyKIaThCsl HEKOTOPbIE HOBBIE MU 00 aJIETEPHATUBHBIX
MOAXONaX K XPaHEHHIO KIIETOK, & TAKOKE YCIEXH, JOCTHI-
HYTBIE B IaHHOH 00J1aCTH.

1.1.UcTopnueckue nepcrneKTuBbI
KOHCepBUPOBaHUS

Jns 5yKkaproTHUeCKHX KIIETOK KU3HEHHBIE MPOIIECCHI
3aBUCAT OT 3HAYMTEIILHOTO TTOCTOSIHHOTO TIOTPEOIeHHs
SHEPTUM JUTS TOICPYKAHMS JKI3HEHHBIX META00TMUECKIX
1 YIBTPACTPYKTYPHBIX (DYHKIIHH OCPEICTBOM MHOXKECTBA
HEPaBHOBECHBIX PEaKIMil. DTHU MPOIECCH TaKXKe B
3HAUYUTENIFHOW CTEIEeHU 3aBUCAT OT POJIM BOIBI Kak
YHUBEPCAJIBHOI'O PAacTBOPHUTENS U B O0ECHeYeHUH
(epmeHTaTHBHOM QyHKIMH. B3anMOoCBsI3aHHBIE TIPOLIECCH
MPOW3BOICTBA SHEPIUH, CUHTE3a M BOCCTAHOBJICHHUS B
KJIETKaX OCYIIECTBISIOTCS B BOJHOM OKPYXEHHH,
paslesiecHHOM Ha YHOPSAIOYEHHBIE JOMEHBI, KOTOPbIE
o0pazoBanbl rHAPOoGOOHEIMU OapbepamMu, MPeACTaB-
JICHHBIMU B BHJIE KJIETOYHBIX MeMOpaH, B TOM YHCIIE
IU1a3MaTHIeckoil MeMOpaHoil 1 MeMOpaHaMH BHYTpH-
KJIETOYHBIX OpraHeiul. JKH3HecrocoOHOCTh KIIETOK He
MOXET OBITh obecriedeHa 10 TeX TIop, TIOKa TEXHOJIOTHS
XpaHeHUs He OyleT 3allHIIaTh 5TH B3aWMOCBS3aHHbBIC
TIPOIIECCHI B KOMITTEKCE. JIF0OO# TIOMXO, IOy CKAFOIITHiA
KaKoH-TMOO0 COBUT XMMHYECKOTO PABHOBECHS B KIIETKE,
NPUBOIUT K JieTadbHOMY ucxony. Ilockonbky mpu
HOPMaJIbHOM TemIieparype Tejia OONBIIMHCTBY OHOXH-
MHMYECKHX PeaKLMii HeOOXOMMA MONIOXKUTENBHAS SHEPIUsL
AKTHBAIINH, CAMBIH TIPOCTOM CITIOCO0 3aMeITATh YKU3HECHHbIE
MPOLIECCHI — CHIDKEHHE CBOOOIHOM SHEPTHU PEarcHTOB
TIOCPEZICTBOM OXJIKACHHUA. TeM He MeHee OXJIayKIEHHE 10
runotepMudecknx temmepatyp (mo 0°C 6e3 3amopa-
KUBaHUA) 3()pPEeKTUBHO MPH MOAAEPKAHUU JKU3HE-
CITIOCOOHOCTH TOJIBKO B TOM CITy4ae, €CII 3TO KacaeTcs
COXpaHEH! B TEYEHNE YacOB WITH THEH B 3aBUCHIMOCTH OT
CIIO)KHOCTH KJIETOK. | MTIoTepMusi HE OCTaHABIMBAET
OMOXUMHUYECKHE PEaKIH, 1 META00IMIECKUE N3MEHEHHS
(HampuMep, POIYKIIMSA JIAKTaTa U3 HIFOKO3bI) MOT'YT JIETKO
ONPEIEIIATECS B OXJIKACHHBIX KJIETOYHBIX KYyJIBTYpax.
CymecTByeT MHOXKECTBO JaHHBIX IO BO3JEHCTBHUIO
TUNOTEPMHH HA CUCTEMbI MJICKOITUTAOLIHX, YTO HAXOIUTCS
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cultures for assured product safety. Thus the
requirement is for storage over a period of months
or years. Currently, cryopreservation is the only
known method capable of delivering such long-term
viability for nucleated mammalian or plant cells.
Freeze-drying (described previously) is a valuable
technology for many bacteria, fungi or algae, but
for eukaryotic cells, it is not yet in routine application,
although there has been renewed interest in the
recent past in applying it to more complex systems.
The text will review what is known about cryo-
preservation, the benefits and limitations of the
current methods, and new developments which have
found routine application. We will also discuss some
of the new ideas on alternative approaches to cell
storage, and describe the progress made so far.

1.1. Historical
preservation

For eukaryotic cells, life processes depend on a
large, continual, expenditure of energy to maintain
vital metabolic and ultrastructural functions through
a multitude of non-equilibrium reactions. These
processes are also heavily dependent on the role of
water as the universal solvent and facilitator of
enzymatic function. The inter-linked processes of
energy production, synthesis and repair in cells are
carried out in aqueous environments separated into
ordered domains by interpolation of the hydrophobic
barriers presented by cell membranes, equally
presented as the limiting plasma membrane and
those surrounding intracellular organelles. Viability
cannot be maintained unless the storage technique
protects these inter-dependent processes in a
cohesive manner. Any approach which permits a
random decline towards chemical equilibrium in the
cell is inevitably lethal. Since at normal body
temperatures, most biochemical reactions require a
positive energy of activation, the simplest way to
slow life processes is to lower the free energy of
the reactants by cooling. However, cooling to
refrigeration temperatures (down to 0°C without
freezing) is effective in maintaining viability only for
a matter of hours or days, depending on the
complexity of the cells. Hypothermia does not halt
biochemical reactions, and metabolic changes (for
example, production of lactate from glucose) can
be easily detected in cooled cell cultures. There is a
wealth of information on effects of hypothermia on
mammalian systems, which is beyond the scope of
the current discussion [19], but it suffices to say
that we have to proceed to far lower temperatures
to be able to retain cell viability. The concept of
‘frozen in time’ is very apt, since we must aim for
storage at temperatures where molecular inter-
actions are inhibited over the periods we need
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3a paMKaMH JIAHHOTO uccrenoBanms [ 19], Ho moctarodHo
CKa3aTh, YTO P15l COXPaHEHHS BBDKMBAEMOCTH KIIETOK MBI
JOJDKHBI TIepeiTH K Oojee HU3KUM TeMIIepaTypam.
Konnermms “3amopakriBaHust BO BDEMEHI BEChMa YIa4Ha,
MOCKOJIBKY CJIEAYEeT CTPEMUTHCSA K XPaHEHHUIO MPHU
TeMIeparypax, Koraa MOJIEKYJISIpHbIE B3aUMOACHCTBUS
HWHTHOMPYIOTCSI Ha MPOTSDKEHUH TPeOyeMoro mepuoaa
(rommp1). 10 MOKET OBITH TOCTUTHYTO TOJBKO MPH HU3KHX
CyOHyIeBbIX Temreparypax. OcHOBHasI mpodyieMa — poitb
BOJIBI B KJIETOUHBIX MPOLIECCaX M 3aKOHAaX (DH3HKH, YIPaB-
JISFOIIHX (PA30BBIM TTEpEXonoM Bobl B Jiex. (Ecim Ob1 Boma
He (hopMIpOBAIa KPUCTADTHI JIHA 110 -100°C, monrocpotHoe
XpaHeHue ObLI0 OBl OTHOCHTEIIFHO MPOCTOH OTepariyeii).

1.2. MpoGaembl hopMMpOBaHMSI AbAa B KAETKAX
TepMonuHaMyKa pa3BeAECHHBIX PACTBOPOB MOXKET
WCHOJB30BaThCS TS OIMCAHUS. I3MEHEHHH B KIIETOUHBIX
CYCIICH3USIX BO BpEMsl 3aMOPaKMBAHUS. XUMHUUECKUIL
MOTEHLIMA UICAITBHOTO, Pa3BECHHOIO PACTBOPA 3aBUCHT
OT TEMIIEPATYPbI, JABJICHHS 1 KOHLICHTPALMH PACTBOPEHHBIX
BemecTs. [ Ipy oxnmaxaeHnn e Hen30eXKHO 3aporKIaeTcs
BHE KJICTOK B OKpy>karoriel cpere. (PopMupoBaHue baa
BHYTPH KJIETOK — 3ala3pIBaroliee COOBITHE B TPOIIECCe
OXJIKIEHMs, KaKk OyJeT OmMcaHo Jlajiee, 1 HUKOTAA He
BO3HHKACT IPX HEKOTOPBIX O0CTOSITENFCTRAX ). Temrieparypa,
TIPH KOTOPOM 3TO TIPOFICXOIMT, OYAET OMPEAEIIATECS COCTABOM
PacTBOPOB M CaMMM HPOLIECCOM 00pa30BaHMS 3aPOIbILIIEH
KpUCTAITM3ALMH. J{151 KIIETOUHBIX KYJIBTYp B HOPMAJIbHOM
cpe/ie paBHOBECHAS TOUKA 3aMOPaKUBAHKS (VITU TUTABJICHN)
COJIEBOM CMecH cocTaBisgeT okoio -0,55°C (3to Taroke
TEMIIEpaTypa, PX KOTOPOK MOYKHO OTIPEIEITUTh SHTAIBIIMIO
[IJIABJICHUS ), HO TIPU TAaKOW TeMIeparype 3apojibl-
eo0pa3zoBaHUe MPOUCXOMUT HewacTo. [IpakTuuecku
pacTBOPHI YacTO HE 3aMep3aroT J0 TeX MOp, IoKa He
OXJIAJIATCS HA HECKOJIBKO TPaJlyCoOB HHIKE JAHHOW
PABHOBECHO! TOUKH ILJIABJIEHUS — B JAHHOM CITy4ae TaKou
PacTBOp Ha3bIBACTCS CBEPXOXJIKICHHBIM HIIM TOYHEE
TIepeoXIKICHHBM [ 18]. DTO MPOMCXOMUT MOTOMY, UTO TSt
o0pa3oBaHus Jibja TPeOyeTCs 3apoIbieo0pa3oBaHue,
Cco3/1atoILee MOBEPXHOCTH paszena (a3 »KUIKOCTb ~-TBEpIIOe
Teno. [locrenyroiiee cHIKeHHE TeMITIepaTyphl yBEITTINBACT
CTaTUCTHYECKYIO BEPOSTHOCTh OOpa30BaHUS 3apOJIbIIIa
JbJa HACTOJBKO, YTO CBEPXOXJIAXKICHHBIH PacTBOP
Hen30eXxHO OyzieT 00pa3oBbIBATH JIe] (3TO METACTA0MIBHOE
COCTOSIHUE), ¥ OXJIKIICHHAS BOlla He OyJIeT OCTaBaThCs B
JKAIIKOH (hopMe 110 OECKOHEUHOCTH (JI0 TeX TIOp, IIOKa IPyTrHe
(hmrHecKye mapaMeTphl B CHCTeME Oy/TyT H3MEHSTHCS, Kak,
HaInpHuMep, CUITHEHOE MOBBIIIIeHNE TaBieHrst). O0pa3oBaHue
3apOIpIIIIa, CKOPEEe BCETO, YCKOPSAETCS PHUCY TCTBYIOIIMHU
B pPacTBOPE MaJICHPKUMH YaCTHUIAMH, KOTOPBIE IIPUHAMAIOT
y4dacTHe B YIOPSIOUYCHUH MOJICKYJ BOJBI, — SIBIICHUE,
Ha3BaHHOE TeTePOTreHHON Hykteanuel. (B crenmanpHo
TIPUTOTOBIIEHHBIX 00pa3Iiax YMCTON (PUITETPOBAHHON BOJIBI
B BUJIE MAJICHBKUX Kallellb BO3MOYKHO OXJIKACHHE 10
ropaszo 0oree HU3KHUX TeMIepaTyp, ommskux k -40°C, mpu
KOTOPBIX TIPOUCXOUT TOMOTEHHAsI HyKJICallHisl, KaTaI3H1-
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(years). This can only be achieved at deep subzero
temperatures; the over-arching problem is the
central role of water in cell processes, and the
physical laws dictating the phase transition of water
to ice. (If water did not form ice crystals until
-100°C, long-term storage would be a relatively
simple operation).

1.2. The problems of ice formation for
cells

The thermodynamics of dilute solutions can be
used to describe the changes in suspensions of cells
during freezing. The chemical potential of an ideal,
dilute solution is related to temperature, pressure
and concentration of dissolved solutes. On cooling,
ice invariably nucleates outside cells in the
surrounding medium. (The formation of ice inside
cells is a delayed event in the process of cooling, as
will be described below, and may never happen in
some circumstances). The temperature at which this
occurs will be dictated by the content of solutes,
and the process of nucleation itself. For cell cultures
in normal medium, the equilibrium freezing (or
melting) point of the saline mixture is about -0.55°C
(this is also the temperature at which the enthalpy of
melting can be detected), but at this temperature
nucleation events are infrequent. In practical terms,
solutions often will not freeze until cooled several
degrees below this equilibrium melting point — the
solution is said to be super-cooled (or, [18], more
correctly, under-cooled). This is because ice
formation requires a nucleation event which creates
a solid to liquid interface. The further reduction in
temperature increases the statistical likelihood of ice
nucleation such that the super-cooled solution will
inevitably form ice, it is a meta-stable state and the
cooled water will not remain in the liquid form
indefinitely (unless other physical parameters in the
system are altered, such as a large increase in
pressure). Nucleation events are most likely to
catalysed by small particles in solution which assist
the ordering of the water molecules, an event called
heterogenous nucleation. (In specially prepared
samples of pure water subjected to filtration and
maintained in small droplets, it is possible to cool to
much lower temperatures close to -40°C, at which
homogenous nucleation occurs, catalysed by
molecular interaction of water molecules themselves
[18], but this is not a practical way of cooling cell
suspensions). The changes in physical orientation
of water molecules in liquid water and in ice are
beyond the current discussion (see [56], for
descriptions) but in simple terms, water molecules
in ice become hydrogen bonded to a group of four
other water molecules in a tetrahedral orientation,
in such a way that the solvent interactions with other
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pOBaHHas! B3aMMOZICHCTBHEM MOJIEKyI BofIbI [ 18], HO 3TOT
METOJ HE MOKET OBITh MCIIOIB30BaH IS OXJIKICHHS
KJIETOYHBIX CycrneH3uil). M3menenus ¢usnueckoi
OpHUEHTALY MOJIEKY )KUIKOH BOZIBI M JIbJJa HE OTHOCSTCS K
JTAHHOMY HCCIIEIOBaHUIO [56], HO, €Cii TOBOPUTH KPATKo,
MOJIEKYJIBI BOABI B KPUCTAJUIE JIbAA COEIUHSIOTCS
MIOCPEZICTBOM BOAOPOHBIX CBA3EH C TPYIIOHN U3 YEThIpEX
JPYTUX MOJEKYJ BOIBI B TETPAIPUUECKON KOH(OpMALH
TaKuM 00pa3oM, YTO B3aMMOJICHCTBHE PACTBOPHUTEIS C
JIPYTUMHU PAaCTBOPEHHBIMH BEIIECTBAMH B MCXOTHOM
pacTBOpe He OCYLIECTBISETCS — JieH KPHCTALIN3UPYyeTCs
B BHZIC YNCTOH (ha3bl, BBEITECHSSI HOHBI M IPYTHE PacTBO-
PEHHBIE BEIIECTBAa B OCTATOYHBII, YACTHYHO 3aMOPO-
JKEHHBIH PacTBOpP. DTO YBETUYHUBAET OCMOJISIPHOCTD
OCTaTOYHOIO PacTBOpa BO BHEKJIETOYHOM KOMITApTMEHTE,
CHIDKAsI XMMUUYECKUH MOTEHIINAI BHEKIETOUHOTO pacTBOpa,
B CPAaBHEHNH C XUMITIECKHM IOTEHIMATIOM BHY TPHKIICTOUHON
BOIIBI IIPH JAHHOH Temrieparype. Bona Oyner ymeHbIIarh
TPaJIMeHT XUMHYECKOTO TIOTEHIMANA, BhI3BIBAs OCMO-
THYECKUIA CTpecC M CHWKEeHHE KileToyHoro oobema. [lpu
TIOCIIEYIOIIEM OXJIKIEHNH KPUCTAIITBI JTb/IA IIPOJIOJDKAFOT
pacTH, yBeIMUHBAsi COZIEpPYKaHNe PACTBOPEHHOT'O BEIIIECTBA
B OCTaTOYHOM PACTBOPE TAKKM 00Pa30M, UTO KOHIICHTPAIHH
B OCTaTKe TOPSAKA 5 MOJIb MOTYT OBITH TOCTHTHYTHI TIPH
temmeparype -25°C [23]. Mazur [28] oy« cucteMy u3
4-X ypaBHEHHMI 151 OTMCAHKS TAHHOTO TIPOLIecca, KoTopast
npuBoautcst B padore [30].

Baxmwetimme ¢pakTopbl, KOTOPEIE OMPEICIIIOT, KaK
WMEHHO ONpE/IETICHHBIH TUIT KJIETOK OyleT oTBeyars Ha
OXJIQXKIICHHE TIPH CYOHYJIEBBIX TEMIIEpaTypax, BKITFOYAFOT
TaKXKE XapaKTEPHCTUKH, OMHCHIBAIOIINE OCMOTHYECKHE
TapaMeTphI KIETKH (MPOHULIAEMOCTb KIIETOYHON MEMOpPaHbI
JU1s1 BOJIBI M TIOBEPXHOCTHO -00BEMHOE COOTHOITICHHE KIIETKH),
V3MEHEHHE BOIHOH IMPOHMLIAEMOCTH IPH OXJIKICHHH, BpEMS
Y TEMITEpATypy OXJIXKICHIS, a TAKKE MI3MEHEHHE JIaBJICHIS
rapa ¥ CofiepyKaHNs PaCTBOPEHHBIX BEIIIECTB BO BHYTPH-
KJIETOYHBIX ¥ BHEKJIETOUHBIX PACTBOpPAX MPH pOCTe (ppaKimn
np1a. C IOMOIIBIO0 AKCIEPUMEHTATIBHOTO M3MEPEHHs U
TEOPETUUECKOTO BBIYMCIICHHUS ITUX XapaKTEPHUCTHUK, IO
YKa3aHHOM cucTeMe ypaBHEHMH Mazur mokasal, 4To
PacCUMTaHHBIE PE3YIIBTATHI OXJIAXK/ICHNS KIIETOK MOTYT B
OITIPEJIETICHHOM CTETIeHN COOTBETCTBOBATH HAOMFOIAeMbIM
M3MEHEHHSIM B KIIETKAX MPH OXJIDKISHUHN JI0 CyOHYIEBBIX
temneparyp [30]. Eciu ckopocTy OXJTaxIeHUS HU3KHUE U
BOJIHAs TIPOHHUIIAEMOCTh 4epe3 KICTOYHYI0 MeMOpaHy
OCTaeTCsl B PaBHOBECHH C M3MEHEHHEM JIaBJICHHS Tapa
pacTBOpa, KIETKH MOTYT TOIIep>KUBaTh dPQeKTHBHOE
OCMOTHYECKOE PABHOBECUE C KOHIICHTPUPOBAHHOM JIEASTHOM
Martpurieid. Ecim oximaxaeHwe mpon3BOANTCS ¢ OBICTPHIMI
CKOPOCTSIMH, TaK YTO TEPEOXJIAKICHHAS BO/IA OCTAeTCs
BHYTPH KJICTKH, TO OyZIET CYIIIECTBOBATH OOJIBITIAST BEPOSIT-
HOCTh 00pa30BaHusI BHY TPUKJICTOYHOTO JIB/A, 9TO OOBIYHO
BBI3BIBAET CMEPThH KIIETOK. JTO JIBE COCTABIISIOIINE
JUATIEMMBIL: TIPH MEJJICHHOM OXJIKICHUN KIICTKH BhIZIEp-
JKHUBAIOTCS OOJIee NTUTENBHOE BPEMsI B THIICPTOHUYECKOU
cpeze ¢ koHUeHTparyei B 30 pa3 BblILLie, YeM KOHIICHTpaLHs
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solutes in the original solution are restricted — ice
crystallises as pure water, excluding the ions and
other solutes into the residual partially-frozen
solution. This increases the osmolality of the residual
solution in the extracellular compartment, lowering
the chemical potential of the external solution
relative to that of the intracellular water at the given
temperature. Water will move down this chemical
potential gradient, causing an osmotic stress and a
reduction in cell volume. As cooling proceeds
further, ice continues to grow, increasing the solute
content of the residual solution such that con-
centrations in excess of 5 molal can be reached by
the time temperatures of -25°C have been passed
[23]. Mazur [28] has described four simultaneous
equation to describe this process, and a full
description is given in [30]. The dominant factors
which dictate how a particular cell type will respond
to subzero cooling include those describing the
osmotic characteristics of the cell (the water
permeability of the cell membrane and the surface
area/volume ratio of the cell), the change of water
permeability with cooling, the time and temperature
of the cooling event, and the change in vapour
pressure and solute contents of intracellular and
extracellular solutions as the fraction of ice
increases. By measuring or computing these factors
into the equations, Mazur has shown that the
predictive outcomes during cell cooling can, to a
reasonable degree, match the observed changes in
cells during subzero cooling [30]. If cooling rates
are low, and the water permeability of the cell
membrane remains in balance with the changing
vapour pressure of solution, the cells can maintain
effective osmotic balance with the concentrated ice
matrix; if the cooling is faster, such that super-cooled
water remains inside the cell, then there is a strong
likelihood that this will nucleate intracellular ice,
commonly associated with lethal cell damage. These
are the “horns of the dilemma”; cool slowly and the
cells are exposed for prolonged periods to a
hypertonic medium more than x30 time higher than
isotonic media needed for normal survival (such an
osmotic stress can cause irreversible breakdown in
membrane structures and destabilise proteins); cool
rapidly and intracellular ice can be formed. This
has come to be known as the “2-factor” hypothesis
for cell injury during cryopreservation [21] and will
be described below.

On further cooling, physical changes in the frozen
solution can be detected even below -80°C. For
simple saline solutions, the increase in sodium
chloride as ice forms leads to a point of crystal-
lisation of the residual salt/liquid/ice mix at the
eutectic temperature (measured to be -21.2°C).
However, in biological samples such as cell
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HM30TOHHYECKOM Cpezbl, HEOOXOMMMOH TSI HOPMATHLHOTO
BBDKHMBAHYIS (TAKOH OCMOTHYECKHI CTPECC MOYKET BBI3BATH
HeoOpaTUMoe MOBPEKACHUE CTPYKTYP MEMOpaHbl U
JecTaOMITM3UpOBaTh OEJKH); TIPU OBICTPOM OXJIKICHHUH
MOXeT 00pa3oBaThbcsi BHYTPHUKICTOUHBIN Jien. Takoe
paccMOTpeHHe W3BECTHO Kak IBYX(aKTOpHask TEOpHsi
TIOBPEXACHUS KIIETOK IIPU KPHOKOHCEpBUpOBaHUH [21], n
Oy/IeT OIMCaHO HIDKE.

[pu nocnemytommeM OXIaKICHNH (PU3MIECKHE U3Me-
HEHHS B 3aMOPOKEHHOM PacTBOPE MOTYT OTPEIEIATHCS
naxxe npu -80°C. ISt MPOCTBIX CONEBBIX PacTBOPOB,
YBEJMUCHUE KOHIICHTPAIMK XJIOPUJIA HATPHUS 10 Mepe
00pa30BaHYs1 JIb/la IPUBOAMT K KPUCTA/UIM3ALIMK OCTATOHHOM
CMECH CONB-KUJIKOCTB-JIE/I TIPU IBTEKTHUIECKON TeMIIe-
parype (-21,2°C). OnHako B TakuX OMOJOTHYECKHX
00pa31ax, Kak CyCIeH3HH KJIeTOK, COJCPIKAILIX CIIOMKHbBIE
cmecu (ocdonunuaoB B MeMOpaHax, OSKH U JpyTHe
BBICOKOMOJIEKYJISIPHBIE PaCTBOPEHHBIE BELIECTBA, CYIIIEC-
TBOBAaHHE TaKOH YUCTOW HBTEKTHKH MAJO BEPOSITHO.
Habnionenus: ¢ momMouipio KaaopuMeTPHYECKOTO H
TEPMAITFHOTO aHAITH30B [ 7,26], a TAKXKE C HCTIOIb30BaHIEM
KPHOMHKpOCKoTia [49] MoKa3bIBaIOT, YTO OCTATOYHAS,
BBICOKOKOHIIEHTPUPOBAHHAS BS3KAsi CMECH TPETEepIIeBaeT
nepexo]] B CTEKJIOBHIHYIO MaTpHIy B JUara3zoHe
temmeparyp ot -100 no -120°C. [o Tex mop, ToKa Takoe
COCTOSIHUE He OyJieT B KOHEYHOM HTOTe JIOCTHTHYTO,
HacToslIee AOJTOBPEMEHHOE COXpaHEHHUE >KH3He-
CIIOCOOHOCTH HEBO3MOYKHO. JTO CUMTAETCS OJHOH M3
MPUYMH, [I0YeMY KJIETKH MOTYT XPaHUTHCS TOJIBKO B TEUCHHE
HEKOTOPOT'0 BpeMEHH (HECKOTBKO HEZIENb HITH MECSILIEB) TIPH
-80°C; npu 3TOM Temmeparype BCE €IE MPOUCXOANUT
MeAJIeHHas, HO TMOCTOSHHAs Jerpajanus MOJEKYI,
HECOBMECTHMasI C KJIETOYHOM BbDKUBaeMOCThIO. [IprBe-
JICHHBIE JTAHHBIE TIOKA3bIBAIOT, YTO YIPaBJIEHNE YCIIOBUAMU
OXJIQXKJICHHS SIBIISIETCS Ba)KHOH YaCTBIO YCIEIIHOTO
KOHCepBUpOBaHUsL. TeM He MeHee, riepest Ooree JIeTaIbHbIM
00CY’K/IEHIEM 3TOTO BOIPOCa MBI JOJDKHBI YKa3aTh, YTO
KJICTKM MJICKOITMTAIOIIMX HE MOTYT BHDKHMBATH KaK TMPH
OBICTPOM, TaK U MEJICHHOM OXJILKICHUN O3 T00aBIeHNS
3AIUTHBIX WM 3aMEIIAIOIINX PACTBOPEHHBIX BELIECTB,
W3BECTHBIX KaK KPUOIPOTEKTOPBL.

1.3. PoAb KpMONpOTEKTOPOB B 3aMOpaXMBAHUU
KAETOK

Hcropus ycrnemHoro KpuoKOHCEpBUPOBAHHUS OTHO-
CHTENFHO KOpoTKa. Beero 50 et mporwio ¢ Tex mop, Kak
MOSIBUJIMCH COOOIEHUsI 0 paboTe MO0 COXPAHCHHIO
JKI3HECTIOCOOHBIX KJIETOK (B JAHHOM CIIy4ae CIIEPMBI
rieryxa) [45], ¥ UCTOpHS ITOTO yCIeXa TaKKe SIBIISETCS
WICTOpHEN MOMCKa KpHonpoTeKTopoB. [lepBrIii ycriex Obut
CBS13aH TOJIBKO C UCIIONTF30BAHUEM OTHOCHTEIHHO BBICOKHX
KOHLEHTpauui nmueprHa. C Toro BpeMEHH MHOKECTBO
HCCIIEIOBAaHNI OBLIO MOCBSILIECHO BELECTBAM, KOTOpBIE
MOTYT OBITh MCHOJNIB30BAaHbI KaKk KpHonpoTekTopbl. [Ipu
paboTe Ha KpHOKOHCcepBrpoBaHHeM 3putpormTos Lovelock
[24] naeHTAUIMPOBAT IIEHTPATHHBII MEXaHU3M 3aIlUTHI,
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suspensions, containing complex mixtures of
phospholipids in membranes, proteins, and other high
molecular weight solutes, it is unlikely that such a
clear eutectic exists. The evidence from calorimetric
and thermal analyses [7,26], and from observations
using a cryomicroscope [49] suggests that the
residual, highly concentrated, viscous mixture
undergoes a transition to a glassy matrix, at
temperatures between -100 to -120°C. It is not until
this state has finally been achieved that true, long-
term preservation of viability can be maintained.
This is thought to be one reason why cells can be
stored only for an intermediate time (few weeks or
months) at -80°C; there is still slow but continuous
molecular degradation at that temperature which is
incompatible with cell viability. From these
descriptions it will be obvious that control of the
conditions of cooling are an important part of
successful cryopreservation. However, before
discussing this in more detail, it should be pointed
out that mammalian cells cannot survive either fast
or slow cooling without the addition of protective or
compatible solutes, also known as cryoprotective
agents (CPA).

1.3. The role of cryoprotectants in cell
freezing

The history of successful cryopreservation is
relatively short. It is a mere fifty years since the
seminal paper on recovery of viable cells (in this
case fowl semen) was reported [45], and the story
of that success is also the story of the identification
of cryoprotectants (CPA). It was only by the use of
relatively high concentrations of glycerol that this
first success was achieved. Since that time, several
investigations have focused on agents which can
be used as CPA. Working on cryopreservation of
red cells, Lovelock [24] identified a central
mechanism of protection when he hypothesised that
agents such as glycerol can act as colligative
effectors at the concentrations used in cryopreser-
vation; they could be added in high concentrations
(in excess of 10% w/v), at which level they would
significantly reduce the quantity of ice formed at a
given subzero temperature (i.e. act by a solute
depression of freezing point on a molar basis).
Lovelock identified a range of neutral solutes,
including dimethyl sulphoxide (Me,SO) which
possessed such activity, but (of equal importance)
could be tolerated by cells without lethal toxic
effects. One important point which was established
early on [24] was that the CPA needed to be present
in both intra- and extracellular solutions, and thus
the cell membrane permeability for a given CPA is
of great significance. Agents such as glycerol or
various sugars (including sucrose) also increase the

PROBLEMS
OF CRYOBIOLOGY
2003, N2



BBIZIBUHYB THIIOTE3y, YTO TaKHUe KPHOMPOTEKTOPHI, KaK
[JIMLEPHH, MOTYT JICHCTBOBATh KaK KOJUTUTAaTHBHEIE
3(deKTOpBI B KOHIIEHTPALUSX, UCTIONB3YIOLINXCS TIPH
KPHOKOHCEPBUPOBAHHH: OHU MOT'YT JOOABJISITHCS B BBICOKHX
KOHIIeHTparwsix (pepbiaronmx 10% macca/o0bem), mpu
KOTOPBIX OHHU 3HAYUTENIBHO CHIDKAIH OBl KOJIMYECTBO
00pa30oBaBLIEroCs JibIa NPY AAHHOH CYOHYNIEBOH TeMIle-
parype (T.e. aeficTBoBasI ObI MOCPEICTBOM CHIKEHUS
TOYKH 3aMOPa)KWBAHUSI PACTBOPCHHOT'O BEIIECTBa Ha
MOJISIpHO# 0cHOBE). Lovelock aeHTr(HITpoBa HEKOTOPOE
KOJJMYECTBO HEWTPAIbHBIX PACTBOPEHHBIX BEIIECTB,
BKITFO4ast umeTIICyIbgoken (IMCO), koTopble XapakTe-
PPY3OBAIHCH TAKAMU YK€ CBOHCTBAMH, HO (YTO TAKOKE BKHO)
MO ObI TIEPEHOCHUTHCS KIETKaMU 0e3 JeTallbHbIX
TOKCUYECKUX BO3AEHCTBUI. BakHBI MOMEHT, OOHA-
PYKEHHBII paHee [24], 3akmrodancs B TOM, UTO KpPHO-
MPOTEKTOPHI JOJDKHBI MPHCYTCTBOBATH KAK BO BHYTPH-, TAK
1 BHEKIIETOUHBIX PaCTBOPAX, M TAKKM 00pa30M OUEHb BayKHA
MPOHHIIAEMOCTB KJIETOYHONH MEMOPAHBI 17151 STHX BELIIECTB.
Takue BemecTsa, KaK DIMLIEPUH WIM Pa3IMdHbIEC caxapa
(BirOUAs caxaposy), TaKXKe YBEIWYHBAIOT BSI3KOCTh
pPacTBOpa [PK HU3KOH TEMITEPATyPe, 4TO MOKET IPHEKTHBHO
KAHETHYECKH MHTHOUPOBATh POCT KPUCTAILIOB JIbJIa TIPU
OXJIAKICHHUH, YCUIINBAs BEPOSTHOCTh JOCTHIKCHUS
CTEKIIOBaHKA. JTOT 3(DHEKT MOKET TOCTUTATHCS U TIPH
HICTTONB30BAHHH TAKMX BBICOKIX KOHIIEHT Al TIOMIMMEPHBIX
BEIIECTB, KAK IOMMATHICHIIMKONI. B 1aHHOM citydae 31oT
pacTBOp MOXHO Ha3BaTh ‘‘HEUNCAIBHBIM, TIOCKOJIBKY
coziepyKaHue JIbJa Py JAHHON HU3KOH TeMIleparype Bce
elle HIDKe, YeM MPeroaraioch, HO He MOXET ObITh
OOBACHEHO CTaTUCTHYECKU AOCTOBEPHBIM KOHLIECHT-
PALIIOHHBIM CHIYKCHHUEM TOUKH 3aMEP3aHHsL, TOCKOMIBKY 3TH
PPacTBOPEHHBIE BELLIECTBA MMEIOT BHICOKYEO MOJICKYJIIPHYIO
Maccy. Takum oOpa3oM, Uil KIETOK MIIEKOIHITAIOIINX
KPHOMPOTEKTOPBI MOTYT OBITh pa3zielieHbl HA HU3KO-
BBICOKOMOJIEKYIISIPHBIE, HO JUTsI CTAaHAAPTHBIX MPOLIETYP
KPHOKOHCEPBUPOBAHUS CYIIIECTBEHHBIM SIBIISIETCS UCTIONb-
30BaHHUE MPOHHUKAIOIIETO, HI3KOMOJIEKYIISIPHOTO KPHO-
3aITHOTO BEIIECTBA, AAKe €CIM OHO KOMOWHHPOBAHO C
JPYTUMH BBICOKOMOJIEKYIISIpHBIMU BeliecTBaMy. He Ob110
TOJTy4EHO CTaHJAPTHOM MPOLIETYPbl KPHOKOHCEPBHUPOBAHHST
U151 AEPHBIX KIIETOK MIICKOITUTAIOLIMX C UCTIONB30BAHUEM
TOJIBKO BHEKJIETOUHBIX KPHOIPOTEKTOPOB.

Ha pucynke npencraBneHa runorerideckas GpazoBas
quarpaMMma M3MEHEHHH B pacTBOpE, COAEpKaIeM
KPHO3AIIUTHBIE BEIIECTBA MPH 3aMOpaXuBaHuy. KprBas
maxsuyca (T ) cremyer yBenmuuBaromIerics KOHLIEHTpaLn
OCTaTOYHOT'O PacTBOpa 10 Mepe TOro, Kak 00pazyeTcs Jie/
B CHUCTEME B PaBHOBECHBIX yCIOBHUsX. Temmeparypa
TOMOIeHHOTO 3apozpineodpazosanust (T,) cHmKaercs ¢
YBEIIMYEHNEeM KOHIIEHTPAIMM PACTBOPEHHBIX BEIIECTB B
cMecH, HO o0pa3oBaHue JibJia OyJeT MPOUCXOIUTH NPH
Temmeparype, omm3koi k -50°C. IIpy BBICOKMX KOHIICH-
TpaUMsIX KPUO3AIIUTHBIX BEIIECTB YBEIUYHBACTCS
TeMIIepaTypa CTCKIIOBaHHS (Tg), HO PacCTEKIIOBaHHE MOYKET
npousoiitn Bo Bpemst Harpesanus (T,). B mpakmiueckom
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viscosity of the solution at low temperatures, and
this may effectively inhibit on a kinetic basis ice
crystal growth during cooling whilst enhancing the
likelihood of achieving a vitreous transformation.
This effect may also be achieved by using high
concentrations of polymeric agents such as
polyethylene glycol, and the effect in this case is
termed ‘non-ideal solution’ since the ice content at
a given low temperature is still lower than predicted,
but the effect cannot be assigned to a true molar
depression of freezing point since these solutes are
of high molecular weight. Thus for mammalian cells,
CPA can be divided into high and low molecular
weight categories, but it is essentially true for
standard cryopreservation procedures that a
permeating low molecular weight CPA is essential,
even if it is combined with other high molecular
weight agents. No routine cryo-preservation
protocols for nucleated mammalian cells have been
formulated usingonly extracellular CPA.

In Figure is a hypothetical phase diagram for
the changes during freezing seen with a CPA. The
liquidus curve (T ) follows the increasing con-
centration of the residual solution as ice forms in
the system under equilibrium conditions. The
homogenous nucleation temperature (T, ) is lowered
by increasing solute concentration in the mixture,

A C

Temnepatypa
Temperature

44—

K3B
CPA
100% 100%
I'mmoretnueckas (azoBas AumarpamMma JJjsi BOZHOTO
pactBopa kpuonporekropa (K3B) npu oxnaxkaeHnu 1o
Hu3KHX Temneparyp: T — kpupas nukBuayca (Uiu
IUIaBJIEHWS B PABHOBECHBIX yCJIoBHUAX); T, — KpuBas
TOMOI€HHOM HYyKJIealuu; Tg— KpuBas creknonepexona; T, —
KpHUBasi PaCCTEKIIOBAaHMS TIOCIIE OTOTPEBa; NOAPOOHOCTH CM.
myHkT 1.3.
A hypothetical phase diagram for an aqueous solution of
cryoprotectant (CPA) during cooling to low temperatures:
T - liquidus (or equilibrium melting) curve; T, —
homogenous nucleation curve; T, — glass transition curve;
T, — devitrification curve on warming. For explanations,
see Text 1.3.

Cocras
Composition

Bona
Water
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KPHOKOHCEPBUPOBAHHH (C MCIIONB30BAHUEM HAYaTbHBIX
KOHIICHTpamuid Kpuo3amuTHeX BemecTB 10-20%
Macca/o0beM) CUMTaeTCs, YTO OKOHYATeIbHas CMeCh, B
OCHOBHOM, COZEPXKHUT JIe[ ¢ HEOOJbIIONW OCTATOUYHON
CTEKJIOBUAHOM MaTpUIIEH 13 KPUO3AILUTHBIX PACTBOPEHHBIX
Y BOJIOPAaCTBOpHMBIX BemiecTB. [loatomy B oOmacti A
BUTpU(DUKAIMSA MPAKTHIECKH HEBO3MOXHA, TaK KaK IPU
OXJIQXKJICHUH KaK T'eTepOr€HHOE, TaK U TOMOIE€HHOE
3apO/IBIIIICO0Pa30BaHUE TPOUCXOAUT MPU HU3KUX KOH-
[IEHTPANMAX KPUO3AMMUTHEIX BemecTB. B obnactu B
00pa3ipl MOTYT OXJIAXAaThCsA B YCIOBHSIX, KOIJa
(hopMIpOBaHME JTH/1a OCHOBHOI MacChl HHTHOMPYETCS, HO
MOTYT MPUCYTCTBOBATh MOTCHIMAIBHEIE 3apOIBIITI
KPHCTAJLIOB JIb/1a, KOTOPBIE IPUBEYT K ICBUTPUPUKALIAN U
KPUCTAJUTH3AIAN TIPU OTOTPEBE (C KOHIEHTPAIHSIMU
KPHO3AIIUTHBIX BewecTB okono 40-60%). 31o sBneHue
ObLTO HA3BaHO KaK “‘BIBOIHE HecTabmipHOE™ [15].

B Tabnmiie npencrasieH nepedeHs HanOoIee 9acTo
HCTIONB3YEeMbIX KPUO3AIIMTHBIX BellecTB. OH BKITIOUAET KaK
HU3KOMOJIEKYJISIPHBIE, MPOHUKAIOILME B KIIETKY BEIIECTRA,
TaK ¥ BBICOKOMOJICKYJSIPHBIC, BHEKJICTOYHBIE MaKpO-
MOJIEKYJIBL.

ITose3HpIM MOYKET OBITH MCITOIBL30BAHNE KOMOMHALAI
KPHO3AIIUTHBIX BELIECTB [V YBEJIITIEHHS BRDKUBAEMOCTH.
Tak, Mpu KPUOKOHCEPBUPOBAHUM TaKHX THIIOB KJIETOK
MJIEKOTIMTAIOIIHX, KaK PEeAMMITIAHTAIIMOHHBIE SMOPHOHEI,
MIPOHUKAIOIINE B KIETKY KPHUO3aIIUTHBIC BEIIECTBA,
Harpumep, [IMCO, MOryT HCTIONB30BaThCs B COYETAHNUH C
JOOABIICHUEM CaXapoB, B YaCTHOCTH, caxaposbl [52]. OHa
MOXET JIeHiCTBOBaTh HECKOJBKUMH ITyTSIMHU, TTOMUMO
00BIYHOTO KOJUIMTAaTUBHOTO. B KauecTBe HelPOHMKAFOIIErO
PacTBOPEHHOTO BEIIECTBa caxap OyleT JeliCTBOBaTh Kak
OCMOTHYECKUI areHT, CHIKAIOUIUI CoNlepsKaHue BOIbI BO
BHYTPUKJIETOYHOM KOMITAPTMEHTE €Ie JO Hadaja
00pazoBanys Jb7a. Kak pacTBOPEHHOE BEIIIECTBO C BEICOKOM
BSIBKOCTBIO MPH HU3KKX TEMIIeparypax caxap OyleT Taroke
YBEJIMYMBATH BI3KOCTH CMECH BO BPEMSI 3aMOPaYKUBAHUS 1
CIIOCOOCTBOBATH MIEPEXOITY €€ B CTEKJIOBUTHOE COCTOSHHE.
[onoOHbIH AOHOTHUTEBHBIN 3((DEKT MOXKET OBITH IOy YeH
IIPH KCTIOJIb30BAaHUH TaKUX IOJIMMEPOB, KaK THUAPO-
KCHUATHJIKPaxMall B KOMOMHAIIUK C TPaJUIIOHHBIMU
KpHO3alIUTHBIMU BerlecTBamy, kak JIMCO, npu kpuo-
KOHCEPBUPOBAHHUH CTBOJIOBBIX KJIETOK KOCTHOTO Mo3ra [55].
B HekoTophIx citydasix 100aBieHIE TOMMMEPHBIX BEILIECTB
JIenaeT BO3MOKHBIM CHIDKEHHE HEOOXOIMMOM KOHIICHTPAITAN
TIPOHUKAIONHX B KIETKY KPHUO3AIIUTHBIX BEHIECTB, YTO
ARISAETCS TIPENMYIIIECTBOM, €CJIM CYILIECTBYET OMACHOCTh
TOKCHYECKOTO BO3JCHCTBHS HU3KOMOJIEKYJISIPHBIX BEILIECTB
[54,55].

Eme ogHuM CBOMCTBOM KpHMO3AIIUTHBIX BELIECTB
(KOCBEHHO CBSI3aHHBIM C YBEJIMYEHHEM CTETIeHH 00€3BO-
JKUBAHUs) SIBIIIETCS. CIIOCOOHOCTh CTa0MIIM3UPOBATH
CTPYKTYPBI [IOCPEACTBOM H30MPATEIHHOTO HCKITFOUSHHS 13
THIPaTHOM OOOJIOUKH TAKUX BRKHBIX KJIETOUHBIX KOMIIO-
HEHTOB, KaK OEJKH WJIH JUIUIBI, COJAEPKAIIUXCS B
MeMOpaHHBIX OHCIOsIX. M3HaYaBHO JaHHAas TeopHs ObLIa
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but ice formation will occur by this route at
temperatures close to -50°C. At high concentra-
tionsof CPA, the glass transition temperature (Tg)
increases, but devitrification during warming can
occur during warming (T,). In practical cryo-
preservation, (using initial CPA concentrations of
10-20% w/v), the final mixture is thought to comprise
largely ice with a small residual glassy matrix of
CPA solutes and hydrates. In Region A, therefore,
vitrification is practically impossible, because on
cooling, both heterogenous and homogenous
nucleation occur at low CPA con-centrations. In
Region B, the samples can be cooled under
conditions where bulk ice formation is inhibited, but
potential ice nuclei can be present, which will de-
virtify and freeze on rewarming (with CPA
concentrations in the region of 40-60%). This has
been termed a “doubly-unstable” [15].

In Table 1 are shown a list of common CPA.
These include both the low molecular weight, cell
permeating agents and the high molecular weight,
extracellular macromolecules.

It can be beneficial to use additive combinations

ITepeueHb U3BECTHBIX KPHOIPOTEKTOPOB (Apyrue
PacTBOPSIOIINE BEMIECTBA UCIIONB30BAINCEH IIPH
CHy‘Iai/’IHBIX O6CTO$[T6J'[I)CTBaX, HO YKa3aHHBIC B CITUCKE
MIPUMEHSIIMCH 00JIee OJHOTO pasa)

A list of common cryoprotectants (other solutes have
been used in occasional circumstances, but those on the
list have been used in more than one application)

PacrBopsiioniue Beniecrsa c
HHU3KOMOAEKYASIPHBIM

Becom — OH (;E:lle::
Low molecular weight — OH g
solutes
I'aunepun Caxaposa
Glycerol Sucrose
OTUAEHTAMKOAD Pacdpdpunosza
Ethylene glycol Raffinose
ITponmAeHrAMKOAB Tperanoza
Propylene glycol Trehalose
MeTraHoA Copburoa
Methanol Sorbitol
OTaHoA
Ethanol
IToamaTrAeHOKCHA,

Polyethylene oxide

IToAnMepsI
Polymers

Apyrue Bemecrsa
Other compounds

T'mapokcusTuakpaxman (I'OK)
Hydroxyethyl starch (HES)

AAMETUACYAB(POKCHA,
Dimethyl sulphoxide

TToanBuHUATIIPpOAUAOH (TTBIT)
Polyvinyl pyrrolidone (PVP)

AnreraMup,
Acetamide

AeKCcTpaHbl
Dextrans

Bbrunii cLIBOPOTOYHBIN aAbOYMUH
Bovine serum albumin
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ommcana [3,59] u nmpuMeHsIIach ISl TEHCTBHS KPHO-
3aIUTHBIX BEIIECTB [9]. DTO UCKITIOUEHIE SHTPOIMYCCKI
HEBBITOZIHO, OHO PUBOIUT K CTAOMIM3ALIMA MAKPOMOJIEKYJL,
K Ype3MEpPHOMY OO€3BOKMBAHHIO BO BPeMsl MEJICHHOIO
3aMOPaKUBAHISL, YTO BBI30BET IECTAOITH3ALIMIO MEMOPAH.
Erme omyn ek, cBsizaHHBIN ¢ pe3KUM 00e3BOKHBAHUEM
BO BpeMsI MEIICHHOTO 3aMOPKUBAHKSL, SIBIISIETCS YACTHIO
TUIOTE3bl, YTO HEKOTOPBIE caxapa, HapUMep TPEeraiosa,
MOTYT JICHCTBOBATh KaK MOJICKYJIbI, 3aMEIIAIOIINE BOLY,
sarmiast GochoMIHIHbIC OMCIIOH OT ASCTAOITH3AL M [TPH
MEJUICHHOM 00€3BOYKHBAIOIIEM 3aMOpaKUBaHUU [2].
Tperano3a u mogoOHBIC BemecTBa OBLIN HICHTH-
(UIMPOBaHBI B TIPHPOJIC Y XOPOIIO aJaNTHPOBAHHBIX
OpraHU3MOB (HEKOTOpbIe BU/IBI MOMSPHBIX HACEKOMBIX),
CITOCOOHBIX MTEPEKUBATH 3aMOPAXKHUBAHKE [6 ], 11, BEPOSITHO,
nx 3 eKTsI OyIyT MOIOOHEL, 110 KpaliHel Mepe, YaCTHIHO
TEM, KOTOpbIe ObUIM MOMy4YEHBI B JTAOOPATOPHBIX HCCIIe-
noBaHMSIX. TeM He MeHee, CIeyeT OTMETHTD (M YKa3arh
MPUYHHBL, TIOYEMY TPErano3a He MOMKET MCIIONb30BAThCS
KaK €IMHCTBEHHOE KPHO3AIIMTHOE BEIIECTBO IS
YCTaHOBJICHHOH MPOIIEypbl OaHKMPOBAHKSI KIIETOK), YTO
Pe3yIBTaThl HAOMIONEHMSI B TIPUPOJIE TIOKA3BIBAIOT: IS
BBDKHMBAHUS TPETasio3a JIOJDKHA MPHCYTCTBOBATH BHYTPH
KJIETKH, a He TOJBKO B OKpY>KalOILel cpefie — HaceKoMbIe
CHHTE3UPYIOT caxap KaK 4acThb IMpoIecca aIanTalul K
xonoy. I lockoNbKy KITeTKH MIIEKOIIUTAIOLINX CI1a00 IPOHH-
LIaeMBbl IS TAKOTO POZA CaXapoB, CaMo I10 cede To0arIeHre
UX K KJIETKaM B CYCIICH3MU HE MOXKET 00ECICUUTh
MOJTHOLICHHYIO 3alUTy OT MOBPEKACHUS NPH 3aMO-
paxuBanuu. (Tem He MeHee, paccMaTpHUBAIOTCS HOBEHILINE
TIOIXOBI K JTAHHOM Tipo0rieMe, 1 OHU Oy/IyT 00CY>KIarThCst
nanee). Eme oqHo nmpenmymecTBo 100aBIeHUsS KpUO-
MPOTEKTOPOB CBSI3aHO € MX CIIOCOOHOCTBIO JIGHCTBOBATH
KaK JIOBYIIIKH CBOOOIHBIX pajIMKaiioB, Harpumep, JIMCO
SIBIIAETCS IOTEHIHATBHOM JIOBYIIIKOM CBOOOIHBIX PAMKAJIOB
U UX “CHUTHAIBI” OMPEACISUTHCH B KYJIBTypaX KJIETOK
pactenuii rpu kpriokoHcepBuposanud [ 17]. (Ckopee Bcero
TaKoe 00Pa30BaHKE CBOOOTHBIX PATUKAIIOB ITPOUCXOIUT H3-
32 aHOMaJBHOTO METa0OJIM3Ma B KJIIETKAaX, BOCCTaHAB-
JIMBAIOIUXCA TTOCTE KPUOKOHCEPBUPOBAHUS, YEM U3-3a
TiepBOHaYAITBHBIX (DEKTOB 00pa30BaHUs JIbJa per se, HO,
TEM HE MEHEe, JIOTIOHUTENIBHBINA 3(P(HEKT MOXKET UrpaTh
MIOCTOSIHHYIO OTIPEZIC/ICHHYIO POJb B YCIIEIIIHOM BOCCTa-
HOBJICHHUH KJIETOK HEMOCPEICTBEHHO MOCIIE OTTAUBAHMS).
BunHo, 4TO KpHO3alIUTHBIE BEIECTBA MMEIOT
pa3HooOpa3HbIil CHEKTp dPPEKTOB, KOTOPBIE MOTYT
JOTIOJHATE JIPYT Ipyra, €cid paccMaTpHBaTh JTO
MPUMEHUTENBHO JIs1 KaXIO0W OTAEJIbHON KJIETOYHOU
nonyssiid. Ho moka MHOIHe M3 yka3aHHBIX 3((EKToB
M3YYEHBI XOTS ObI YACTHYHO, HE CyIIECTBYET OIPEIETICHHOTO
TecTa, MO3BOJSIOIIETO WACHTU(PHUIMPOBATh B OyIyIeM
ONTUMAJIBHBIM PEXUM KPHO3AILUTHBIX BEIIECTB 0e3
MPEeBAPUTEIILHOIO TECTUPOBAHUSI HA BOCCTAHOBJICHUE
KJIETOK Iiepe]l PUMEHEHHEM B MOJIHOM o0beMe. Taroke
Oyzer OTMEUEHO, YTO MHOTME U3 3AILUTHBIX BO3NCHCTBUH
HaOJFONAOTCSL BO BPEMsI MEIUIEHHOTO 00€3BOKHBAIOLIIETO
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of CPA to maximise survival. For example, when
cryopreserving some mammalian cells types, such
as pre-implantation embryos, a cell-penetrating CPA
such as Me, SO may be used in combination with an
addition of a sugar such as sucrose [52]. This sugar
may act in several ways beyond the simple colligative
effect. As a non-penetrating solute, the sugar will
act as an osmotic agent, reducing the water content
in the intracellular compartment even before ice
formation begins. As a solute with a high viscosity
at low temperatures, the sugar will also increase
overall viscosity of the mixture during freezing and
facilitate the transition to a glassy state. A similar
additive effect can be gained using polymers such
as hydroxyl ethyl starch, in combination with
traditional CPA such as Me,SO in cryopreservation
of bone marrow stem cells [55]. In some cases,
addition of polymeric agents may permit a reduction
in the required concentration of cell permeable
CPA, which is of benefit if toxic effects of the low
molecular weight agent might be causing problems
in the system [55,54].

Another effect of CPA (indirectly related to
amelioration of the amount of dehydration) has been
the ability to stabilise structures by preferential
exclusion from the hydration layers of important
cellular components, such as proteins or lipids
comprising membrane bilayers. The theory was
originally described by Timasheff and colleagues
[59,3] and applied to the effects of CPA by Crowe
and colleagues [9]. Because the exclusion is
entropically unfavourable, it drives the stabilisation
of the macromolecules in the face of extreme
dehydration during slow freezing which would act
to cause molecular destabilisation. Another effect,
related again to extreme dehydration, has been
linked to the hypothesis that some sugars, such as
trehalose, can act as ‘water replacement’ molecules,
protecting phospholipids bilayers from undergoing
destabilisation during slow dehydrative freezing [2].
Sugars such as trehalose have been identified in the
natural world in highly selected organisms (such as
polar insect species) which can survive freezing [6],
and presumably their effects will be similar, at least
in part, to what has been hypothesised for laboratory
cryopreservation. However, a note of caution, (and
a probable reason why trehalose cannot be used as
sole CPA for routine cell banking) results from the
observation in nature that trehalose must be present
in the intracellular compartment, not only in the
surrounding environment, for survival — the insects
synthesise the sugar as part of a cold hardening
process. Since mammalian cells are only poorly
permeable to such sugars, simply adding them to
cells in suspension cannot provide full protection
against freezing damage. (However, novel approaches
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3aMOpaKUBaHMsL. PoJb KPUOIPOTEKTOPOB B 3aIlIUTE TIPH
OBICTPOM OXJIXKICHHH, KOTJa MOXKET 00pa3oBBIBATHCS
BHYTPHKJICTOUHBIH JIe1, OyAeT OIICaHa HIDKE.

Kaxumu Ob1 HE ObUTH 3a1IUTHBIE 3 EKTHI BRIOPaHHBIX
KPHOIPOTEKTOPOB, CYILECTBYIOT MPOOIEMBI TIPU HCTIONb-
30BaHUM JAHHBIX BELIECTB B JOCTATOYHO BBICOKHX
KOHIIeHTparmsix. Kparko Takoii dhekr MoxeT ObITh Ha3BaH
KaK SIBJICHUE OCMOTUYECKOH 1 XUMUYIECKOH TOKCHYHOCTH.
JobaprneHre POHMKAIONINX KPUO3AIUTHBIX BEIIECTB
(0OBIYHO B KOHITEHTpAITHSIX, BApEUpYONX My 10-15%
Macca/o0beM) MOABEpPraeT KICTKH OCMOTHYCCKOMY
cTpeccy, KOTOPBIA XOTSI U HE SIBIISICTCS TaKUM JKCTpe-
MAJIBHBIM, KaK BO BPeMsI CAMOTO OXJIXKIICHHIS, HO MOYKET
TIPEBBIIIIATH PAMKH TOJIGPAHTHOCTH TSt KIIETKH. Bo MHOTHIX
pabotax, Harpumep [41], ormichIBatOTCS H3MEHEHNs 00beMa
B KJIETKax (B JAaHHOM CJIy4ae MBIIIUHBIE OOLUTHI),
MOJBEP’KCHHBIX JEWCTBUIO KPHO3ALIUTHBIX BEILECTB.
OTMeuanoch 3HaYMTENBHOE M3HAYAIBHOE CXKATHE U
CHIDKEHHE 00beMa KITETKH 110 MEpe TOr0, Kak BOJIa BBIXOIMIIA
U3 Hee MoJ ACHCTBHEM OCMOTHYECKHX CHJL 3aTeM OHa
MIOCTENICHHO BXOJWJIA B KIIETKH TPH MPOHUKHOBEHUH
[IAIEPHHA B HUX — KIIETOUHBIH 00BEM MPH 3TOM MEJITICHHO
BOCCTaHABJIMBACTCS JIO M3HAYAIBHBIX ITOKA3aTesiel (laHHoe
IByx(hazHOE BIMSHUE Ha KIIETOUHBIA 00beM TIPOUCXOJIHT B
pe3ylisTare Toro, 4To B OOIIEM KJIETKH ropasio Oosee
MPOHUIIAEMBI ISl BOJIBL, YEM JJIsl HEUTPAJIbHBIX pacTBO-
PEHHBIX BELIECTB, UCIONB3YEMbIX B Ka4eCTBE KPUOIPO-
TEKTOpA).

INocne 3amuThl KIETOK CIEAYIOLIMM 3TarioM KpHO-
KOHCEPBUPOBAHISI SIBTISIETCs 00paTHast poLieaypa (yaajieH e
KPHONPOTEKTOPa U MEPEHOC KIETOK B HOPMAaIbHYIO
KyIBTYpaJlbHy'0 cpety). B 3ToM cirydae Oyier HaOmonarscst
0OpaTHBIN 3epKaJbHEIA APQEKT: Boga OyJIeT BXOIUTH
OBICTPO C TIOMOIIBIO OCMOCA B KJIETKY, HarpyXEHHYIO
KPHO3AIIUTHBIM BEIIIECTBOM, BBI3bIBAS PE3KOE YBEIIMUCHHE
ee o0beMa, KOTOpoe 3aTeM OyAeT 0OpaTMMO TOJIBKO
MIOCTEIIEHHO YMEHBINATHCSI TI0 Mepe BBIXO/a KpHO-
NPOTEKTOPa U3 KIETKH. DMITUPUUECKHE HAOIFOICHHS
TIOK23aJIM, YTO TAKUE OCMOTHYECKHE TEPEXOIBI SIBILIOTCS
JOIOJIHUTENBHBIM TOBPEKAAIOIINM (PAKTOPOM BCETO
PEXIMa KPHUOKOHCEPBUPOBAHHSL. 3MeHeHHs KIIeTOYHOTO
o0bema Bblie/Hrke £30% HOpMaTIbHOTO H30TOHHYECKOTO
00BbeMa I10Xo iepeHocstTest [4, 67. Takim 00pazom, aBHas
3a/1a4a MpY CO3JaHUHU YCIEIIHON METOIUKU — 3HAaTh O
CYLIECTBOBAHMH TAKHX H3MEHEHUI. 3Ty IPOOIeMY MOYKHO
MHHHUMU3UPOBATh, €CIIH JI00ABJIATH KPHOIPOTEKTOPBI U
OTMBIBaTh MX HEOOJIBIIMMH ITOCIIEIOBATEIFHBIMH [IIaraMH,
a He OTHOKPATHBIM HICTIONE30BAHUEM BCEH KOHIICHTPAIIUH.
Pa3mepbl Takux MIaroB MOTYT OBITH ONPEAEIICHBI IS
JAaHHOTO THIA KIETOK C IMOMOIIBI0 HCCIEIOBAHMS
OCMOTHYECKOH IPOHUIAEMOCTH ISt BOIIBI M PACTBOPEHHBIX
BEILECTB, a TAKKE JATbHEHIIEro pacueTa ONTHMAIBHOIO
JmanazoHa mmeHeHui [40, 67]. OcHOBHOE MpaBUIIo, KOTOPOe
MOJKET HCIIONb30BAThCS IS OOJIBIIMHCTBA TUIIOB KIIETOK,
COCTOHT B TOM, YTOOBI F30ETaTh JOOABIEHNS UITH YAAJICHHS
KPHO3AIMTHEIX BellecTB Imaramu Oombine, yem 0.5M, ¢
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to this problem are being considered and will be
discussed later). Yet another benefit from addition
of CPA has been linked with their ability to act as
free radical scavengers; for example Me, SO is a
potential radical scavenging agent, and free radical
‘signatures’ have been detected in plant cell cultures
following cryopreservation [17]. (It is likely that such
free radical formation is likely to result from
deranged metabolism in cells recovering from
cryopreservation, rather than from a primary effect
of ice formation per se, but never-the-less, this
added effect of CPA may play a consistent small
part in successful recovery in the immediate post-
thawing period).

It will be seen that CPA have a diverse range of
effects, which can be used in additive fashion when
considering application to a specific cell population.
However, although many of these documented
effects are at least partly understood, there is at
present no specific predictive test which can be used
to prospectively identify an optimal CPA regime,
without entering into preliminary testing on cell
recovery before full scale application. It will also
be noted that many of the protective effects have
been documented during slow dehydrative freezing.
The role of CPA in protection during rapid cooling,
when intracellular ice may be formed, will be
discussed later.

Whatever protective effects are sought by use
of chosen CPA, there are generic problems with
the use of these agents in the necessary high
concentrations. These can be summarised succinctly
as: osmotic and chemical toxicity. The addition of
the permeating CPA (commonly in concentrations
of between 10-15% w/v) imposes an osmotic stress
on the cells, which although not as extreme as
experienced during the cooling itself, can exceed
the tolerable limits for the cell. Studies such as those
reported in [41], record the volume changes in cells
(in this case, murine oocytes) exposed to CPA. There
was a large initial shrinkage and reduction of cell
volume as water flowed out under osmotic control,
to be replaced more gradually during the period
when the glycerol started to permeate into the cells,
shown by a slow recovery of cell volume towards
initial values (this biphasic effect on cell volume
results from the fact that in general cells are much
more permeable to water than to neutral solutes such
as used for CPA). Having protected the cell during
cryopreservation, the opposite procedure (removal
of the CPA and return of the cells to normal culture
medium) will be the desired goal (this will be
discussed later). In this instance, a mirror-image
reverse effect will occur; now water will flow by
osmosis rapidly into the CPA-loaded cell, causing
acute cell swelling, which is only gradually reversed

PROBLEMS
OF CRYOBIOLOGY
2003, Ne2



OTPEZIENIEHHOM Tay30i My MaraMu (IIPUMEPHO 5 MIH
nipu Temmeparype 20°C). Eme omwH crmoco0 yMeHbIIeHHS
OCMOTHYECKOTO TIOBPEXIEHHS MPH YAAJICHUH KPHO-
3aIIUTHBIX BEIIECTB 3aKJII0YaeTcs B J00aBICHHUH
OCMOTHYECKH aKTUBHOTO Oydepa Ha HaYaIbHBIX dTarax
OTMbIBaHUSL. J[71s1 OOBIMHO MCTIONB3yeMBIX KOHLIEHTPALMHA
Kpro3amuTHbIX BemecTB (T.e. 10% macca/o0bem)
J00aBIEHHE TAKOrO HEMPOHHKAFOLIIETO Caxapa, KaK caxapo3a
B koHmeHTpanuax 0.1-0.3M, MOXXeT mpenoTBpaTUTh
ypesMepHoe Habyxanue kietok [40]. HeocopumeiM
SRISIETCS TOT (PaKT, YTO HEOOXOAMMO TIPOBEPSITH BIMSIHHE
KPHOIIPOTEKTOPOB TPU 3KCHO3UIIUH U OTMBIBAHUH Ha
BOCCTaHOBJICHHE CIICITH(DITIHBIX (PYHKITIA KITETOUHOM JTAHIN
riepes; IFOOBIME CTaAMSIMU 3aMOpaXUBaHus. Takke He
BO3HMKAeT COMHEHHI, YTO IIPEIOTBPALIICHIE 3HAIUTENBHBIX
OCMOTHYECKHX MU3MEHEHUI MOXeT ObITh Aaxe Oolee
HEOOXOIMMBIM MOCIIe TIPOLIEIYP OXJIKACHHS U OTOTPEBa,
KOTOpBIE MOIJIY TIOBPEIHUTH TAKME KOMIIOHEHTHI KIIETKH, KaK
TUIa3MaTHIecKas MeMOpaHa (CM. HIDKE).

1.4. TloBpexaAeHne KAETOK BO Bpems
MEAAEHHOIO  OXADKAEHUS

BonbIIMHCTBO CTaHAAPTHRIX NPOLETYP KPHOKOHCED-
BHPOBaHUS B 0aHKaX KJIETOK OCHOBAHbI Ha FICTIONB30BAaHUN
ckopocreii oxnaxaenus B oonactyt 1°C/mun. [omyunTs
TAKUE CKOPOCTH OTHOCUTESIBHO JIETKO Ha IIOCTOSIHHOM OCHOBE,
HCIOJB3YS IPOrPaMMHBIE 3aMOPaKUBATEINH HITH [TACCUBHOE
OXJI2XIEHUE B 3aKPBHITBIX EMKOCTSAX B KPHOT'C€HHOM
BeIIECTBE, HAIPUMEP Mapax >KUIKOTO a30Ta, HO yCIieX B
JIAHHOM CITy4ae CKopee 00yCIOBIIEH IPOCTOTOM MPUMEHEHHS.
st GONBIIMHCTBA AACPHBIX KJIETOK MIICKOIUTAIOLINX
MPOHULAEMOCTh KJIETOYHOH MeMOpaHbl sl BOABI U
W3MEHEHHE JaHHOIO Mapamerpa BO BPEMsl OXJIKICHUS
TpeOyIOT, 4TOOBI BO BPEMS OXJIAXKIICHUS IPU JAHHBIX
CKOPOCTSAX COZepXKaHHe BOIBI B KIETKE OCTajJoCh B
PABHOBECUH C YBEIUYHMBAIOIIMMCS OCMOTHYECKHM
MIOTEHIINAJIOM MaTpHIlBl JIeA-Boga. BeencTsue 3Toro
KJIETKH 00€3BOKUBAIOTCS M BHYTPH KJIETKH OCTaeTCs
HE3HAYUTEIbHOE KOJIMYECTBO BOZBI, KOTOPAst MOXKET
3aMep3HyTh. (DTO HE BBINONHSETCS ISl TAKUX CIelua-
JU3UPOBAHHBIX WM KPYMHBIX KIETOK, KaK OOLUTHI
MJIEKOIUTAIOIHX, I OXJIAXKICHHS] KOTOPBIX HEOOXOMMBI
ele MeHblIme ckopocT). Tax, Hanpumep, McGann 1 zip.
[34] nmpoBenu M3MEpEHUs] TPAHCIIOPTHBIX MApaMETPOB
KJIETOYHOW MeMOpaHbl I KJICTOK-TPEIIIECTBEHHUKOB
KOCTHOIO MO3[a [PH OXJIDKTIEHNH, U, UCTIONb3Ys1 COLIPSDKEHHBIE
ypaBHEHUS (aHATOrUIHbIE orcaHHbM [ 30]),00Hapy K,
4T0 €O CKopocTsiMH 1-3°C/MHH JaHHBIH TUTT PABHOBECHOTO
3aMOPaKMBaHHs BO3MOXKEH. BbLI0 I10Ka3aHO, YTO CKOPOCTH,
6onbine 10°C/muH, yarie OynyT NPUBOIUTH K BHYTPH-
KJIETOYHOM KPUCTAJUTM3ALMU, U JEHCTBUTENIHHO MPAKTHKA
KPHOKOHCEPBUPOBAHKS C HCTIONE30BAHMEM TAKUX CKOPOCTEH
3aMOPa’KMBAHHS IPUBOIUT K O0JIee HU3KOH BEDKMBAEMOCTH
KJIETOK.

Takum 00pazoM, MeIUIeHHOE OXJIaXICHHE /10 TEM-
Tieparyp, Ipy KOTOPBIX 00E3BOKHBAHHE KIIETOK €I1IE MOYKET
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as the CPA diffuses out of the cell. It has been
established by empirical observation that these
osmotic transients are an additional damaging factor
in the overall cryopreservation regime. Cell volume
excursions beyond about plus or minus 30% of
normal isotonic volume are poorly tolerated [4,67].
Thus an integral part of designing a successful
protocol is to be aware of these changes. The
problem can be reduced by adding CPA and by
washing it out in small sequential steps rather than
by direct immersion in the full final concentration.
The limits of the steps can be measured for a given
cell type by undertaking osmotic measurements of
water and solute permeability, and prospectively
calculating the optimal range of changes [40,67]. A
“rule of thumb” which can be used for most cell
types is to avoid addition or removal of CPA in steps
of greater than 0.5M, allowing time (again as a
rough guide - 5 min at temperatures of 20°C)
between steps. Another way to reduce osmotic
damage during CPA removal is to include an osmotic
buffer in the initial washing steps. For the commonly-
used concentrations of CPA (i.e. 10%w/v), addition
of a non-permeating sugar such sucrose at between
0.1 to 0.3M concentrations can avoid excessive
cell swelling [40]. It is certainly true that the effects
of CPA exposure and removal should be checked
against the specific functional recovery of the cell
line of interest before any freezing steps are
introduced. Itis also true that the avoidance of these
large osmotic transients may be even more critical
after the cooling and rewarming procedures, which
will already have subjected cell components such
as the limiting plasma membrane to damage (see
below).

1.4. Cell damage during slow cooling

Most routine cryopreservation procedures in cell
banks have been based on use of cooling rates in
the region of 1°C/minute. Such rates are relatively
easy to achieve on a consistent basis, using either
programmable freezing machines or passive cooling
in insulted boxes in a cryogen such as vapour phase
above liquid nitrogen, but in fact their success results
from more than practical ease alone. Fore most
nucleated mammalian cells, the cell membrane
permeability to water and the changes of this
parameter during cooling dictate that by cooling at
these rates, the cell water content remains
effectively in equilibrium with the increasing osmotic
potential of the ice-water matrix. Therefore, the
cells become dehydrated and there is little remaining
intracellular water to participate in ice formation.
(This is not true for some specialised or large cells
such as mammalian oocytes, which require even
slower rates of cooling). For example, [40] made
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TIPOIOIDKUATECS (TiprMeEpHO 110 -50°C, XOTS 3Ta TpaHuIHAsT
TOYKA ellle TOYHO HE M3BECTHA), JIeACT BO3MOXKHBIM
YCIIEIHOE KPHOKOHCEPBUPOBAHKE, KOLA 3TH 00pas3Libl 3aTeM
MIEPEHOCAT B JKUIKUH a30T. Jlydie Bcero, ecim MHOTHE
PEXUMBI MEIUICHHOTO OXJIXICHHS MPELyCMaTPUBAIOT
oxJaxaeHue co ckopocthto 1°C/MuH 10 “Oe3omacHon”
MpOMEKy TOUHOH Temrieparypsl (-70°C), TocIe 4ero amITyIbl
MOTYT OBITh HETIOCPEICTBEHHO OXJIKICHBI C TIEPEXOIOM
Yepe3 KOHSUHYO TeMIIeparypy cTeksioBanst (0koso -100°C)
JI0 TeMIIepaTypbl XpaHeHus (IIapoBast WK KUKast (aza
azora). CiemoBaTenbHO, JaXE €CIIU BEDKHMBAEMOCTD
KJIETOK JOCTHraeTCs TINAaTeJIbHBIM BBIOOPOM
KpPHO3AIIUTHBIX BEIECTB U YCIOBUU OXJaXICHUS,
KIJIETKH WCHBITAIOT BO3JCHCTBUE 3aMOPAXKUBAHHUSI C
00e3BoxkuBanneM. OOpaTUMOCTh MM HEOOPaTUMOCTD
JIAHHBIX SBIICHUH, 4 TAKOKE ““TSHKECTD” IOBPEKICHHUS OyIyT
00yCIIOBNMBATH BHKMBAEMOCTD MM YK€ CMEPTh KaXKIOH
OTIETHLHON KIETKH.

B panHMX HccnenoBaHmsIX MOBPEKICHNH, BEI3BAHHBIX
MEUICHHBIM 3aMOpaXMBAaHUEM, paccMaTpHUBaIach
BEPOSTHOCTb, YTO BBICOKAs! KOHIIEHTPAIHS BHEKIIETOUHBIX
Ccovleld BbI3BajIa Obl ‘ ‘CONEBYTO HArPY3Ky  KJIETOK PH HU3KKX
TeMIieparypax, Yto MOKET MPUBOJIUTH K OCMOTHYECKOMY
JmcOaancy, Ype3MepHOMy HaOyXaHHIO M JIM3HCY TOCTe
orrauBaHus [23]. 3ammra, obecneunBacMas KpHoO-
MPOTEKTOPAMHU, HATIPUMEDP DIUIEPUHOM, BO3MOXKHA
Onaromaps KolMratuBHoMY 3QdeKTy, CHIKaomeMy
KOHLIEHTPALMIO COJTM M IPEAOTBPAILIAIOLIIEMY TIOBPEXKICHHE.
Brnocnenctaun 310 ObLIO OOBSICHEHO TEM, YTO B YCIIOBUSIX
MEIIEHHOTO PaBHOBECHOTO OXJIKACHHS PA3HULIA MEXKIY
BHYTpH- ¥ BHEKJICTOUHOM KOHLIEHTpaLel pacTBOPEHHBIX
BelecTB OyZieT He3HAYMTEIBHOM, TAKMM 00pa3oM, COJIeBast
Harpy3skaMaio BeposiTHa [44]. Maryman npe oo, 4to
TIOBPEKIICHIE MOKET OBITH PE3YJIBTaToM OOC3BOKUBAHKS
JI0 OCMOTHYECKHX TOTCHIIMAIOB, BBI3BIBAIOIINX MaKCH-
MaJIbHOE CXKaThe, KOTOpoe OyAeT HIKe MUHUMAJIBHOTO
00BeMa KIIETKH, OTHAKO 3TO TAKKe He OBLIO IIONTBEPIKIICHO
TIOCTICYFOIIIM OHO(IBUYECKIM MOZICITpOBaHreM. Hoe
BIMSIHAE 3aMOPAKMBAHMS ¢ 00E3BOKMBAHMEM CBS3AHO C
00MBIIMM 00BEMOM BHELITHETO JIbJIA, 00pa3yIOLIerocs pu
MEIICHHOM OXJIaKeHHU. OH BBITECHSIET KJICTKU B y3KHE
KaHaJIbl MEXAYy KPYHNHBIMH KPUCTAJUIAMH JIbAA, YTO
BBI3bIBACT IUIOTHYIO YIIAKOBKY KJIETOK M TECHBIA KOHTAKT
CO JIBZOM; JaHHBIN 3(eKT ObUT Ha3BaH PEOIOTHYECKUM
MOBpEKIeHUEM [32].

KpuozanmrHele BelecTBa Mpy 3TOM yBEIMUYUBAIOT
pa3Mepbl MEXKPUCTAUIMYSCKUX KaHAIOB, CHUXKas
KOJIMYECTBO JIbJ[a TIPH MEIJICHHOM OXJIaXKIeHHu. bes
COMHEHHUSI, CYILIECTBYET HEKOTOPBI 3(DPEKT “‘yrakoBKH
KJIETOK ™ TIPY MEIUICHHOM OXJIYKIICHUH (KOTOPBIH MPaKTH-
YeCKH OOBSICHSIET BEIOOP ONTAMI3UPOBAHHBIK KOHIICHTPAITHIA
KJIETOK BO BpeMsl CTaHAApTHOIO Mpolecca KpUo-
KOHCepBHpoBaHwsl). B paborax mo spurpormram [38,43] u
TaKUM SICPHBIM KJIeTKaM, KaK renaTonutsl [12], 6bu1o
TOKA3aHO, YTO YBEJIMUCHHUE 00ObEMA YIIAKOBAHHBIX KIIETOK
KPUOKOHCEPBUPYEMBIX CYCIICH3MH yXYALIAeT PEe3yJIBTarhl
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measurements of cell membrane transport pa-
rameters on cooling for bone marrow progenitor cells,
and using coupled equations (similar to those
described by [30]), found that rates of between
1-3°C/min permitted this type of equilibrium freezing
during cooling. Rates faster than 10°C/min were
predicted to have a high incidence of intracellular
freezing, and indeed at a practical level, cryo-
preservation with these faster cooling rates was
associated with poor cell survival. Thus slow cooling
over the temperature range where cell dehydration
can proceed (down to about -50°C, although this end
temperature is not exactly known) allows successful
cryopreservation when these samples are eventually
transferred to liquid nitrogen. Effectively, many slow
cooling regimens are planned by cooling at 1°C/min
to a “safe” intermediate temperature (-70°C), from
which the ampoules can be directly transferred
through the final glass transition temperature (at
around -100°C) to the storage temperature (in either
the vapour or liquid phase of nitrogen). Thus, even
if cell survival is achieved by careful selection of
CPA and cooling conditions, the cells will experience
the effects of dehydrative freezing. It will be the
reversibility or irreversibility of these events, the
“damage load”, which will dictate survival or death
on an individual cell basis.

The early studies on injury from slow freezing
focused on the possibility that the high external salt
concentration would drive a low temperature “salt
loading” of the cells, which would result in osmotic
imbalance, excessive swelling and lysis on thawing
[23]. The protection offered by CPA such as glycerol
was afforded by the colligative effect reducing the
salt concentration and thus avoiding the damage. It
has subsequently been argued that under the
conditions of slow equilibrium cooling, there would
be little difference between internal and external
solute concentrations, so salt loading would be
unlikely [44]. Maryman suggested that damage
could result from dehydration to osmotic potentials
which would effectively cause maximal shrinkage
beyond a minimum cell volume, but again this has
not been supported by subsequent biophysical
modelling. Another postulated effect of dehydrative
freezing has been linked to the large volume of
external ice formed during slow cooling, which has
been shown to leave the cells trapped in narrow
channels between large ice crystals, causing dense
packing of cells and close approximation to the ice;
this has been called rheological damage [32]. Again,
by reducing the amount of ice during slow cooling,
CPA reduce the narrowing of inter-ice channels.
There is certainly some effect of “cell packing”
during slow cooling (which translates at a practical
level to selection of optimised cell concentrations
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TIPOLIE/TYPBL

B npyrux ricenenoBaHysx NOBPEKACHHA ITPY MEIIEHHOM
OXJIXIICHUH BHUMaHUE OBbUIO CKOHLIEHTPUPOBAHO Ha
IUIa3MaTHYECKO MeMOpaHe KaK OCHOBHOM Y4YacTKe
MOBPEXKACHHS (TAKOTO POAA MOBPEKACHHS YacTO MOTYT
OIPENENATHCS B KIIETKAX Cpa3y MOCIIE OTOIPeBa C MIOMOLIBI0
MHKPOCKOIMHI 1 METOIMK OKPAIIMBaHHs, OCHOBAHHBIX Ha
MPOHUKHOBEHNH KpacUTeNel 4epe3 MOBPEXKICHHbIE MeMO-
pasbl). B paboTe 1Mo M30IMpOBaHHBIM MPOTOILIACTAM
pacrenmii Steponkus 1 KOJUIETH MOKa3aJd, 4TO 3aMOpa-
KUBaHHE C 00€3BOKMBAaHMEM MOXKET IPHUBOIUTH K
TosiBJICHUIO 071€60B M B3MyTHH Ha IUIa3MaTHYeCKOM
MeMOpaHe, TIPH 3TOM KJIETKH CTAHOBATCS Upe3MEpPHO
cMopIeHHBIMIL | Ipy crimbHOM 00€3B0KMBaHHH FI3MEHEHHS
B MOJICKYJISIPHOM apXUTEKType JIMIUIHOTO OHCIIOS MOTYT
CTaTh PE3yNbTaToOM MOTEPH JIAMEIUIAPHONW CTPYKTYpHI
MeMOpaHbl, YTO MPUBOIKT K MOSBICHUIO HEOMCIIOWHBIX
“TpyOOK” MM MHLEIUI, HapyLIaloMuX HEOOXOOUMYIO
M30MpaTENBHY0 TIPOHUIIAEMOCTh MeMOpaHbI [53,63,65].
Tasoxe OBLIO MOKA3aHO, YTO TPU CKATUH KIIETOK B CTEKH
“HCKpUBIIEHHBIX OHMCIIOEB” TOJ BO3ZIEHCTBHEM 3amMoOpa-
KUBAHUS C SKCTPEMAIbHBIM 00€3BOKMBAHUEM MOTYT
HaAOMIONATHCS SIBJICHUS CIMAHUS MEXIy HapyXHbIM U
BHYTPEHHUM OUCITIOSIMH 1 MKy OFICIIOSIMH IPHIIETAFOIIX
KJIETOK, MPUBOJIAIINE K HEOOPATHMBIM TTOBPEXKICHUSIM
riocrie orranBanms [2,9,61]. Tot ¢akT, 4T0 HEKOTOpBIE U3
3TuX 3()(EKTOB MOTYT HETATHBHO BO3ACHCTBOBATH Ha
00pa31pl KIETOK BO BpeMsl MEIIEHHOTO 3aMOPayKUBAHMS,
Oosiee ueM BEpOSITEH, M 3T0 TOBOPUT O TOM, YTO HEOOXOIMMO
YIEATH BHUIMAHUE BCEM CTaIMsAM PEXUMa KPHOKOHCEp-
BUPOBaHUsI (BKJIIOYAsl CTaJUX Pa3BelEHHs MOCJe OT-
TanBaHML, IEPEHOCA U LIEHTPU(YTUpOBaHNST) 11 MaKCH-
MAJIBHOT'O BOCCTAHOBJIEHHSI 3THX YACTHIHO TTO/IBEP>KEHHBIX
CTpeccy KIETOK (YCIIOBHS HarpEeBaHMS TAKOKE BaXKHBI 1 Jlariee
OyIlyT OnMcaHbl OTACIBHO). OOCTOSTENIEHOE OOCYKICHIE
SBIICHUI TTOBPEXXICHMS TIPH MEJJIEHHOM OXJIOKICHUH BO
BpEMsi KPHOKOHCEPBUPOBAHHS OBLTO HEJIABHO NPE/ICTARIICHO
[31,36].

1.5. TloBpexaeHne KAETOK mnpu ObICTpOM
OXAQKACHMH

U3 BBIIIICONMCAHHOTO OYEBUIIHO, YTO Il BBDKUBAHMS
KJIETOK MPHU OOBIYHOM KPHOKOHCEPBUPOBAHUU OymyT
€CTECTBEHHBIMH ONTHMAJIBHBIA BBIOOP KPHO3AIUTHBIX
BEIIECTB M MEIUICHHOE OXJIaKICeHHEe. B naHHOM Citydae
HE0O0XOIMMO JUIIb KPAaTKO PaccCMOTPETh OBICTpoOE
OXJIKJICHHE, YTOOBI PA3bSCHUTH U3BECTHBIC MEXaHH3MBI
MOBpeXIeHHs. BricTpoe oxiaxaeHne NprUMEHseTCs B
TEXHOJIOMH BUTPU(HUKALIIH (CM. HIDKE), HO MHOTHE JPyTHe
MPOLIEAYPhI MPOTOKOJIA PA3INYAIOTCS, U HE JOJKHEI
BBI3BIBATh YAWMBICHHE M3MEHEHHS, KaK pe3ylbTar
OXJIKJICHUS KJICTOK C HCIIOJIB30BAHUEM TPAIHIIMOHHBIX
KPHOIPOTEKTOPOB (TPY 00BIMHBIX KOHLIEHTpALsIX OKoIo 10%
Macca/o0beM), HarpuMep HpH MOTPY>KEHUH aMITydl C
KJICTKaMH HETOCPEICTBEHHO B JKUAKUE a30T. Kak
YIOMHHAJIOCh PaHee, OCHOBHOHM Mpo0JieMoid OBICTPOro
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during routine cryopreservation), since it has been
shown in studies on red blood corpuscles [38,43]
and nucleated cells such as hepatocytes [12] that
increasing the packed cell volume of the suspension
to be cryopreserved reduces the success of the
procedure.

Other studies on slow cooling injury have focused
on the plasma membrane as a major site of injury
(given that freezing damage can often be detected
on thawed cells very soon after warming by
microscopy or staining techniques which pick up loss
of membrane permeability). In work on isolated
plant protoplasts, Steponkus and colleagues have
shown that dehydrative freezing can result in
“blebbing” and “budding off” of the plasma
membrane when the cells become excessively
shrunken. In more extreme dehydration, changes in
the molecular architecture of the celsius lipids bilayer
can result from loss of the lamellar structure of the
membrane, resulting in appearance of non-bilayer
“tubes” or micelles, which destroy the essential
selective permeability of the membrane [65,63,53].
It has also been shown that when cells are
compressed by extreme dehydrative freezing into
stacks of “contorted bilayers”, there can be fusion
events between outer and inner bilayers and between
bilayers of adjacent cells, resulting in irreparable
damage on thawing [2,9,61]. It is more than likely
that several of these effects will impinge on cells
samples during slow freezing, so it can be seen that
care must be given to all stages of the cryopreservation
regime (including post-thaw dilution steps, handling
and centrifugation) to maximise recovery of these
partially-stressed cells. (The conditions of warming
are also important and will be discussed separately
below). A comprehensive discussion of the events
in slow cooling injury during cryopreservation has
recently been provided by [31,36].

1.5. Cell damage during rapid cooling

From the preceding text, it will have become
obvious that for cell survival during routine
cryopreservation, judicious selection of CPA and
slow cooling will be the norm. In that case, it is only
necessary to briefly discuss rapid cooling to give an
insight into what is known the damage mechanisms.
Rapid cooling is employed in the technique of
vitrification, (see below), but in that situation, many
of the other procedures of the protocol are different,
and should not be confused with the changes
induced by cooling cells exposed to traditional CPA
(at the usual concentrations of about 10% w/v) by,
for example, plunging ampoule of cells directly into
liquid nitrogen. As alluded to above, the major
problem with rapid cooling and departure from the
equilibrium conditions of cell osmotic response to
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OXJIKICHHS SIBISETCS TIEPEXO OCMOTHYECKOTO OTBETA
KJIETOK B YCJIOBHSIX PABHOBECHOTO COCTOSTHHS K YCJIOBHSIM
BHEKJICTOUHBIX BBICOKMX KOHILIEHTpPALMi pacTBOPEHHOIO
BEILLIECTBA B MaTpPULE JbAa U HAIWYUE OCTATOYHON
HE3aMOpOKEHHOW BOJBI B KJIETKe, KOTopas Oyaer
HAXOIUTHCS B IIEPEOXJIAXICHHOM COCTOSHIN. BeposTHOCTD
00pa3oBaHys BHYTPUKJIETOYHOTO JIb/IA YBEIMUIMBACTCS CO
CTENEHBIO NEPEOXITAKIACHHSA, TO3TOMY HEBO3MOXKHO
MHHOBATH ‘‘OITACHY0 30HY * 3apPOIBIIICO0Pa30BAHIS MEHKITY
-20 u -50°C 6e3 hopMHUpOBaHUsI JIbIa BHYTPU KIIETOK.
[IpucyrcTBHE Jb/1a B KJIETKaX B YCIOBUAX OBICTPOTO
OXJIAXKIEHUSA MOKa3aHO C MOMOIIBIO 3JIEKTPOHHOMN
MHUKPOCKOITUH 3aMOPOKEHHBIX (pakiuii [16] u kpuo-
Mukpockorun [48,60], B KOTOPBIX BHYTPHKIETOUHOE
“gepHOE MepLaHue” OTHOCST K MPEJIOMIIEHHIO CBETa
KpUCTaIaMH JIb7a. [ IoCKOBKy 04€BHTHO, UTO KJIETOYHbIE
MEMOpaHBI 3aTPyAHSIOT POXOKICHUE KPUCTAIIOB JIbIa
13 HAapy>XHOH JIEASTHOW MaTpHLbl, OOCYKICHHE TaHHOM
POOIIEMBI CKOHIIEHTPHPOBAHO HA TOM, KaK KPHCTAIIIBI JIb/Ia
MOTYT “IlpopacTarh”’ BHYTpHU KIeTKH. B 60-x romax Mazur
TIPEJIOXKIT TEOPHIO O TOM, YTO KPHCTAIUIBI JIHAa MOTYT
3apOXKIaThCs Yepe3 CYIIECTBYIOIINE MOPHI B IIa3Ma-
THYeCKor MeMOpane [29]. B TedeHre MHOTHX J1eT 3T0T (hakT
He TMPUHIMAaIM BO BHUMAaHHE, OCHOBBIBASCh Ha pacyeTax
HEOOXOJMMBIX Pa3MepOB IMOP M KPUBH3HBI PACTYIIHX
KPHCTAJUIOB JIbJla, HO HElaBHEE OTKPBITHE OCIIKOBBIX
“BOMHBIX [OP’’ WJIM aKBATIOPUHOB [62 ] B HEKOTOPBIX KIETKAX
MJICKOIATAIOIMX JAJT HOBYIO YKM3Hb 3TOW KOHLIETILIUHL.
Jpyras Teopust CKOHLIEHTPHPOBAHA Ha YIIBTPACTPYKTYPHBIX
1 MOJICKYJISIDHBIX M3MEHEHHSIX B CHJIBHO OOE3BOMKEHHBIX
MeMOpaHax (CM. BBILIE), KOTOPbIE PACCMATPUBAINCEH KaK
MOTEHIMATIbHBIE “‘y4acTKy 3apofpliieoopasoBanus”. OHa
Ha3bIBACTCsI TEOPUEH 3apobllieoOpa3oBaHusl, KaTa-
Jzupyemoro MemOpanoii [20]. Muldrew 1 McGann [37]
TIPEZICTABUITH JAHHBIE O TOM, YTO IPH BHICOKHX CKOPOCTIX
OXJIAKICHUS (M OBICTPOM POCTE BHEKJICTOTHON MATPHUITHI
JI6/12) TIOTOK BOZIBI M3 KITETKH TIOJ] ISHCTBHEM OCMOTHHYECKHX
CHJT HaCTOJIBKO 3HAYUTEIBHBIH, YTO €10 IBIDKEHHE MOYKET
HMHIYLIUPOBATh CHITy TPEHHs, CIIOCOOHYIO NMPHUBECTH K
pa3pbIiBy MeMOpaHb! (IIPeIOCTaBUB KpUCTAIIaM JIbJa
BO3MOXKHOCTH pocta). [IpakTnyecku Bce 3TH Teopuu
CBSI3aHBI CO CMEPTHIO KJIETOK B M3YYCHHBIX YCIOBHUSX.
Takum 00pa3oM, peKOMEHIyeTCsl M30erarh yKa3aHHBIX
YCJIOBHH NpH npoLieaype KprokoHcepBupoBanus. [1o-
BUIMMOMY, KJIETKH MOT'YT BBIAEPXKHBATh HEOOJBIIYIO
(bpakIiiro BHy TPUKJIIETOYHOTO JIbJa He Torubasi [49], Ho
9Ta (paknus Tak Majia, 4TO HE MOXET OBITh TOYHO
BBIYMCIIEHA BO BCEM KJIETOYHOW MOMYJIALIMU, TTO3TOMY
3¢ GeKTUBHOE BOCCTAHORICHHUE KIICTOK, BEPOSITHO, OyIeT
3HAYUTENIFHO BapHHPOBATH.

OpuruHajdbHBIA ¥ 0YeHb 3PPEKTUBHBIA METOJ
CBEPXOBICTPOro 3aMOPAXUBAHUS TaMET U SMOPHOHOB C
MIOMOIIBIO CIIEHUANIEHON aImnapaTtypsl pa3zpadoTanu
I'puenxo B.U., Kanyrun }0.B., JIyuxo H.A., npu sTom
HCHOJB30BAJICS MOMHM(YHKIMOHATIBHBINA KPHOKOHCEPBAHT,
KOTOPBIA CONEP)KUT XOJIMH, HU3KHE KOHICHTPALUH

NPOBNEMBI
KPMOBMOJIOTHUM
2003, Ne2

external high solute in the ice matrix, is the residual
unfrozen cell water, which will be in the supercooled
state. The likelihood of intracellular ice formation
increase with the degree of supercooling, so it is
not possible to pass through the nucleation ‘danger
zone’ between about -20 and -50°C without ice
forming inside the cells. The presence ofice in cells
under conditions of rapid cooling has been
demonstrated by freeze-fracture electron microscopy
[16] and by cryomicroscopy [48,60] where intracellular
“black flashing” has been linked to refraction of light
by ice crystals. Since the weight of evidence
suggests that cell membranes inhibit the passage of
ice crystals from the external ice matrix, the debate
in this area has centred on how ice can nucleate
inside the cell. In the 1960’s, Mazur proposed that
ice could nucleate through existing pores in the
plasma membrane [29]. For many years this was
discounted based on calculations of the necessary
sizes of pores and the surface of curvature of
growing ice crystals, but the more recent discovery
of protein “water pores” or aquaporins [62] in some
mammalian cells has revitalised this concept.
Another theory has focussed on the ultrastructural
and molecular changes in severely dehydrated
membranes (see above) which have been proposed
to expose “nucleation sites”. This has been called
the membrane-catalysed nucleation theory [20]. Yet
another group [37] have presented evidence that at
high cooling rates (and rapid growth of the
extracellular ice matrix) the osmotically-driven flux
of water out of the cell is so rapid that it’s movement
can impose frictional forces capable of rupturing
the membrane (allowing ice crystals then to grow
in). At a practical level, all these theories have been
linked with cell death under the studied conditions,
so avoidance of these in routine cryopreservation is
strongly recommended. There is some evidence that
cells may tolerate a very small fraction of
intracellular ice without death [49], but it is such a
small amount that it cannot be accurately predicted
across a cell population, so effective cell recoveries
would be likely to vary considerably.

An original and very efficient method of
ultrarapid freezing of gameters and embryos using
special equipment was elaborated by [1].

1.6. Vitrification

A large part of the previous discussion has
centred on the achievement of a “glassy” state at
low temperatures for long-term maintenance of
viability. It has been for a long time known from a
theoretical basis that it should be possible to vitrify
aqueous solutions [25], but that extremely high rates
(tens of thousands of degrees Celsius of cooling per
minute), which would be impractical for routine cell
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kpuompoTekropa [1].

1.6. Butpudpmkaums

[penpinymmee oOcy:xneHne ObLIO, B OCHOBHOM, IOC-
BSIICHO TOMY, KaK JOCTHTaeTCS COCTOSIHUE BUTPH(DHKALIH
MIPU HU3KUX TEMIIEpaTypax C IENIbI0 JUITUTEILHOTO
NOJIEPsKaHuUs KU3HECTIOCOOHOCTH. TeopeTHiecKn JaBHO
W3BECTHO, YTO BOJIHBIE PACTBOPBI MOKHO BUTPU(HUIIMPOBAT
[25], HO J151 3TOrO HEOOXOTMMBI KpaifHe BHICOKHE CKOPOCTH
OXJIKNIeHHs (B JECATKHU THICSY TpamycoB 1o Llembcnro B
MHUHYTY), KOTOpbIe HEBO3MOXKHO OBLJIO TIONYYUThH IPU
CTaH/APTHBIX METOJMKAX XPAaHEHHUS KJIETOK B HU3KO-
TeMITepaTypHbIX OaHKax. JlaHHas KOHIEMIIHsI ObLIa BHOBb
npencrasineHa Fahy, MacFarlane, Rall [15,47], uccre-
JIOBABIIIMX KCIIOJIb30BAHUE BHICOKUX KOHIIEHTpPALU
KPHO3AIINTHBIX BELLIECTB 151 Oy YCHHS CTEKJIOBAHUS IIPH
CKOPOCTSIX OXJIKIIEHHS, KOTOPbIE MOIIIH ObI HCTIONB30BATHCS
B ©KeIHEBHOM NpakTHKe. BbUto mokazaHo, 4To 41t MHOTHX
KPUO3AILMTHBIX BEIECTB, Takux kak JIMCO, muuepus u
JIPyTHE MOJIMOIIBI C KOHLIEHTparysiMK B iranazoHe 40-60%
Macca/o0beM JIEIAt0T BOSMOKHON HHU3KOTEMITEPATyPHYEO
BUTPU(HKALHFO, HO BCEKe TPEOYHOT CKOPOCTEH OXJTKICHHS
B HECKOJIBKO COTEH rpamycoB llenbcust B MUHYTY. OTH
BBICOKOKOHIIEHTPHPOBAHHBIE CMECH PACTBOPEHHBIX BEIIIECTB
VBEJMUMBAOT BI3KOCTH (ONIaronprsiTCTBYS CTEKIOBAHHIO)
1 00J1a/1aF0T CHITHHBIM KOJUTUTaTMBHBIM 3()(hEKTOM (CHIDKast
CTaTUCTUYECKYIO BEPOSITHOCTH OOpa30BaHMS 3apOJIbILIeH
JIb/1a BO BpeMsl OBICTPOro OXJIaKIeHws1). Takas MeTomKa
YCHENIHO MPUMEHSETCS JUIsi KPUOKOHCEPBUPOBAHUS
HEeOOJBIIIOTO KOJIMYECTBA TAKUX LIEHHBIX KJIETOK, KaK
SMOPHOHBI YEJIOBEKA M KUBOTHBIX B PEIPOIYKTHBHON
MeTUIHHE [ 5 ], B KOTOPBIX HEOOIBITINE 00BEMBI CPEIIHI MOy T
OXJIAXIATBCS, HAIIPUMED, B IUTACTHKOBBIX COTOMHHKAX [8].
Kax Ham m3BecTHO, 3Ta METOJMKA €lle HE MPUMEHSETCS
JUTSL XpaHEHWSI KIIETOYHBIX JIMHUH B HU3KOTEMITEPaTyPHBIX
OaHKax KJIeTOK Win OnorexHosmoray. OauH U3 OCHOBHBIX
BOIPOCOB IMPUMEHEHHSI TAHHOT O METO/]a—3TO TOKCUIHOCTh
KPHUOIPOTEKTOPOB ISl OIPE/IEIICHHBIX THIIOB KJICTOK IPH
BBICOKUX HaYaJbHBIX KOHIEHTpanusx (oxoio 40%
Macca/o0beM), KOTOpble, HECOMHEHHO, BIHSIOT
OCMOTHYECKH 1 XHMHYECKH Ha KIICTKH.

1.7. BaxHoCTb CKOpoOCTe#t oTorpesa

BaxXHOCTH KOHTPOJISI CKOPOCTEH OTOrpeBa OCHO-
BBIBAETCSl HA HEOOXOAMMOCTH MPOXOKICHUs oOpasia
KPHOKOHCEPBHPOBAHHBIX KJICTOK B OOPAaTHOM HOPSIIKE Yepe3
Takue OMOQU3MYECKUe SBICHHS, KaK JICBHTPH(UKAIIUS
CTEKITOBHIHON MaTpuiisl (B quarnaszone -100 mo -80°C),
HAYaJIo JIBKEHUS MOJIEKYIbI BOIIbI B IIPEZIENaX MaTpPHLIbI
Jie-pacTBOpeHHOe BemmecTBo (Bbime -60°C) 1 MOMEHT
BPEMEHH B [IPOLIECCE OTTANBAHM, KOLTIA PeKPUCTAILIM3ALIA
JIbJ1a CTAHOBUTCS 3HAYMTENTBHON (0COOCHHO BHYTPH KIIETOK)
B auanaszone -40°C. OTu Auana3oHsl TeMIEpaTyp
NpUONM3UTENBHBL, HO (PU3UUECKUE SIBJICHHS, KOTOPBIE B HUX
MPOMCXOIIT, HENb3s MPeAoTBparuTh. OHU BBITEKAIOT U3
(hazoBoI1 IarpaMMbI CMECH JIEA-PACTBOPEHHOE BEILIECTBO-
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banking. The concept was re-vitalised by [15,47]
who made extensive studies on the use of high
concentrations of CPA to permit the vitreous
transformation at cooling rates which could be used
in every-day application. It has been shown that for
many CPA such as Me,SO, glycerol and other
polyols, concentrations in the region of 40-60%w/v
will allow low temperature vitrification, but still
require cooling rates of several hundred degrees
Celsius/minute). These high solute mixes increase
viscosity (favouring glass formation) and have a
strong colligative action (reducing the statistical
likelihood of ice nucleation during rapid cooling. This
has been successfully applied to the cryopreservation
of small numbers of valuable cells such as animal
or human embryos in reproductive medicine [5],
where very small volumes of medium can be cooled
for example in thin plastic straws [8]. The technique
has not yet been applied to our knowledge for
storage of cell lines in banking or biotechnology. One
major issue is the toxicity of the CPA to particular
cell types at these high initial starting concentrations
(around 40% w/v), which undoubtedly have osmotic
and chemical effects on cells.

1.7. The importance of warming rates

The importance of control of warming rates
stems from the necessity to bring the sample of
cryopreserved cells back through the biophysical
events as the glassy matrix “devitrifies” (around -100
to -80°C), water molecules begin to mobilise within
the ice-solute matrix (above -60°C), and ice re-
crystallisation becomes significant (particularly
inside the cells) on the time scale of the thawing
process (above -40°C). These temperature ranges
are only approximate, but are unavoidable physical
events dictated by the phase diagram of the particular
ice/solute/CPA mixture in a given cell sample. For
samples which have been cooled “rapidly” (i.e. under
non-equilibrium conditions), and where there is a
high probability that ice nucleation centres have
formed inside the cell (even though these may be
down at the level of molecular clusters too small to
detect by microscopy), then there is a high statistical
likelihood that ice crystals will grow during recovery
from very low temperatures. Put another way, it
can be described as “ice formation during warming”
[49]. The obvious approach is to attempt to bring
the cell sample up through the “danger zone” for
ice crystal growth as fast as possible, and it has
been know for some time that rapid thawing rates
have implications for improved cell survival after
rapid cooling [57]. There is strong supporting
evidence for the harmful effects of ice crystal
growth during warming in cells (such as murine
embryos) which are large enough to permit this
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KPHOIIPOTEKTOP B TAHHOM 0Opasiie KieTku. [t ObicTpo
OXJIXKJICHHBIX 00PAa3IIOB (T.¢. B HEPABHOBECHBIX YCIIOBHSIX)
CyILIeCTBYeT OoJbliasi BEPOSTHOCTb, YTO LIEHTPHI
3apoble00pa3oBaHus JibAa CHOPMUPYIOTCS BHYTPH
KJIETKH (€CIIM OHU PaCTIONIOKEHBI Ha YPOBHE MOJIEKYIISIPHBIX
KJIacTepOB, MX PasMepbl OyyT CIMILIKOM MaJIbl, YTOOBI HX
MOYKHO OBIJIO OTPEZIENUTS C IOMOLIBEO MUKPOCKOIINH) 1 3TO
MOXKET PUBECTH K TOMY, YTO KPHCTAILIBI JIb/ia OyIyT pacTu
BO BpeMs1 OTOTPEBa ITOCIIE BO3ICHCTBHS HI3KHX TEMIIEPATYP.
[o-apyroMy 310 MOKET OBITH OMMCAHO KaK ‘‘00pa3oBaHue
npIa BO Bpems otorpeBa’ [49]. UToOsl mpenoTBpaTuTh
00pazoBaHue JibJia, HEOOXOIMMO MEPEHECTH 00Pa3EI KIICTOK
gepe3 “OnacHyo 30Hy  pocTa KPHUCTAIIOB JIb/Ia KaK MOYKHO
opicTpee. M3BecTHO, UTO OOJNBIIHE CKOPOCTH OTOTPEBA
NPUBOJLIT K YBEIMYEHHUIO BBDKMBAEMOCTH KJIETOK MOCIIE
ObIcTporo oxnaxaenus [57]. BpemHoe Bo3nelictBre pocra
KPHCTAIUIOB JIbJa TIPH OTOTPEBE B KIIETKaX (TaKUX Kak
MBIIIIMHBIE 3MOPHOHBI), OYEBHTHO, TAK KaK 3TH KPUCTAILTHI
JIOCTATOYHO BEITMKH, YTOOBI MX MOXKHO OBLIO YBHIETH C
MoMOILBI0 KproMukpockormu [50]. Tem He MeHee, Takue
(hakTOpHI, Kak TeoMeTpus U 00BeM 0bOpasiia KIETKH,
TETUIONPOBOIHBIE CBOMCTBA UCIIOJIL3YEMBIX B KPHO-
KOHCEPBHUPOBAaHHUU aMIysl U TPYOOK, OrpaHUYHBAIOT
aOCONFOTHYIO CKOPOCTh MOBTOPHOIO oTorpeBa. Camplid
TIPOCTOI METOJ] OTOTPEBA - [IOMECTUTH 00PA3IIBI KIIETOK Ha
Bo/siHYIO OaHro mpu 37°C ¢ moMeIIMBaHUEM, YTOOBI
MPEOTBPATUTh TOSBIICHUE JIOKAJIBHBIX TEMIIEPaTyPHBIX
IPAJIMEHTOB B BOZIE, HO IS 00pa3LoB 00beMOM 1 M1 Takoit
croco0 He TO3BOJISET HOIYUYUTh CKOPOCTU OTOTPEBA JI0
HECKOJIBKHX COTEH TPaTyCoB B MUHYTY. J{I1sl HEKOTOpBIX
CMeceil pacTBOPEHHBIX BEIIECTB ObLIO PACCUMTAHO, YTO
JUISL TIPEIOTBPAIEHNsT KaK 00pa3oBaHUs, TaK W 3HAYU-
TEJHHOTO POCTa KPUCTAILIOB JIb/Ia B TEMIIEPATYPHOM 30HE
oko10 -60°C 00pas1Ibl JOIDKHEI OTOTPEBATHCS TIPH CKOPOCTSIX
Boie 1200°C/mun [42]. Takum oOpa3oM, SICHO, YTO
CKOPOCTH OTOTPEBa, KOTOPHIX MOXKHO JIOCTHYb IPH
CTaHJAPTHOM NPOLETyPe HU3KOTEMIIEPATyPHOTO KOHCEPBH-
JPOBaHHS KJIETOK, HAXOISTCS KaK pa3 Ha KParo MOTEHIHATBHOM
HEyllau¥, B CBS3H C YeM HEOOXOJAMMO BHHMATEIBHO
OCYIIECTBJIATh BCE CTaANU HHU3KOTEMIIEPATyPHOTO
TIPOTOKOJIA.

HeobxomimocTs ObicTporo otorpesa siBisiercst Oonee
OCTpOH B CITydae, €CIlv TIPH XPaHESHHH 00pa3IoB UCIIONb-
30BaJIX MPOLEAYPbI BUTPUHKALHHI. MbI 00Cy1amu (pakt
(cM. BbIIIIE), 9TO TIPAKTUYECKHE METOIBI BUTPU(DUKAIN
KJICTOK PealbHO CBOJATCS (M3-32 TOKCUYHOCTH CMeceit
KpPHOIIPOTEKTOPOB) K TaK HAa3bIBA€MOH ‘‘KBA3UBUTPH-
(hukarn’”; 00pa30BaHUIO HI3KOTEMITEPATyPHOTO CTEKIIO-
BHJIHOTO BEILIECTBA, B TIPEJIENIaX KOTOPOTO MPHUCYTCTBYET
TIOTCHITMAIEHO OOJIBITIOE KOJTMYECTBO IIEHTPOB 00pa30BAHIS
3apofpIiiei! Jibaa (M3 KOTOPBIX OBLT IPENOTBPAIIeH POCT
3HAYHUTENBHBIX KPHCTAIUIOB MPU OXJIAKICHUH, HO TIPU
OTOrpeBE Takas BEPOSITHOCTh OYCHb BeNMKa). B maHHON
CUTYaIMH OTTaNBaHHUE JIOJDKHO OBITh Jake Ooriee OBICTPBIM,
Y 3TO OJTHA 3 IPIYWH, TIOYeMY 00beMBI 00Pa3LIOB CBOSTCS
K MUHIMYMY, K HECKOJTBKFM MUAKPOJTUTpaM, TOI7Ia KaK 4acTo
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visualisation by cryomicroscopy [50]. However,
factors such as the geometry and volume of the cell
sample, and the heat transfer properties of the
ampoule or tube used for cryopreservation, combine
to restrict the absolute rate of achievable rewarming.
The most common method of warming is to plunge
the cell samples into a water bath at 37°C, with
shaking to avoid local thermal gradients in the water,
but for samples of 1 ml volumes, this restricts the
maximum warming rates to a few hundred degrees
Celsius per minute. It has been calculated for some
mixtures of solutes that to safely avoid the probability
of both ice nuclei forming, and significant ice crystal
growth, in the temperature zone above -60°C,
samples should be warmed at rates in excess of
1200°C/min [42]. Thus it will be obvious that the
warming rates which can be achieved in routine cell
banking are right on “the edge” of potential disaster,
reinforcing the view that care and vigilance must
be taken in all steps of the protocol.

The need for rapid warming is even more acute
where samples have been stored using vitrification
protocols. We have discussed the fact (see above)
that practical cell vitrification methods are limited
(due to toxicity of the CPA mixtures) to what is
effectively “quasi-vitrification”; establishment of a
low temperature glass within which are a potentially
high number of ice nucleation centres (prevented
from growing into significant ice crystals during
cooling, but primed to catalyse ice formation on
warming). In this situation, thawing must be even
more rapid, and this is one reason why sample
volumes are kept to a minimum of a few pl , whilst
often the samples have been cooled, not in
traditional cryo-tubes, but on receptacles such as
electron microscope grids [27] which have a very
high heat transfer capacity in comparison with glass
or plastic ampoules. There have also been attempts
to use agents such as “antifreeze” or “thermal
hysteresis proteins” (proteins which occur in freeze-
tolerant species of insects or plants [68] and which
have an ability to block the addition of water
molecules to the surface of growing ice crystals on
a kinetic basis) as additives to vitrification media
with some improvement of recovery [39], but the
problems have so far not been fully resolved.

The optimal selection of warming rates for
“slowly” cooled cells are more complex to predict.
The reasons for this are not fully understood, but
may in part relate to biophysical characteristics of
a given cell type, including the membrane water
permeability (and the rate of increase for this at
subzero temperatures during warming) and the cell
surface to volume ratio. For most cells (including
those commonly encountered in routine cell banking)
preserved by slow dehydrative “equilibrium” cooling,
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00pasITpl OXJTHKIAIOTCSI He B OOBIMHBIX KPUOIPOOHPKAX, a
B TaKMX EMKOCTSIX, KaK PEIIETKH AIEKTPOHHOTO MUKPOCKOTIA
[27], KoTOpBIe NMEFOT OYEHB BBICOKYEO TETIONPOBOIHOCTD
[0 CPaBHEHUIO CO CTEKJISAHHBIMU HMJIM IUIACTHKOBBIMH
amrynamu. Taroke ObUTH TIOIBITKY HMCTIONB30BATh TAKHE
BEILIECTBA, KaK “aHTU(PPU3BI’ M *‘OENKU TeMIIepaTypHOro
ructepes3nca’ (OeJKM BUIOB HACEKOMBIX M PACTEHUH,
TOJIEPAHTHBIX K 3aMOPKUBAHHIO [ 68 ], KOTOpBIE CIOCOOHBI
OIOKMPOBATH TIOCTYTUIEHHE MOJIEKYIT BOIbI K TOBEPXHOCTH
PaCTYIX KPUCTAILIOB JIb]a Ha KHHETUYECKOH OCHOBE) B
Ka4ecTBe J00aBOK K BUTPU(PUKAIMOHHBIM cpefam. [Ipu
9TOM HaOFOAAeTC HEKOTOPOE YBEJIMUYEHHE ITOKa3aTes
BBDKMBAEMOCTH [ 39], oHaKo 3Ta rmpodiieMa e OTHOCTHIO
HE peleHa.

T'opaszno crokHee oNTUMAIBHO MONOOpaTh CKOPOCTH
OTOIpeBa 1A “MEIEHHO” OXJIXKIAEMBIX KIIETOK. [ IpamHBI
3TOr0 0 KOHLA HE PACKPBITHI, HO MOT'YT YACTUYHO 3aBHCEThH
OT OMO(U3NYECKUX XAPAKTEPUCTUK JAHHOTO THIIA KJIETOK,
BKJTFOYas! POHUIIAEMOCTb MEMOpaH /isl BOIBI (1 CTEIEHb
€e yBeIMUYEHHS MPH CyOHYEBbIX TEMITEPaTypax BO BpeMs
OTOTPEBaHMsI) U MMOBEPXHOCTHO-0OBEMHOE OTHOIIICHUE
KJIeTOK. J[711 OCHOBHO# Macchl KIIETOK (BKJIIOUas Te,
KOTOpBIE OOBIYHO UCTIONB3YIOT B CTAHIAPTHBIX TIPOTIETypax
HU3KOTEMIIEPaTyPHOTO KOHCEPBUPOBAHUS KJIETOK),
KOHCEPBHPOBAHHBIX C MCIIOIB30BAHUEM MEIJIEHHOTO
“paBHOBECHOT'0” OXJIAKICHUS ¢ 00C3BOKHBAHUEM,
BEDKHUBAEMOCTD KJIETOK YBEIIMUYMBAETCS TIPU OBICTPOM
ororpese [28,33]. D10 yBeImdeHrne MOXKET OBITh CBSI3aHO C
TaKUMH (PaKTOpaMH, KaK COKPAITICHIE BPEMEHH, B TCUCHUE
KOTOPOTO MOTYT PAacTH KPUCTAILIBI JIbJIA (CM. BBIIIIE), YT
JIOTIONTHUTENBHBIN IETUPATALIOHHBINA TEPUOT (HAIpUMeEp,
peopraHu3anys MeMOpaHbI HIIH CITUSHUS (CM. BBILLE) TIPU
MEJIJICHHOM OTOTPEBE, HO SIBHASI OUEBHTHOCTh JIFOOOH 13
3THX TEOPHH B HACTOAIIEe BpeMs OTCYTCTBYyeT. Jlist
HEKOTOPHIX THIIOB KJIETOK (KakK, HapuMmep, SMOPHOHBI U
OOIIMTHI MJICKOTTUTAIOIINX) TOKa3aHa d(PPEKTHBHOCTD
CpeIHEMEIIICHHBIX CKOpocTeli oTorpesa (okoio 8°C/MuH)
[64]. I1prrarHa 3TOr0 COCTOHT B CKOPOCTH ABVIKCHYIS BOIIBI
WA PaCTBOPEHHBIX BEIIECTB 4epe3 IIa3MaTHUECKYIO
MeMOpaHy, KOrja KIeTKa Ype3MEpPHO CKHMAETCS MpU
OXJIQXKJICHWH, YTO BBI3BIBACT BBICOKHH PE3yJIETHPYIOIIII
OCMOTHYECKUH TMOTEHIMAI JJIsl OCTaBILETOCS BHYTPH-
KJIETOYHOTO COJIEPKUMOTO. BEICTpBI oTOrpeB (C
BBICBOOOMK/IEHUEM CBOOOJIHBIX MOJIEKYJ BOIBI B YMEHb-
HIAFOIIYIOCS MATPHILY JIbJIa BOKPYT KIETOK) MOT OBl
YCHIIUBATh PE3KUI MOTOK BOJBI B KJIETKY, BBI3bIBAs
MTOBPEKIACHUE caMOil MeMOpaHbI (CM. BBIIIE TECOPHIO
“IOBPEKACHI IIPH OBICTPOM OXJIAXKICHNH ITyTEM Pa3pbiBa
MeMOpaH””), WK JIA3KC M3-3a *‘CBePXTHIpATaIi, OCOOCHHO
ecn ecTb 3 deKT Harpy3Ku paCTBOPEHHBIMHU BEIIIECTBAMH
Ipu MEIJICHHOM OXJaKIeHuHu (cM. BhImIe). bomiee
MeJIJICHHBII OTOIPEB MOXKET BHI3BIBATH PETUIPATAIIAIO CO
CKOPOCTSIMH, TIPETISITCTBYOIIAMHI 3THM TTOBPEKIAIOIIIM
BozzaercTBrsM. 110 TaHHBIM Ha CETOTHAIIHMI JICHbB, OJTHAKO,
TaKoe OIIaroTBOPHOE BO3ZCHCTBHE MEICHHOTO OTOTPEBa
OKa3bIBACTCS XapaKTEPHBIM TOJNBKO IS OrPaHUIEHHOTO
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cell recoveries are improved by rapid warming
[28,33]. This improvement has been linked to factors
such as avoidance of time for excessive intracellular
ice growth (see above) or an additional period of
dehydration damage (such as membrane re-
organisation or fusion — see above) during slow
warming, but unequivocal evidence for either theory
is at present lacking. For some selected cell types
(such as mammalian embryos or oocytes), there is
evidence that an intermediate slow warming rate
(in the region of 8°C/min) is beneficial [64]. The
reason for this may lie in the rate of movement of
water or solutes across the plasma membrane in
the situation where the cell has been excessively
shrunken during cooling, with a resultant high osmotic
potential for the remaining intracellular contents.
Rapid warming (liberating free water molecules into
the diminishing ice matrix around the cells) could
encourage a dramatic influx of water into the cell,
causing membrane damage itself (see the “mem-
brane rupture” theory of rapid cooling damage,
above), or lysis by “overhydration”, particularly if
there has been a solute loading effect during the
slow cooling (see above). Warming more slowly may
permit rehydration to proceed at rates which avoid
these damaging effects. However, this slow
warming benefit does appear to be a characteristic
phenomenon only for a limited number of large cells,
as far as we are currently aware.

1.8. Novel approaches to cell preservation

The requirement to store cells at ultra-low
temperatures below the glass transition of the solute
mixture has some drawbacks including cost and
availability of cryogens, the need for continued
surveillance to ensure adequate cryogen in the cell
bank containers (this usually necessitates tem-
perature alarm devices and routine “topping up” with
liquid nitrogen on a weekly basis in most cases). It
also means that valuable samples for despatch have
to be kept at the same low temperatures (for
example in a cryogen-cooled “dry shipper”). If
nucleated cells could be either lyophylised or “dried
at ambient temperatures” many of these problems
would be avoided. Having said this, the problems in
these approaches remain formidable. However,
based on the molecular studies of Crowe and his
colleagues [11,10] into the mechanisms of the
protective effects of disaccharides, especially (but
not exclusively) trehalose, in organisms such as the
brine shrimp (Artemia sp.) which can exist in a dry
state at ambient temperatures for many years, there
has been a recent revival into research in this area.
What has become apparent from the natural systems
is that trehalose is required on both sides of the
plasma membrane of cells to exert its full protection,
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KOJTMYECTBA KPYITHBIX KIIETOK.

1.8. HoBble noaxoAbl
KAETOK

TpeOoBanne XpaHUTHb KIETKH NMPH CBEPXHHU3KUX
TEMIIEpATypax, HIKE TEMIIEPaTypbl CTEKJIOBAHUS CMECH
PAaCTBOPEHHBIX BEILECTB, NMEET HEKOTOPHIE HEIOCTATKH,
BKJIIOUas 3aTparhl HA KPHOTEHHbIE BellecTBa, HEOO-
XOIMMOCTH MPOJOJDKUTENIHHOTO HAOIMIONEHHS 32 aJleK-
BaTHOCTBIO KPHOTEHHOTO BEIIECTBA B KOHTEHHepax OaHKa
KJIETOK (OOBIYHO ISl 3TOTO HEOOXOIMMBI TeMIIeparypHbIe
KOHTPOJIbHBIE IATIVKY 1 PyTHHHAS TIPOLIEYPa JO3AMPABKA
KUJKUM a30TOM, B OOJBIIMHCTBE CIy4YaeB KaXAyIO
HEZIENI0). 3TO TaKkKe 03HAYaeT, YTO LIEHHBIE 00pa3IIbl AT
OTIPABKHU JIOJKHBI TTOIEPKUBATECS TIPU TEX K€ HIZKHX
TemrepaTypax (Hampumep, B KPHOTEHHO OXJIaXKIaeMOM
cocyze i1 Cyxol TpaHcnopTupoBkr). Eciu Obl siaepHble
KIJIETKA MOIJIY ObITh JTIMO(MIT3HPOBAHBI MU BBICYILICHBI TPH
TeMIepaType OKpYy>KaroLlel cpepl, MOXKHO ObUIO ObI
n30eKaTh MHOTMX U3 3THX mpodiieM. Criefyer ckazarb, 4To
poOIeMbl TIPH JIaHHBIX MOIXONAX OCTAKTCS TPYIHO-
MPeoONMMBIMH. TeM He MeHee, OCHOBBIBAsICh Ha
nipoBezeHHBIX Crowe 1 koyuierami [ 10,11] MoneKyssipHbIX
WCCJIeIOBaHNAX MEXaHHU3MOB 3aIIUTHOTO JIEHCTBUSA
JIACAXapHIOB, 0COOCHHO (HO HE TOJIHKO) TPETATO3BL, B TAKUX
OpraHm3Max, Kak KpeBeTKa MopcKast (Artemia sp.), KOTOpbIE
MOTYT CYIIIECTBOBATh B CyXOM COCTOSIHMH IIPU TEMITEPAType
OKpY>KaroLIel cpefibl Ha NPOTSHKEHNH MHOTHX JIET, JAHHAS
001acTh MCCIIEIOBAHMS C HEIaBHHUX IOp BHOBb Hayaja
pazBuBaThcs. Kak cTanmo o4eBHAHBIM, B €CTECTBEHHBIX
CHCTeMax Tperauo3a JOJDKHA MPUCYTCTBOBATH ¢ 00eHX
CTOPOH IIJIa3MaTHYECKO MeMOpPaHbl KIETOK IJIS TOTO,
9TOOBl IPOSBUTH BCE CBOM 3alUTHBIC CBOWCTBA,
CJIEZI0BATEIIBHO, OJJMH U3 ITIABHBIX BOIIPOCOB CO3/[aHIs OaHKa
KJIETOK, KaK BBECTH caxap B KJIETKH (TaKOTO THIIa
JcaxapyIbl 0OBIMHO HE IIPOXOIAT Yepe3 IIa3MaTHIECKY IO
MeMOpaHy B JOCTaTOYHBIX KOHIICHTpamwsix). OmHuM 13
TIOJTXOZIOB CTaJIa ITOTBITKA CO3AHMS *“YIIPABISIEMOM IO
ImyTeM BBeAeHUsS O—remonm3uHa (u3 Staphylococcus
aureus), KOTopasi OyIeT OTKpPBIBATHCS MPU U3MEHEHUH
HOHHOTO COCTaBa CPeIbl, YTO TIO3BOJIUT TPETaIo3e BXOIUTh
nocpenctsoM auddysun [S51]. Yopasisemsie “mpo-
HULAEMbIE OTBEPCTHS’, OJYyUYECHHbIE C MTOMOILIBIO
TEpMaTIHOTO NOpoo0pa3oBaHus [66] v “anexTpornopatyu’”’
[13] npemyioskeHbl KaK anbTepPHATUBHBIC METOABI IS
3arpy3Kd BHEKJIETOYHBIX MPOTEKTOPOB, B TO BPEMsI Kak
MPIMEHEHNE MAKPOMHBEKITAN F3yJaJIOCh B CHTYarsix [ 14],
KOTIa HY’KHO COXPaHUTh HEOOJBIIIOE KOJIMYECTBO KIIETOK
(Takux Kak oTnebHbIe oonuTsl). HenaBHo coobrmanock 00
YCHEIIHOM MPIMEHEHNH TAHHBIX TIOAXOIOB 151 TMO(HITH-
3aIy TPOMOOLIMTOB KPOBU MJIEKOIIMTAIOIIMX C COXpa-
HEHHEM HEKOTOPBIX (pr3HosIorudeckix QyHKImi [66], Toraa
KaK “‘BBICYIIMBAaHUE NPU TEMIIEpaTypax OKpY>Karolieih
cpenbl” B YCJIOBUSIX TIOTOKA CyXOIO BO3IyXa IO3BOJIMIIO
COXPaHUTh OOBIYHBIC KJIETKHA MJICKOIHUTAIOIINX KU3HE-
CTIOCOOHBIMHU, TIO KpalHel Mepe, B TeUeHNE HECKOITBKUX JTHEH

K KOHCEepPBMPOBAHMIO
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so one major issue has been how to introduce the
sugar into the cells of interest for banking (this type
of disaccharide would not normally cross the plasma
membrane in sufficient concentrations). One
approach has been to try and engineer a “switchable
pore” by introducing O-hemolysin (from Staphy-
lococcus aureus ), which can be controlled to “open”
by changing the ion composition of the medium,
allowing trehalose to enter by diffusion [51].
Controlled “permeability breaches” using “thermal
poration” [66] or electro-poration [13] have been
suggested as other methods for loading extracellular
protectants, whilst micro-injection has been studied
[14] in situations where a small number of cells (such
as individual oocytes) might be stored. Having used
these approaches, freeze drying of mammalian blood
platelets has been recently reported with successful
preservation of some physiological functions [66],
whilst assisted “ambient drying” by exposure to
conditions such as exposure to a gas flow of
desiccated air has also been reported to permit
survival of normal mammalian cells, at least for a
period of a few days [46]. Again, the hope using
such approaches is to achieve a “glassy state” to
“freeze in time” the metabolism and ultrastructure
of the cells. However this technology remains firmly
to the future for routine cell banking. A great deal
of further research is required into how sugars such
as trehalose interact with nucleated cells in the
desiccated state, whether glass transition of the cell
constituents can truly be achieved, and the stability
of such glasses at elevated temperatures to physical
and chemical (especially oxidative) degradation.

1.9. Safety Issues in Cell Banking

The ready availability of cryogens such as liquid
nitrogen has greatly increased the application of
cryo-banking for cell resources. However, the use
of these agents introduce considerations of safety
and cross-infection, which need to be foremost in
the minds of those involved in cryopreservation
activities. The obvious dangers when handling
cryopreserved specimens relate to skin ‘burns’
resulting from touching extremely cold materials, or
potential explosions of vials or containers caused
by rapid expansion of the liquid nitrogen into the
gas phase on warming. These problems can be
readily overcome as long as correct use of safety
gloves and eye protection are routinely employed.
Where large volumes of liquid nitrogen are used in
multiple containers, consideration must be given to
potential oxygen deprivation in the local atmosphere
if the liquid cryogen spills and vaporizes. Good
ventilation and use of oxygen detectors in the
storage room should minimise any risk to staff.
Another issue, perhaps not so obvious, is the need
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[46]. OrrsaTh ke TIpH UCTIONB30BAHNH TUX METOIMK MBI
HAJICEMCSI IOCTUTHYTH *‘CTEKJIOBHATHOTO COCTOSIHHS , ITOOBI
“3aMOPO3HTB BO BpEMEHH* METa00MM3M U YIIBTPaCTPYKTypy
KJIETOK. TeM He MeHee, JaHHasi TEXHOJIOTUsl OCTaeTCsl ITOKa
B Oyaymiem Asi MOBCEAHEBHOI'O HCIIONB30BaHUS B
Nporeypax KOHCEPBUPOBAHMS B HU3KOTEMIIEPATYPHBIX
KJIETOUHBIX OaHKax. B Oymymem norpedyercst NpuiiokuTh
MHOT'O CHJI, YTOOBI BBISICHUTB, KaK TaKMe caxapa, Kak
Tperayo3a, B3auMOJICHCTBYIOT C SICPHBIMU KIIETKAMU B
BBICYIIICHHOM COCTOSIHHH, OY/TyT JIK JOCTHTHYTHI CTEKIIO-
BAaHHC DJIEMCHTOB KJICTKH N YCTOfIqHBOCTL TaKoIo
COCTOSIHMS IIPU ITOBBIIIAIOIIUXCS TEMIIEPATypax K
(hm3UIecKoi M XUMHYECKOH (0COOCHHO OKHCIIATEITLHOMN)

JIerpajIalHHL.

1.9. Bomnpocbl 0e30macHOCTM MNpU  KOHCep-
BUPOBAHMU KAETOK B HM3KOTEMIepaTypHbiX OaHKax

JIOCTYyIIHOCTb TaKUX XJIAJATEHTOB, KAK >KUIIKUNA a30T,
MPUBENA K 3HAYUTENIFHOMY POCTY TPUMEHEHHS HU3KUX
TEMITEpATyp XPaHEHHs KIIETOYHBIX pecypcoB. OHAKO Tpr
HCTIONTB30BAHMY TAKUX BEILIECTB HEOOXOMO IIPHHUMAT BO
BHFIMaHHE BOMPOCHI OE30MaCHOCTH U KPOCC-MH(EKIHH,
KOTOpbIE B MEPBYIO0 OYEpPeb JODKHBI PACCMaTPUBATHCS
BCEMH, KTO CBSI3aH C KPHOKOHCEpBHpoBaHHeM. K o4eBHIHbIM
OIACHOCTSIM ITPY 00PAILIeHHH C KPHOKOHCEPBUPOBAHHBIMHU
00pa3aMu OTHOCATCS U “OKOTH” KOJKH B pE3yJIbTare
KOHTaKTa CO CBEPXXOJIOIHBIMU MaTepHaaM¥u WU
BO3MOXXHBIE€ B3PBIBBI IPOOUPOK WIIM KOHTEHHEPOB,
BBI3BaHHEIE OBICTPHIM TEPEXOIOM JKHUKOTO a30Ta B
rasoByro (pasy mpu HarpeBaHud. Takue MpoOIeMBI JIETKO
MIPEOAOIMMEI TIPH YCIIOBHH TIPUMEHEHUS 3alllUTHBIX
TIepYaToK 1 04KOB. I [pH CTI0NMBE30BaHIM 00BEMOB YKUIKOTO
a30Ta B OOJIBIIIOM KOJIMYECTBE KOHTEHHEPOB HEOOXOIMMO
o0pariars BHIMaHHE HA MOTCHIMAILHOE YMEHBIICHHE
COJIepKaHMs KHUCIIOpOoJa B CIydae YTEUKH JKHUIKOTO
KpPHOAreHTa M €ro MCIapeHus. XOopolasi BeHTHILIINS U
WCIIOJIH30BaHUE JATIYMKOB COIEPIKaHUS KHUCIOpOna B
XPaHWIHILIE JOIDKHBI CHAZUTB JTFOOOH PHCK TS COTPYIHHKOB.
Eme ogna mpobnema, BO3MOXHO, HE Takasi O4eBHIHAS,
COCTOUT B HEOOXOIMMOCTH YIIOCTOBEPHTHCS, UTO 00PA3IIHL,
XpaHsIIrecs TIPU HU3KUX TeMIIepaTypax, He MOryT ObITh
MH(UIPOBAHBI, HAPUMED, BUPYCAMH, CITYYaiHO ITOTIaB-
IIUMHU B COCYJ U3 JIPYTUX 3apa’KeHHBIX 00pa3IoB.
Coo0Imanock 0 mepeHoce BUPYCOB OT OHOTO oOpasiia
KOCTHOTO MO3Ta K JIpyroMy IpH XpaHEHWU B OIHOM
pe3epByape ¢ KUIAKAM a30TOM [ 58], IT0 MOITIO BOHUKHYTh
13-3a TIOBPEXKACHHUS 3arPy309HOTO OTBEPCTHS B YIIAKOBKE
IUTs XpaHeHws. B OONbIIMHCTBE CilydaeB BUPYCHI MOTYT
BBDKMBATh [IOCTIE 3AMOPKUBAHUSA B JKHIKOM a30Te. Taroke
CYIIIECTBYIOT MHEHHS], 9TO HEKOTOPHIE BUIbI INTACTUKOBBIX
KOHTEWHEPOB, KaK, HAIPUMEP, COJTOMHUHKHU ISl 3aMO-
paXXuBaHUs, UCHOJB3YIOIIHECS B PEIPOIYKTHBHOM
MEJIUIIHE, MOTYT OBITh YYBCTBUTEIHHBI K HEOOIBIIHM
yTeUKaM MOTEHIMAIIBHO 3apaKEeHHBIX 00pasIioB BO BpeMst
3aMOpaxuBaHus [22], 94TO MOXKET OBITh BBI3BAHO
HEKOTOPBIMH 3TallaMH B MpoIenype o0padoTKu, B
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to ensure that samples, stored at low temperatures,
cannot be infected with agents, especially viral
agents, inadvertently released into the storage tanks
from other infected samples. There has been a report
of a viral transmission between samples of bone
marrow stored in the same liquid nitrogen storage
tank [58], which may have arisen from failure of
the filling ports on the storage bags. Viruses in
general may survive immersion in liquid nitrogen.
There are also concerns that some types of plastic
containers, such as freezing straws used in
reproductive medicine, may be susceptible to small
leakages of potentially-infectious samples during
freezing [22], due to some steps in the handling
procedures, particularly the sealing procedure of the
straws. Thus, as a general warning, staff handling
cryopreserved samples should treat them with the
same precautions as fresh samples, and remain
vigilant about procedures for filling and rewarming
the samples. It has also been suggested that storage
in the vapour phase (rather than in liquid nitrogen-
filled tanks) may reduce chances of cross infection.
However, such use of vapour phase storage requires
very good temperature recording and increased
frequency of monitoring to ensure that there are not
risks of inadvertent warming and destruction of the
cell bank.

1.10. Summary

Cryobiology has progressed to an amazing
degree in the past 50 years. Subjects such as
physiology and anatomy were grounded in detailed
investigations reported over hundreds of years since
the Renaissance, but in cryobiology it is only 60 years
since the pioneering reports from Luyet, Polge and
like-minded colleagues. The establishment of the
ability to recover viable cells from deep subzero
temperatures has made a huge impact on the every-
day management of living resources in biology and
medicine, sometimes to such an extent that the
technology is taken for granted. However, as we
move towards an era where cell cryopreservation
will be called upon more and more to confront new
problems, such as conservation of endangered
species or manipulation of stem cells for research
and therapy, it will be essential to fully understand
the complete spectrum of changes encountered by
living systems which are maintained “frozen in time”.
There still remain a host of molecular and biophysical
questions to be answered about how cells respond
to cryopreservation processes, and this must be the
focus of research for the second 50 years in the
history of cryobiology.
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YJaCTHOCTH, 3aIICYaThIBAHMS COTIOMIHOK.

Takum 00paszoMm, cliemyeT 3aMeTHTb, YTO MepCOHal,
paloTarommii ¢ KpHOKOHCEPBUPOBAHHBIMU 00Opa3IiaMHu,
JIOJDKEH 00paIaThesi ¢ MaTepHaioM, CIIeIysl BCeM TeM
TPaBIJIaM, KOTOPBIE CYLIIECTBYIOT [UTs pabOTBI CO CBEKHMU
00pasamu, ¥ COONIoIaTh OCTOPOKHOCTB MPH POLIELYpax
HaIoJIHEeHHSI M OTOrpeBa 00pasiioB. Taroke mperonaraeTcs,
YTO XpaHEeHHe B Mapax a3oTa (B OoJblIel Mepe, 4eM B
pe3epByapax, HATIOJHEHHBIX JKAIKAM a30TOM) MOXKET
CHHU3UTH BEPOSITHOCTB Kpocc-MH(ekmu. Tem He MeHee,
TaKOE MCIIOJIE30BAHHE TTAPOB a30Ta IPU XPpaHEHNH TpedyeT
HAJIMYMS JOJDKHOTO KOHTPOJIA 32 TEMITEPATyPOi X 9acToro
KOHTPOJISI ¥ HAOTFOIEHHH, 9TOObI YOEIUTECS B OTCYTCTBUU
pHCKa CITy4aifHOTO OTOrpeBa M pa3pyIIeHNst OaHKa KIIETOK.

1.10. Pe3siome

3a mocnexane 50 yieT KpUOOUONOTHS JIOCTHTIIA
VIMBHTEIBHBIX YCIIeX0B. Takue mpemMeThl, Kak (DH3HONOTHs
Y aHATOMHS1, OCHOBBIBAITVICH HA JICTAITHHBIX UCCIIC/IOBAHMSX,
COOOILIEHHS O KOTOPBIX MOXKHO HANTH HA IPOTSHKEHNH COTEH
JIeT, HaYMHAsL C DMOXH BO3pOXKICHUS, a B HCTOPUH
KPHUOOHOJIOTHH TIPOLLIO BCEro Jmiib 60 JieT ¢ MOMEHTa
TIOSTBIICHIIST CAMBIX TIEpPBBIX coobrerwii JIroite, [lommka u
JPYTUX TPUICPKUBAIOIIMKCS TOTO e B3DIIA YUCHBIX.
Oco3HaHKre BO3MOKHOCTH BOCCTAHABJIMBATH JKU3HE-
CTIOCOOHBIE KJIETKH MOCITE IPIIMEHEHS HUBKHIX CyOHYIIEBBIX
TEMIIEpaTyp BHECIIO OrPOMHEHIIINIA BKJIaJ] B IPOLIEIYPY
PYTHHHOI 00pa0OTKHU JKUBBIX PECYpPCOB B OHOJIOTHH H
ME/IMIIMHE, THOT/IA HACTOJIHKO 3HAYUTEIBHBIHN, YTO JaHHBIC
TEXHOJIOTMH ObUTH IPHHATHI 0€30rOBOPOYHO.

Tem He MeHee, Tak KaK MBI BXOIIMIM B HOBYIO 3Dy, B
KOTOpO# KPUOKOHCEPBUPOBAHHUE KIIETOK OyIIET MPU3BAHO K
PEIICHUI0 TaKUX MPOoOIJIeM, KaK COXPaHEHUE PEIKUX
BBIMHPAIOIINX BHJIOB WM UCIOJIB30BAHIE CTBOJIOBBIX
KJIETOK B MICCIICZIOBAHHSIX U JICYCHUH, HEOOXOIMMO OCO3HATh
B TIOJIHOW Mepe Bech CIICKTP M3MEHEHHH, C KOTOPHIMH
CTaJIKMBAIOTCS JKHBBIE CHCTEMBI, MOJIICPKUBAOIIINECS B
COCTOSTHUH ‘‘3aMOpPO’KCHHBIX BO BpeMeHu . Bce ere
OCTaeTCsi MHOYKECTBO TPEOYFOIINX Pa3bsICHEHUSI MOJICKY-
JSIPHBIX ¥ OMO(H3UIECKIIX BOIPOCOB, KAK KIIETKH PEarvpytoT
Ha TPOIIECChl KPHOKOHCEPBUPOBAHMS, U KIMEHHO Ha 3TOM
cremyeT c(hOKYCHpOBaTh CBOX MCCIICIIOBAHHS B CIICYOIIIHE
50 net B 061macT KpUOOHOJIOTHHL.
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