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On Possible Mechanism of Damage in Frozen-Thawed Biological
Objects Due to Pressure Plastic Relaxation

in Closed Liquid Phase Inclusions

PaccMoTpeHa ofHa U3 BO3MOXKHBIX IPUYHMH ITOBPEKACHUH KIETOUHBIX CYCIIEH3UH, TKaHEH M OPTraHOB IPU CyOIBTEKTHUECKUX
TemrepaTypax. KHHeTHKy mporeccoB, MPOTEKAIOIUX MPH OXJIAKACHUN U HarpeBe BOAHBIX PACTBOPOB KPHOIIPOTEKTOPHBIX BEIIECTB,
HCCIIeIOBAIN TEH30MIaTOMETPHUCCKIM METOIOM M METOAOM TepMoILTacTHYecKoil aedopmarnmu. OnpenenaeHs! TeMIepaTypHble
HMHTEPBaJbl IS BOAHBIX PACTBOPOB JUMETHICYNb(OKCHAA, TIUIEPHHA U MOTUITHICHOKCHAA ¢ M. M. 1500, B KOTOPEIX BO3MOXHO
00pazoBaHHEe MUKPOKPHCTAIUIOB JIbAA B 3aMKHYTBIX BKIIOUEHHSAX, YTO MOXET SIBISITHCS MIPUYMHON 3HAUUTENBHBIX MEXaHUIECKUX
MIOBPEXICHUH HPU KPUOKOHCEPBUPOBAHUN OHOTOTHIECKNX 00BbeKTOB. OCOOCHHO aKTUBHO TaKHe MOBPEXJCHUS PEaTH3yIOTCS IPU
MaJIbIX KOHIIEHTPaIX KpHOpoTeKTopoB (1o 10%). MexaHmdeckoe MOBpexXAeHUE OHOIOrNUeCKIX 00BEKTOB IIPU KPHOKOHCEPBHPOBAHH,
KOTOpOE, BO3MOXKHO, CBSI3aHO C IIIACTHYECKON peslaKcaliel JaBIeHNH B 3aMKHY THIX XKHUAKAX BKITIOUYCHUSX, PACCMAaTPUBAIN Ha IPIMEpe
KPHOKOHCEPBUPOBAHUS KIETOK Saccharomyces cerevisiae.

Kniouegvle cnoea: 3aMKHYThIE BKIIOUCHHUS, IUIacTU4ecKas gedopmarus, pelakcanus NaBICHHH, IMpeaesl TeKydecTH,
KPHOIPOTEKTOPHI.

PO31IIsIHYTO O/1HA 3 MOXKJIMBHX [IPUYKH MOIIKO/PKEHb KITITHHHUX CYCIICH311, TKAHHH 1 OpraHiB Ipu CyOeBTEKTHYHUX TEMIIEpaTypax.
Kineruky mporiecis, sSiKi IPOTIKaIOTh IPU OXOJIOKEHHI Ta BiJITPpiBi BOJSHUX PO3UHHIB KPiOMPOTEKTOPHUX PEYOBUH, HOCIHIHKYBAIN
METOJaMHU TEH30IMIATOMETpIi Ta TepMoIuacTHyHoi nedopmarii. BusHaueHo TemmepaTypHi iHTepBaau Ui BOASHUX PO3YHMHIB
JIMMETHICYIIb(GOKHY, DIILEPUHY Ta MOTICTHICHOKCHAY 3 M. M. 1500, y SKUX MOXJIMBE YTBOPEHHS MIKPOKPHCTAIIB JIbOALY, 3aMKHYTHX
BKITIOUCHHSIX, 110 MOKe Oy TH MPHYMHOO 3HAYHUX MEXaHIYHUX MOUTKOKEHB ITPH KPIOKOHCEPBYBaHH1 010J10T9HUX 00’ €KTiB. OcOOIUBO
AKTHBHO TaKi MOIIKOLKEHHS PeaizyIoThes IIPU MaJIMX KOHIEHTparisx (10 10%) kpionpoTekTopiB. MexaHiIHe MOIIKOMKEHHS 010JI0TTIHHX
00’€KTIB IPU KPiOKOHCEPBYBAHHI, SIKE, MOXKIIUBO, MIOB’s13aHE 3 TUIACTHYHOIO PENIAKCAII€I0 TUCKY B 3aMKHYTHX PiJKUX BKIIOYCHHSX,
po3IIsLIaNN Ha IPUKIIAAi KPIOKOHCEPBYBaHHA KITHH Saccharomyces cerevisiae.

Knrouoei cnosa: 3aMKHYTI BKIFOUCHHS, IIACTUYHA JeOpPMALlis, pellaKcallisi THCKIB, MeKa TeKYy4OCTi, KPIOMPOTEKTOPH.

One of the possible causes of damages of cell suspensions, tissues and organs under sub-eutectic temperatures has been considered.
Kinetics of the processes, proceeding during cooling and heating of aqueous solutions of cryoprotective agents was studied with
tensodilatometric method and the one of thermoplastic deformation. There have been established temperature intervals for aqueous
solutions of dimethyl sulfoxide, glycerol and polyethylene oxide with molecular weight of 1500 where the formation of ice single
crystals in closed inclusions is possible, that may be the cause of significant mechanical impairments during cryopreservation of
biological objects. These damages are quite actively realized under low concentrations of cryoprotectants (to 10%). Mechanical
damage of biological objects during cryopreservation which is likely associated to plastic relaxation of pressures in closed liquid
inclusions were exemplified with cryopreservation of Saccaromyces cerevisiae cells.

Key-words: closed inclusions, plastic deformation, relaxation of pressures, limit of stretching strain, cryoprotectants.

B Hacrosimee Bpemst B KpHOOHOJIOTHH Bce 00JTb-
LIV HHTEPEC PECTaBISeT H3YIESHHE BOIIPOCa O BO3-
MOJKHBIX TTOBPEXICHUAX KPHOKOHCEPBUPYEMBIX OMO-
JIOTUYECKUX OOBEKTOB B IBTEKTHUECKOM HHTEpBAJIC
TEMIIEPATyp U HUXKE BILTOTH JI0 TEMIIEPATYP CTEKIIO-
Banu1 [1,4, 14, 17-19, 21]. B nponecce 3amopaxuBa-
HUS B OMOCHCTEMax BO3HUKAIOT 3HAUYUTENbHBIE Ipa-
JUEHTHI TEMIIEPATYP, IPH KOTOPHIX HAPSILy C HEOIHO-
POIHOCTBIO CUCTEMBI BO3HUKAIOT BHYTPEHHUE TEPMO-
MexaHudeckue HampsbkeHus [4, 6]. Otu daxTopsl
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Now in cryobiology the studying of the question on
possible damages of biological objects under cryo-
preservation within an eutectic temperature interval
and lower up to vitrification temperatures gains more
interest [1, 4, 14, 17-19, 21]. During freezing in
biological systems there are notable temperature
gradients, under which together with the irregularity
of the system inner thermomechanical tensions appear
[4, 6]. These factors result in such physical phenomena
as electric polarization of the substance, generation of
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MIPUBOJAT K TAKUM (PU3NIECKUM SBICHUSIM, KaK 3JICKT-
pUYecKas MOJSIpU3alus BELIESCTBA, T€HEpaLUs UM-
ITYJIBCHBIX AIEKTPOMArHUTHBIX ITOJIeH u T.1. HawKaTo-
pPOM BHYTPEHHHX TEPMOMEXaHHIECKUX HAMPSHKEHUN
SIBJISIETCSI aKycTUUYecKas amuccus [4, 8, 22]. B kpuoza-
OIMTHBIX pacTBOpax HaONrmaeTcs WHTCHCHUBHAS
AKyCTUYECKasi SMUCCHSI TIPU OXJIKICHUH HIKE TEM-
NepaTyphl CTEKIOBAaHHMS, YTO YKa3bIBaeT Ha 00pa3oBa-
HUE B HUX TPEIIUH B TBep0(a3HOM COCTOSHUU [6].
Kpowme Toro, non nelictBreM BO3HUKAIOIIUX B CUCTE-
M€ TEPMOYIIPYTUX HAPSHKEHUH, BOZMOXKHO 3apOKIIe-
HUE TUCIIOKALNH, UTPAIOIINX POJIb HOCUTENEH IIacTH-
yeckoi nedopmanmm, 3a cyeT KOTOPOUM OCYyIIecCT-
BJISIETCS peslaKkcalys TEpMOYIPYTHX HarlpskeHui [16].
OTH SBICHUS BBI3BIBAIOT 3HAYUTEILHBIC HAPYIIICHUS
CTPYKTYPhI OMOJIOTUYECKUX OOBEKTOB U MPUBOJIAT K
WX TIOBpEXICHUIO U rudenu [4, §].

BuyTpenHnue TepMoMexaHUYECKUE HAMPSHKEHUS
MOTYT JOCTUTATh Pa3pyIIAOIINX 3HAYCHUH HA yPOBHE
OTJIEIBHBIX KJIETOK, 3aKIIOYCHHBIX MEXIY KPUCTa-
namu b1a [6]. B padorax [18, 19] Ha ocHOBaHuHM TeO-
pPeTUYECKOTO aHaln3a ObLIO MMOKAa3aHO, YTO TaKWe
HaIpPSDKEHUS MOTYT OBITh MPUYNHOM pa3pyIIeHUs 3a-
MOpPaKHBAEMBIX OpraHOB. TemIeparypHbIe ITpagueH-
THI TIPY OXJIKJEHUH U OTOTPEBE KPYITHBIX 00OBEKTOB
4acToO MPHUBOJAT K MEXaHUYECKUM JlehopMaIusm u
TpemuHaM [21]. MexaHudeckue MoBPeKICHUS BCIC-
CTBHE MHOTOYHCJICHHBIX MUKPOTPEIINH HA TMOBEPX-
HOCTSIX TKaHH HaOJFOIAITH IIPH KPUOKOHCEPBUPOBAHUN
CeplCUHbIX KJanaHoB 4yenoBeka [17].

Br110 BBICKa3aHO MIPENON0KEHUE, UTO TIPH 3aMO-
PaXMBAaHUH KJICTOYHOM CYCTICH3UH OTACIBHBIC KIICTKA
3aXBaThIBAIOTCS KpUCTauIaMHu Jipaa [2]. IIpu aTom B
pe3ynbrare 3amep3aHus o0pasia o0pa3yrTcs 3aMK-
HYTBbI€ 00BEMBI, B KOTOPBIX MOXKET Pa3BUBATHCS THII-
pocrarnueckoe masienue 10 2x108 ITa. Takxke mpen-
I0JIAraeTCsl, YTO TAKUE AABJICHUS SIBISIFOTCS AOIOJIHU-
TEJNBHBIM ITOBPEKAAIONUM (HaKTOPOM MTPH 3aMOPAKH-
BaHUHN OMOOOBHEKTOB.

Taxwum 06pa3zoM, Ipr KPHOKOHCEPBUPOBAHUH TAKUX
FETEPOrE€HHBIX CUCTEM, KaK KIETOUYHBIE CYCIICH3UH,
TKaHU ¥ OPTaHBbI ¢ T0OaBICHHEM KOHCEPBAHTOB MOT'YT
MIPOVCXOUTE CIIOXKHEIE MPOIECCH TUIACTHUSCKUX U
yIpyTux aeopmanuii, KOTOpPbIE CTAHOBATCS UCTOYHH-
KOM MOBPEKICHUH OMONIOTHYeCKIX 00beKTOB. B cBsi3n
C 3TUM H3yYE€HHUE MPOLIECCOB, MIPOUCXOIAIMUX HTPU
3aMOpaXUBAaHUH OMOJIOTHYECKUX 0OBEKTOB B THaIIa-
3one Temmepatyp —40...—100°C, mo3BOIUT paciiu-
PUTbH NPEICTABICHUS O MEXaHU3MaX UX MPOTEKaHUS
U CHHU3WTH MOBPEXKJAIOIIee JelcTBUE OMOOOBEKTOB
3a cyeT yuera 3TuX (aKTOpPOB JIs YCOBEPIICHCT-
BOBaHUS TEXHOJIOTUN WX KPHOKOHCEPBUPOBAHUSI.

Lens paboOThI — U3yUYEHHE OJHOTO M3 BO3MOKHBIX
MEXaHH3MOB IMOBPEKICHUI OHO00OBEKTOB IIPH KPUO-
KOHCEPBHUPOBAHUH, KOTOPHIN peaTn3yeTcs ¢ ITOMOIIBIO
IJTACTUYIECKON pellaKCcaliy JTaBICHUA B 3aMKHYTBIX
BKJTFOYCHIISIX.
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impulse electromagnetic fields etc. The indicator of
inner thermomechanical tensions is acoustic emission
[4, 8, 22]. In cryoprotective solutions there is an inten-
sive acoustic emission during cooling lower than
vitrification temperature, that points to the formation
of cracks in them in a solid-phase state [6]. In addition,
under the effect of appearing in the system thermo-
elastic tensions it is possible the origination of
dislocations playing the role of carriers of plastic defor-
mation under which the relaxation of thermoelastic
tensions is accomplished [16]. These phenomena cause
significant disorders of the structure of biological
objects and result in their damage and death [4, §].

Inner thermomechanical tensions may reach
destroying values at the level of separate cells, enclosed
between ice crystals [6]. In the papers [18, 19] basing
on theoretical analysis it has been shown that these
tensions may result in the destruction of the organs
being frozen. Temperature gradients during cooling and
thawing of large objects frequently lead to mechanical
stresses and cracks [21]. Mechanical damages due to
numerous microcracks on the surface of tissue were
observed during cryopreservation of human cardiac
valves [17].

There was supposed that during freezing of cell
suspension certain cells were captured by ice crystals
[2]. Herewith as a result of sample freezing the closed
volumes where hydrostatic pressure may develop up
to 2x10% Pa are formed. Also it is supposed that such
pressures are additional damaging factor during
freezing of biological objects.

Thus during cryopreservation of such heteroge-
neous systems as cell suspensions, the tissues and
organs with adding preservatives the complicated pro-
cesses of plastic and elastic deformations, getting the
source of damages of biological objects may occur. In
this connection the investigation of the processes
proceeding during freezing of biological objects within
the temperature range of —40...—100°C enables the
extending of the notions about the mechanisms of their
proceeding and reducing the damaging effect of
biological objects due to the accounting these factors
for improving the technology of their cryopreservation.

The research aim was the studying of one of the
possible mechanisms of damage of biological objects
during cryopreservation which is realized using plastic
relaxation of tensions in the closed inclusions.

Materials and methods

The kinetics of processes of crystallization and
melting taking place during cooling and warming of
aqueous solutions of cryoprotective substances was
studied with tensodilatometric [15] and thermoplastic
deformation methods [3, 10].

Using the method of volumetric scanning tenso-
dilatometry the aqueous solutions of glycerol with mass
concentrations of 52 and 58% of cryoprotective
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Matepnaabl 1 meToAbI

Kunetuky nporeccoB KpucTaluIM3aluy 1 IJIaBJie-
HUS, TPOTEKAIOIINX MPH OXJIKIACHUHU U HarpeBe BOI-
HBIX PaCTBOPOB KPUONPOTEKTOPHBIX BELECTB, HCCIIE-
JOBAJIM TEH30AUJIATOMETPUIECKUM MeToqaoM [15] u
METOJIOM TepMoIruiacTudeckoit nedopmammm [3, 10].

C momomrsio MeToa 00bEMHON CKAaHUPYIOMIEH
TEH30AMJIATOMETPUH HCCIIEIOBAIM BOJHBIE PACTBO-
PBI TIIMIIEPUHA C MAaCCOBBIMU KOHIICHTPAIUSAMH 52 U
58% kpuonpoTekTopHOTO BemecTsa. [Ipu perucrpa-
MU TEH30AUIaTOMETPUYECKUX KPUBBIX 00pa3Ibl OX-
JIaX1adu OT KOMHATHOW TemnepaTypsl 1o —125°C co
ckopocthio 1°C/MuH.

MeTtonoM TepMoOIUIacTHYECKOH Aedopmanuu uc-
CJIEZIOBAJIM BOAHBIE PACTBOPHI IUMETHICYIb(POKCHAA
(AMCO), rmuniepuHa v MOJTUITUIICHOKCH A C MOJICKY -
nsapHo# Maccoit 1500 (IT20-1500) B obmactu Macco-
BbIX KoHLIeHTparwii 0. ..40%. OOpa3ibl oXJIaxxaanu co
ckopocthio 4°C/Mun 10 —150°C, crabunuznpoBanu
[IpH KOHEYHOH TeMIeparype OXJIaK/IeHUs B TEUCHHE
10 muH. Jlanee K 3aMOPOXKEHHOMY 00pasIily mpHuKiIa-
IBIBAI BHEITHee Ae(opMupyroliee HanpsiKeHne O.
Jlns onpenenenus TemMneparyp paccrexnosanus T,
BOJHBIX PacTBOPOB KPHOMPOTEKTOPOB MPUMEHAIN
0=400 r/mm? [3, 10]. Beliiie TeMmepaTypbl pacCTEKIIO0-
BaHUs amopdHas paza 00pa3oB MEPEXOTUT B BSI3KO-
YIpPYyTo€, a 3aT€EM U B BA3KOTEKy4ee COCTOSIHUE U IS
HCCIIEI0BaHUS KHHETUKH [TPOLIECCOB, TPOUCXOIAINX
[IPH TAKUX TEMIEPaTypax, HEOOXOANMBI 3HAYUTETHHO
MEHBIIIVE BHEIIHNE HanpshKkeHus. VX 3HaueHune Taxke
3aBHCEJIO OT BUAa KPHOMIPOTEKTOPHBIX BEIIECTB U €70
KOHIIGHTPAIMH B PAcTBOpPE. DTO CBSI3aHO C TEM, YTO
KPHUOMPOTEKTOPHI 0071aIaf0T Pa3INdHBIMU YIPYTO-
mactuyeckumu cBorctamu [11, 13]. [losTomy st
BoaHBIX pacTBopoB JIMCO BHemHee aedopmupyto-
niee Hanpsprenue coctanisuio 200...400 r/mm?, a st
BOAHBIX pacTBOpoB munepuHa u I130-1500 —
100...200 r/MM?%, B 3aBHCHMOCTH OT KOHIIEHTpAIUH
KpHOIIPOTEKTOpa. PerucTparuo TepMoniaacTuIeckux
KPHUBBIX 00pa31I0B IPOBOAMIIN ITPH HATPEBE C TIOCTOSH-
HOW ckopocThio 1°C/MuUH.

Pe3yAbTatel M 00Cy)xaeHue

Ha puc. 1 npuBeaeHsl TEH30AUIATOMETPUYECKUE
KPHUBBIE OXJIaXKTa€MBIX BOTHBIX PACTBOPOB IIIHIEPHHA.
Bunno, uto npu temneparype T, a1g pactBopa ¢
KOHLeHTpanuel ruuepuna 52% u temneparype T,
IUIs pacTBOpa ¢ KOHLEHTpanuend rauuepuHa 58%
00beM 00pasia yBeTMUMBACTCS IIPH €T0 OXJIAXKICHUH.
310 ABMsIETCA CIEACTBUEM TOTO, UTO B 00paslie Hauu-
HAaeTCs MPOLECC KPUCTAININ3ALNN BOJIBI, COMTPOBOXK-
JAIoIuica yBenndenneM ero oobema Ha 8,3% [7].
Ecnu yuecTs 9acTHUHYIO KOMIIEHCAIHIO pocTa 00be-
Ma OXJIaXK/IaeMBIX 00pa3IoB 3a CUET CXKATHUS OCTAI0-
miedcst KUAKoW (ha3sl, MOKHO CHENIaTh BBIBOI, YTO
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substance were studied. When recording the tenso-
dilatometric curves the samples were cooled from room
temperature down to —125°C with the rate of 1°C/min.

With the method of thermoplastic deformation
aqueous solutions of dimethyl sulfoxide (DMSO),
glycerol and polyethylene oxide with molecular weight
of 1500 (PEO-1500) were investigated within the inter-
val of mass concentrations 0...40%. The samples were
cooled with the rate of 4°C/min down to —150°C,
stabilized at final cooling temperature for 10 min. Later
to the frozen sample the outer deforming tension 0
was applied. To examine the temperatures of devit-
rification T, of aqueous solutions of cryoprotectants 0
was assumed as equal to 400 g/mm? [3, 10]. Higher
than the devitrification temperature amorphous phase
of the samples transits to visco-elastic and then to
viscous-flow state and for studying the kinetics of the
processes occurring at these temperatures, quite less
outer tensions are necessary. Their value also depended
on the type of cryoprotective substance due to the fact
that they possess different elastic-plastic properties [11,
13]. Therefore for aqueous DMSO solutions an outer
deforming tension made 200 g/mm? and for those for
glycerol and PEO-1500 it made 100 g/mm?. Thermo-
plastic curves of the samples were recorded during
heating with a constant rate of 1°C/min.

Results and discussion

Fig. 1 shows tensodilatometric curves of glycerol
aqueous solutions under cooling. Its is evident that at
T, temperature for the solution with 52% glycerol
concentration and the T, temperature for the one with
58% glycerol concentration the sample volume
increases during its cooling. This is the consequence
of the fact that in the sample the process of water
crystallization, accompanying with the rise of its volume
by 8.3%, starts [7]. When taking into account a partial
compensation of the growing volume of the samples
under cooling due to the shrinking oh the remaining
liquid phase, one may conclude that the water crys-
tallization process continues up to T, vitrification tempe-
rature, i.e. it proceeds within the interval of AT, tempe-
ratures. There was also experimentally established that
in cryoprotective solutions under cooling and being
cryopreserved with these solutions biological systems,
water crystallization does not terminate at achieving
the eutectics temperature T, , that is characteristic
for the systems described with classic diagrams of
eutectic type and continues at lower temperatures up
to the T, vitrification temperature [12, 20]. So, at
tensodilometric studies of DMSO and PEO-1500
aqueous solutions under cooling within the concent-
ration range of 0...50% there was revealed that water
transition into ice is observed up to the temperatures
of —130°C and —80°C, correspondingly [12].
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MpoIecc KpUCTAIIN3aIUu BOJBI MPOI0OJIKAeTCs
BILIOTH JIO TEMIIEPATYPHI CTeKI0Banus Ty, T. €. mpouc-
xomut B uHTepBasie temneparyp AT,. Taxxke skcrie-
PUMEHTAIBHO YCTAHOBJIEHO, YTO B OXJaXJaeMBbIX
KpUONPOTEKTOPHBIX PACTBOpPaX U KPUOKOHCEPBUPYE-
MBIX C TAKUMHU PACTBOPaMH OHOJIOTMYECKHX CHCTEMAX
KpHUCTAJUTM3ALMs1 BOJBI HE 3aBEPIIAETCS IIPU JOCTHXKE-
HUU TEMIEPATYPhl IBTEKTUKHU T,,, YTO XapaKTEpHO
JUTSL CHCTEM, OIHCHIBAEMBIX KIACCUYECKUMH IHar-
paMMaM# 3BTEKTUYECKOTO THIIA, & TPOIOJIKACTCS H
npu 0oJiee HU3KUX TeMIepaTypax BILUIOTh J0 TeMIIe-
patypsl crexnoanust T, [12, 20]. I1pu Tenzoannaro-
METPUYIECKHX UCCIIEAOBAHMIX OXITaKIAEMbIX BOJTHBIX
pactBopoB JIMCO u I130-1500 B o6macTv KOHIIEHT-
pauuii 0...50% ObL10 0OHAPYKEHO, UTO MEPEXO BOABI
B Jieg HaOmofaeTcs B HUX BIUIOTH A0 TEMIIEpaTyp
—130 u —80°C cootBeTcTBeHHO [12].

Heo6xonumo oTMeTUTb, €Clii HaualbHask KOHIIECH-
Tpamusl KpUOIMPOTEKTOPHOIO BEIIECTBA B PacTBOpE
JexuT B npeaenax 3...8%, ToO K MOMEHTY JOCTHKE-
HUS Temneparypraoro uarepsana AT, obpasemn npen-
CTaBIsieT cO00 MOHOJHTHYIO JIEASHYIO MATPHILy C
KHUIKO(A3HBIMU BKITFOUCHUSIMH, KOHIIEHTPAIIHS pacT-
BOpa B KOTOPHIX J&kHUT B mpenenax 40...60%. Tor
(bakT, 4TO B 3TUX BKIIOYEHHSIX B MHTEPBAJIE TEMIIE-
paryp AT, mpoTekaroT mporeccsl KpUCTaJUTH3AIHH,
CONPOBOXKAAIOIINECS yBEIMYCHHEM 00beMa, JaeT
OCHOBaHHE BbI/IBUHYTbH THIIOTE3Y: €CIIH 3TH BKITFOUEHUS
OyAyT 3aMKHYTBIMH, B HUX HEM30€KHO JOJKHBI BO3-
HUKATh N30BITOYHBIC IaBIICHUS, TPOMOPIIMOHAIILHBIC
Macce 3aKpUCTAIIM30BaHHON BOJBI.

Wurepsan remneparyp AT npu Harpese 06pasios
C JJOCTaTOYHO BBICOKOU TOYHOCTHIO (£1,5...2°C) Mok~
HO OIpPEAENUTh C MOMOIIBI0 TEPMOIIACTHYECKHUX
kpuBbIX €=€(T), TUHMMMYHBIN BUJ KOTOPHIX MPUBEICH
Ha puc. 2. Untepsan AT, onpenensieTcs Kak

AT~=TT,,

rae T, — TeMneparypa OKOHYaHHs IEPBOTO nepernda
Ha TEPMOIUIACTUYECKON KPUBOU, KOTOPBIM CBS3aH C
TEILIONOITIOIIEHUEM DU ILIABJIEHUU MUKPOKPHUCTAILUIOB
7b1a, 06pasosasuuxcs B uarepsane AT npu npensa-
PUTENBLHOM OXJaXKIAEHUU. B TaHHOM citydae Temmnepa-
Typa paccreknoBanus T, ompenensercs mo 6uccek-
TpHCE yTiia, KOTOPBIi 00pa3yloT KacarelbHbIe, IPOBe-
JIEHHBIE K YYacTKaM TEPMOIIJIACTUYECKOW KPUBOU C
IIOCTOSIHHOW CKOPOCTBIO HAapacTaHUs IIaCTHYECKON
nepopmanuu. Llnpuna maaro AT, (puc. 2) mpomoprimo-
HaJbHA Macce TUIABAIIUXCS MUKPOKPHUCTAIIIOB. DTO
CBS3aHO C TEM, UTO II0CJIE IEPECEUEHUS TEMITEPATYPhI
paccreknoBanus T, npu HarpeBe o0pasia CKOPOCTh
€ro IUNIACTUYECKOTO TEUEHUS 3aBUCUT OT JIByX KOHKY-
PUPYIOIIKX IIPOLIECCOB: YMEHBIICHUS BA3KOCTH PACT-
BOpa MpU HArpeBe, NPUBOIAIIETO K YBEIHYECHUIO
CKOPOCTH IUIACTUYECKOIO TEUCHUS, U OXIIAXKICHUS
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Puc. 1. M3MeHeHne o0beMa OXJIaXI1aeMBIX BOJHBIX PacT-

BOPOB TJIMIIEPUHA Pa3TUIHON KOHIIeHTpaIuH, %: 1 —52;2 —
58. TlosicHeHus B TEKCTE.

Fig. 1. Change of the volume of aqueous glycerol solutions
of various concentrations under cooling, %, 1 -52, 2 — 58.
Explanations are in the text.

It is necessary to note that if initial concentration
of cryoprotective substance is within the limits of
3...8%, then to the moment of achieving the tempe-
rature interval AT, the sample represents solid ice
matrix with liquid phase inclusions, the concentrations
of which is within the limits of 40...60%. This fact
that in these inclusions within the temperature interval
AT, the crystallization processes, accompanying with
the increase in the volume, proceed, enables the hypo-
thesizing: if these inclusions will be closed the surplus
pressure proportional to the mass of crystallized water
should appear inevitably.

Temperature interval AT, during heating of the
samples with quite a high accuracy (+1.5...2°C) may
be found using thermoplastic curves €=¢g(T), typical
appearance of which is given in Fig. 2. The interval
AT, here is determined as

AT,=T,-T,,

where T, is the temperature of the first bend on
thermoplastic curve, which is related to heat absorption
during melting of ice crystals formed within the interval
AT, during preliminary cooling. In this case devitri-
fication temperature T, is found with the bisectrix of
the angle, formed with the tangent line drawn to the
sites of thermoplastic curve with constant flow rate.
The plateau width AT, (Fig. 2) is proportional to the
mass of melting crystals. This is related to the fact
that after crossing the vitrification temperature during
heating the sample the rate of its plastic flow depends
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Puc. 2. THUDUYHBIHA BUI TEPMOIJIACTUIECKON KPUBOU
3aMOPOKEHHOTO BOJHOI'O PacTBOpa KPHUOMPOTEKTOPA.
IosicHenus B TEKCTe.

Fig. 2. Typical appearance of thermoplastic curve of frozen
aqueous solution of a cryoprotectant. Explanations are in
the text.

pacTBOpa 3a CYET TETUIONOIIOMICHNS, COIIPOBOXKIAI0-
LIeToCs TUTaBIEHUEM MUKPOKpHCTaIoB. KOHKypeH-
LU 3TUX MPOIECCOB MOXKET MPHUBOIAUTH K PE3KOMY
YMEHBIIIEHUIO CKOPOCTH TUIACTUYECKOTO TEUEHHS, O
YeM CBHJIETENIbCTBYET 00pa30BaHKeE IIIaTO Ha TEPMO-
nacTuueckor kpuBoil. [locie okoHuaHus mporecca
IJIaBJICHUSI MUKPOKPHCTAIIIOB CKOPOCTbH IIaCTHYEC-
KOro TeyeHHUs: oOpasua HauyMHAeT BO3pPacTaTh. JTO
[I03BOJIAET 10 MOMEHTY BOCCTAaHOBIIEHUSI CKOPOCTH
IJIACTUUYECKOTO TEYEHHUS ONPEAEIsITh MHTEpBAI
temneparyp AT . Bropo#t neperu6 Ha Tepmoruiac-
TUYECKON KPUBOW, COOTBETCTBYIOLINI TeMIieparype
T,,, onpenenser nepeceueHre KpUBOH JIMKBUAyCa Ha
nuarpamme (pa3oBOro cOCTOSHUA. THIMHYHBIE TEPMO-
IJIACTHYECKHE KPUBBIE 3aMOPOKEHHBIX BOIHBIX
pactBopoB JIMCO, muriepuna u I190-1500 ¢ koH1IeH-
Tpauue Kpuonporexropa 5% mpeacTaBlIeHbl Ha
puc. 3. BuaHo, 4To TeMIiepaTypHblii HHTEpBaJ, B KOTO-
POM MPOUCXOAUT MPOLECC PACCTEKIOBaHU 00pa3La,
a Taxxe uHTepBai Temneparyp AT, cunbHO 3aBUCST
OT BUJa KPUONIPOTEKTOPA.

3aBucuMocTy BenuuuH uHTepBaioB AT, nist Boa-
HbIX pactBopoB [IMCO, munepuna u I130-1500 ot
KOHIIEHTPAIUY KPHOIPOTEKTOPA, IOTyYEHHBIE 110 Tep-
MOTIJIACTHYECKUM KPHUBBIM, MMOKa3aHBl Ha puc. 4.
[Iponecc 06pa3oBaHUI MUKPOKPHUCTAJIIOB JIbJIA M X
pPOCT TIpH CTOJIb HU3KUX TEMIEpaTypax MOTYT OBITh
MIPUYMHON 3HAYNTENBHBIX MEXaHMYECKHUX MTOBPEKIC-
HUH KPHOKOHCEPBHPYEMbIX 0H000BEKTOB. [loBpexk-
naromuii 3¢ dext 3a cueT 3Toro hakropa 0COOEHHO

NMPOBJIEMbI
KPMOBMOJIOIrUM
T. 17, 2007, N23

on two competitive processes: reduction in the solution
viscosity during heating, resulting in the rise in the
plastic flow rate and cooling of the solution due to heat
adsorption, accompanying the melting of microcrystals.
Competition of these processes may lead to a sharp
decrease in the rate of plastic flow, that is confirmed
with the formation of the plateau on thermoplastic
curve. After finishing the processes of microcrystal
melting the plastic flow rate of the sample starts its
increase. This allows on the moment of recovery of
plastic flow rate to determine the interval AT,. The
second bend on thermoplastic curve, corresponding to
the temperature T,, determines the liquidus curve
crossing. Typical thermoplastic curves of frozen
aqueous solutions of DMSO, glycerol and PEO-1500
with 5% concentration of cryoprotectants are pre-
sented in Fig. 3. Apparently temperature interval
wherein the process of sample vitrification takes place
as well as the one of AT temperatures is strongly
dependent on the type of cryoprotectants.
Dependences of the values of AT, values for
aqueous solutions of DMSO, glycerol and PEO-1500
on the concentration of cryoprotectant obtained with
thermoplastic curves are shown in Fig. 4. The formation
process of ice microcrystals and their growth at such
low temperatures may be the cause of significant me-
chanical damages of biological objects under cryo-
preservation. Damaging effect due to this factor is very
strongly manifested under low concentrations of cryo-
protective substances (up to 10%) which are applied
in cryobiological practice. As it has been already noted

600
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=
£ E 400-
£ 5
2 % 300 -
3 E
g
g 200 -
100 -
O T T T T
-160  -130 -100 70 40  -10

Temnepatypa, °C
Temperature, °C

Puc. 3. TunuuHble TEPMOIIIACTHIECKHE KPHUBBIE 3aMOPO-
KEHHBIX BOIHBIX pacTBopoB: | —JIMCO; 2 — rurnepuHa; 3 —
I130-1500 ¢ xoHEeHTpanuen kpuonporekropa 5%.

Fig. 3. Typical appearance of thermoplastic curves of frozen
aqueous solutions: 1- DMSO; 2 — glycerol; 3 — PEO-1500
with a cryoprotectants concentration of 5%.
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CHJIBHO MPOSIBIISIETCS IPY MAJIbIX 3HAYEHUSIX KOHIICHT-
paumii KpuompoTeKTOpHBIX BemecTs (10 10%), koTo-
PpBle IPUMEHSIOTCA Ha MPaKTHKe B KproOuonoruu. Kak
y>K€ OTMEUaoch, 3TO CBA3aHO C TEM, YTO MIPH TaKUX
KOHIIEHTPALMAX KPHUONPOTEKTOPOB 3aMOPOXKEHHBIN
oOpa3zery B uHTepBaie temneparyp AT, npeacrasnser
c000¥ MOHOIUTHYIO MaTPHILY JIbJIA C KUIKO(Pa3HBIMH
BKJIIOYCHUSIMH, OTHOCHUTEIHHO HEOONBIIUMU IO
00beMy W HE CBA3aHHBIMH JApyT ¢ apyrom [11, 13].
[TockoIBKy 3TH BKITIOUEHHUS SBISIOTCS 3aMKHYTBIMU,
TO 00pa30BaHME B HUX JOMOJHUTEIHFHOTO KOJTMIECTBA
JbJa COMPOBOXAAETCA POCTOM JaBJICHUS KHJIKOCTU
BO BKJTIOUCHHAX. J{aBrieHne, co3naBaeMoe BHYTPH pac-
MOJIOKEHHOTO B JIEASHON MaTpuile chepuaeckoro
BKJIIOUEHUs ¢ 00beMoM V, 3a cueT 00pa3oBaHus A0-
MOJTHUTENBHOTO JIb/a, COMPOBOXKAAIOIIEr0Cs 00beM-
HBIM ddexToM AV, MOXKHO OIICHUTH 110 hopmysie [12]:
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Puc. 4. 3aBUcUMOCTH TeMIIeparyp Tg uT jost BOmHBIX
pactBopoB JIMCO (a), muuepuna (6) u [130-1500 () ot
KOHIIEHTpAIIMU KPUOIIPOTEKTOPA.

Fig. 4. Dependence of the temeratures T and T, for aqueous
solutions of DMSO (a), glycerol (b) and PEO (c) on cryopro-
tectant concentration.

this is related to the fact that under these
concentrations of cryoprotectants the frozen sample
within the temperature interval AT, represents a solid
ice matrix, having a high elastic modulus. With built-in
into this matrix liquid phase inclusions of relatively small
on a volume and not connected with each other [11,
13]. Since these inclusions are closed ones, then the
formation in them of additional ice amount is accom-
panied with the growth of liquid pressure in the inclu-
sions. The pressure created inside the located in ice
matrix spherical inclusion with the volume of V,, due
to the formation of additional ice, accompanying with
volumetric effect AV may be estimated on the formula

[12]:
301-v)
3[]3% +Parm B 2E
pP= 01+ : )]
VL
20 3

where P, — an outer pressure; E — elastic modulus
(for ice E =9%10" Pa [9]); v — the Poisson ratio (for
ice v =0.31 [9]); X — compressibility of the solution
filling the liquid inclusion. X=3%10-1° Pa! [7] (for
“water-glycerol” mixture in 1:1 ratio) will be assumed
for calculation; V — volume of closed volume
(AV/V=0.01).

Herewith that during water transition into ice the
volume of the system increases by 8.3% [7], then in
those cases when 10...15% water containing in liquid
phase inclusions, transits into ice in the process of
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AV/ aT™ E 2[E
P= 01+ s (1)
VL
2[E 3

rae P — BHemiHee napienune; E —Momyns ynpyroctu
(mns mema E=9-10%ITa [9]); V — xodhdummeHT
ITyaccona (mmst mpaa V=0,31 [9]); X — cKUMaeMOCTh
pacTBOpa, 3aroNHAIONIETO KUAKOE BKIoueHue. s
pacueta Bo3bMeM X=3x%1071° ITa! [7] (nns cMmecu
«BOZIA-TJIMLIEPUH» B COOTHOWEHUHU 1:1); V| — 00bem
3aMKHyTOM nonoctu (AV/V =0,01).

B cBs3u ¢ TeMm, uTO mpu nepexoAe BOABI B Je
o0BeM cucreMbl yBennuuBaetrcs Ha 8,3% [7], To B
Tex cayuasnx, korga 10...15% Boabl, compepxarieiics
B JKMAKO(A3HBIX BKIIOUCHHIX, MEPEXOAMUT B Jied B
rporecce 00pa3oBaHMs MEKPOKPUCTAJUIOB B MHTEPBA-
nie Temneparyp AT , Bennanna AV/V  Oyzner nexarsb
B npenenax 0,008...0,012.

Jns u30BITOYHOTO OaBJICHUS BO BKJIIOUCHHH
noxydaem P—P, =16 Mlla.

Amnanoruunsie 3Hauenuss AP mpu AV/V=0,01
MO>XHO TIOJIYYUTH W3 BBIPAKEHUS, OMPEICIISIONIETO
KO3 QHUIMEHT CKUMAEMOCTH PAaCTBOPaA X BO BKITIOYE-
HUM

AV

—_ ()
V, AP

X:

rae AV — n3MeHeHne o0beMa )KHIKOCTH IPU U3MEHE-
oy napnenus Ha Benmauay AP. CormacHo (2) umeem:

|AP|=A—V ,

Vo X

otkyaa npu AV/V =0,01 crenyer, uro |AP|=35 Mlla.

EctecTBeHHO, 4TO B JIeASHBIX MaTpHUILax, Ipeaes
TeKyuecTn Kotopbix 0, =4 Mlla [9], Takue Gombime
JIaBJICHVSI BOBHUKHYTh HE MOTYT, TaK KakK JIaBICHUE
BO BKJIFOUEHUH OYJIET peNlakCHPOBAaTh 32 CUET IJIACTH-
Yyeckor JedopMaryy Jbaa.

[Tnactugeckas aedopManus ab1a, KaK ¥ MHOTHX
JPYTHX KPUCTALTHYECKHUX TEII, IPOUCXOJUT B PE3YIIb-
TaTe 3apOXKAEHUS U ABWKEHHS MO0 KPUCTAITY Pa3HoO-
00pa3HBIX HECOBEPILEHCTB CTPYKTYpHI: BaKaHCHI,
MEXXy3eIbHBIX aTOMOB, MEK3€PEHHBIX TPAaHUIL U, YTO
CYIIECTBEHHEE BCETO, AUCIOoKauil. IMeHHOo Hanmune
MOCJIEAHUX peaonpeeNsieT pPe3Koe CHU)KEHUE COTIPO-
TUBJICHUS KPHUCTAIIIMYECKUX TBEPIBIX TeJl IIaCTH-
yeckoit gedopmarum (B 10%...10* pas mo oTHOIIEHHIO
K COTNIPOTHBIICHUIO UICATTBHOM PEIIETKH ).

Brnwmsiaue ckopocTr geopManvii Ha MEXaHHIeCKUe
CBOMCTBa MOHOKPHCTaJUIMYECKOTO JIba TPEACTaB-
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formation of microcrystals in temperature intervals AT,,
the AV/V,value will be in the limits of 0.008...0.012.
For surplus pressure in the inclusion we receive
P-P,,=16 MPa.
The same values AP at AV/V;=0.01 one may
receive the expressions determining the coefficient of

compressibility X of the solution in the inclusion:

_._4Av @)
V, AP

where AV —the change of the volume of liquid during
the pressure variation by AP.
According to (2) we have:

AV

[AP[=
Vo x
wherefrom at AV/V =0.01 it proceeds that |AP|=35 MPa.

It is obvious that in ice matrices where the limit of
fluidity makes g, =4 MPA [9], these high pressures
can not appear, since the pressure in the inclusion will
relax due to ice plastic deformation.

Ice plastic deformation as well as of many others
crystalline cells occurs as a result of origination and
movement on the crystal of various imperfections of
the structures: vacancies, inter-node atoms, inter-grain
limits and that is more significant dislocations. Namely
the presence of latter destines a sharp decrease of the
resistance of crystalline solid bodies of plastic defor-
mation (in 102...10* times in respect to the resistance
of'ideal lattice).

The effect of deformation rate on mechanical pro-
perties of single crystal ice is presented in Fig. 5 [9]:
the sliding was accomplished along the basis plane,
orientated under 45° angle to the compression axis.
The figures on the curve mean the value of the rate of
relative deformation

. AL
a= e
L[AO
where AL — the change on the sample length L during
the time T in units 107xc!.

Single ice crystals from the point of view of plastic
properties possess strongly manifested anisotropy.
Polycrystal ice represents the complex of single crystal
grains. Thus plastic properties of polycrystal ice occur
to be strongly dependent on the value of forming it
crystal grains and orientation of their axes, i.e.
crystalline texture.

Fig. 5. shows that with an increased deformation
rate the mechanical tensions 0 necessary for plastic
flux rapidly enhances and on the dependence of relative
deformation on tension a significant fluidity tooth
appears. This testifies to the fact that in non-deformed
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JIEHO Ha pHUcC. 5 [9]: CKOJBXEHUE OCYIIECTBISAIOCH

BJI0JIb 0a3UCHOM MJIOCKOCTH, OPUEHTUPOBAHHOH IO

ymoM 45° k ocu cxxarus. Lndpe! Ha KpUBOii 03HaYAIOT

BEIMYMHY CKOPOCTH OTHOCUTEILHOH JehopMaliuu
AL

LIAG

rne AL — u3smenenne qJrHBI oopasma L 3a Bpems AT

B equHunax 107xc !,

MOHOKPHCTAILTBI JIbJIA C TOYKH 3PEHUS IIaCTHUIEC-
KHX CBOWCTB 00J1a/1al0T CHIIHO BBIPAKEHHOW aHU30-
Tponueil. [lonukpucraninyeckuit e npeacTaBiseT
€000 COBOKYITHOCTh MOHOKPHCTANIMYECKUX 3EPEH.
Takum 00pa3zom, IIACTHYECKUE CBOWCTBA MOJMKPHU-
CTaJUIMYECKOIO JIbJIa OKA3bIBAIOTCS CHUJILHO 3aBHCS-
IIUMH OT BEJIMYWHBI 00Pa3yrOIINX €ro KPUCTAJUIH-
YECKUX 3E€PEH U OT OPUCHTAITNH UX OCEH, T.€. OT KpHC-
TAJUIMYECKON TEKCTYPBI.

W3 puc. 5 BUIHO, 4TO IPU YBEIMYEHUH CKOPOCTH
nedopmary MexaHnIeCKie HanpsoKeHUs O, He00X0-
JTUMBIE JJIS TUIACTUYECKOTO TEUCHHUsI, OBICTPO Hapac-
TaIOT U Ha 3aBICUMOCTH OTHOCHTEIIHLHOU iehopMaItuu
OT HaNPSDKEHYSI TIOSBISIETCS 3HAYUTEILHBIN 3y0 TEeKy-
4eCTH. DTO CBUACTEIBCTBYET O TOM, 4TO B Henmedop-
MHUPOBAHHBIX KPUCTAJUIAX JIbJIa TPAKTUYECKU OTCYTCT-
BYIOT IOABMKHBIE TUCIOKAIUU. B pe3ynbrare mpuxia-
JIbIBaEMbIC K KPUCTAILTY JIbJa HANPSIKEHUS MOTYT
JOCTUTaTh MAKCUMAIIbHBIX 3HAUCHUHN O,,,,,, IPU KOTO-
PBIX 00pa3yrOTCst ICTOUYHHIKH ITOIBAKHBIX JHCIOKAITHIA.
OO6pa3yromuecs: ociie 3TOr0 B KPUCTAJUIE TTOABHXK-
HBIC AUCIOKAIIMHA OKa3BIBAIOTCS IO MEeHCTBUEM
JOCTAaTOYHO BBICOKHX 3P PEKTHBHBIX HATPSIKEHUI:

a=

0=0ax O
rjae Oy, — CPEIHssA aMIUIMTY/a JalbHOACHCTBYOMINX
BHYTPEHHHUX HalpsbKEHUH B Kpuctaiuie. Eciu cunrars,
410 0,=0,,, (puc. 5), T0 0=3 Mlla. [lox nefictBuem
TakuX 3(QQPEeKTUBHBIX HANPSDKEHUH AMCIOKALUU B
KpHCTAJJIax JIbJIa MOTYT IBUTATHCS IIOYTHU C OKOJIO3BY-
KOBBIMH CKOPOCTSIMH, YTO CITY)KHUT IPHIHHOMN (parmeH-
Tallud OMOMOJIEKYN U KIJIETOK JHCIOKAIlMOHHBIMH
aHcamOunsiMu. bolee Toro, mpu BBIXOJIE TAKOTO JAUCIIO-
KallMOHHOTO aHcaMOJIsi HA TPaHUIy pasjiena «Jief-
xuakas (aza» Ha MOBEPXHOCTh pasjena ¢ OKOJIO-
3BYKOBOM CKOPOCTBIO BBIOPACHIBAIOTCS CTYNEHBKH
BbICOTON h=nXb, rae n — 4ncno AUCIOKaUuil B aH-
cambie; b — BekTop broprepca. OGpIYHO cpeiHee 3Ha-
yeHue n koseonercs B npenenax ot 100 qo 1000 [17],
a Bexktop broprepca ans kpaeBbIX IHCIOKALHHA B
0a3MCHBIX TIOCKOCTAX KPUCTAJIOB JIbAA, UMEIOIINX
rekcaroHanpHyio pemetky, b=107 A [9]. TTosTomy
BBICOTA CTYIEHEK h MOXET JOCTHTaTh JECATHIX IOJIeH
MUKpPOHA, 4TO, BEPOSITHO, MO3BOJISIET M POOUBATH
MeMOpaHbl KJIETOK, KOHTAKTHPYIOIIUX C TPaHUIIEH
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HanpshkeHue o, MlMa
Tension o, MPa

0 1 2 3 4 5
Hedopmauus, %
Deformation, %
Puc. 5. Kpussie HarnpshxeHue-aehopMalys 1151 MOHOKPHUC-
tana gpaa I, mpu —15°C no [9]. [losicHeHus B TekcTe.

Fig. 5. Tension-deformation curves for ice single crystal I,
at—15°C according to [9]. Explanations are in the text.

ice crystals the mobile dislocations are virtually absent.
In the result the tensions applied to an ice crystal may
reach maximal values 0 under which the sources of
mobile dislocations are formed. The forming afterwards
in a crystal mobile dislocation occurs under the effect
of quite high effective tensions.

0=0nax O
where 0, is an average amplitude of distantly acting
inner tensions in crystals. If to consider that 0=0,,,
(Fig. 5), then 0=3 MPa. Under the effect of such
effective tensions the dislocations in ice crystals may
move almost with transonic velocities, that may be the
cause of fragmentation of biological molecules and cells
by dislocation ensembles. Moreover when such an
ensemble comes out to the “ice-liquid phase” interface
on the division surface with transonic velocity the steps
of h=nxb height are thrown, where n is the number of
dislocations in an ensemble; b is Burgers vector. Usually
mean value n varies within the limits from 100 to 1,000
[17] and the Burgers vector for margin dislocations in
basis planes of ice crystals having a hexagonal lattice
b=10"7 A [9]. Therefore the height of the steps h may
reach the deciles of micron, that probably allows them
to break membrane of cells, contacting with ice phase
interface. This damage mechanism in particular well
explains the experimental fact that the degree of cell
damage occurred in the moment of crystallization in
liquid phase channels increase with their narrowing
and increasing the cells concentration in them [5].
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neastHo# (aspl. JlaHHBI MEXaHW3M MOBPEXKICHUS, B
YaCTHOCTH, XOPOIIO OOBSACHSIET TOT IKCHEPUMEH-
TaJbHBIA (PAKT, YTO CTEIECHb MOBPEXKICHUS KIETOK,
OKAa3aBIIMXCS B MOMEHT KPUCTAJUIM3ALUU B JKUJIKO-
(ha3HBIX KaHAJIaX, YBEIUIUBACTCS 10 MEPE CY>KEHUS
KaHAJIOB U YBEJIMUCHHUS KOHIIEHTPAIIMH KJICTOK B HUX [5].
O BO3MOXXHOM MEXaHHWYECKOM MOBPEXICHUH
OMOJIOTHYECKUX OOBEKTOB 3a CUET MIACTHYECKOM
pelaKcalmuy JaBIEHUNW B KHUAKUX BKIIOUEHUAX
CBUJETENBCTBYIOT M 3KCIIEPUMEHTHI IO 3aMOPaXKU-
BaHUIO KIETOK Saccharomyces cerevisiae B IPUCYT-
cteuu JIMCO, I130-1500 u rmunieprHa B AUana3oHe
koHUeHTpanui 3...10% [13]. B 3Tux skcrepumMeHTax
HaO0II0Ia0Ch CKaYKOOOpa3HOe MOBBIIICHUE JKHU3HE-
CHOCOOHOCTH KJIETOK HPU AOCTHKEHHH MOPOTOBBIX
KOHLIEHTpALUI KpUOTIPOTEKTOPHBIX BEIIECTB 5, 6 1 7%
COOTBETCTBEHHO. | [py 3THX KOHIIEHTPALIMAX IPOUCXO-
JIUT TIEPEXO0]T 3aMKHYTBIX KUIKO(PA3HBIX BKIIOUCHUI
B CKBO3HBIE JXUJKHeE Tipocioiku [11, 13], uro Mmoxer
MIPUBOANTH K PE3KOMY YMEHBIIEHUIO 3 (HEKTUBHOCTH
PacCMOTPEHHOTO MEXaHHU3Ma IOBPEXKICHUS.

BbiBOABI

[MomyueHHBbIE PE3yNBTATHI PACIIUPSIOT CYIIECT-
BYIOIIHE MIPEICTABICHHUS O BO3MOXHBIX MEXaHH3Max
MTOBPEXKICHUS OMOIOTUIECKUX OOBEKTOB B MHTEPBAJIC
CyOIBTEKTHYECKUX TeMIeparyp. B 3ToM mHTEepBase
TEMIIEpPaTyp MPU MaJbIX 3HAYCHHUSIX KOHIICHTPAIUN
KpHOTIPOTEKTOPHBIX BemecTs (110 10%), 00braHO mpu-
MEHSIEMBIX B MIPAKTHYECKON KPHOOHMOIOTHH, 00pa3ell
MPEJCTaBIseT COOOW MOHOJHTHYIO MATPHILY JIbJa C
)KI/IZIKO(i)aSHBIMI/I BKJIIOUYCHUSIMU. 218.)1(6 HE3HaA4YU-
TCJIBHOC YBCIIMYCHUC MACCHI JIb/Ia B 9TUX BKIIFOUCHUAX
OyJIeT MPUBOAMUTH K PE3KOMY CHIDKECHHUIO KH3HECTIO-
cobHoCTH OMoMarepuaia 3a CYeT MJIaCTHUYECKOH
peakcamuy BO3HUKAKIIUX B HUX gaBieHuil. C
YBEIIMYCHUEM KOHI[CHTPAIMKM KPHUOMPOTEKTOPA J0
HEKOTOPOTO TOPOTOBOTO 3HAYEHUS OOJNbINAs YacTh
3aMKHYTBIX KUJIKUX BKJIFOUCHHN MIEPEXOINT B KUIKHAC
npociaoiku. Takoil mepexo]i UCKIYaeT Pa3BUTHUE
BHYTPEHHUX IaBJICHUH 1 HHTUONPYET MEXaHINIECKHe
TTOBPEKICHUS KPHOKOHCEPBUPYEMBIX 0M000BEKTOB. B
CBS3U C 3THM HEOOXOAMMO OIPEAENATh HE TOJBKO
IMOPOTOBBIE KOHIIEHTPAIMH KPUOMPOTEKTOPHBIX
BEII[ECTB, HO M TaKWe MapaMeTphl, KaK TeMIeparypa
CTEKIIOBaHHSI U MHTEPBAJI TEMIEPATyp, B KOTOPOM
MOXKET MPOUCXOUTH 00Pa30BaHIE MUKPOKPUCTAILIIOB
JbJa, YTO MO3BOJUT ONTHUMHU3UPOBATh TEXHOJIOTHUHU
KPHUOKOHCEPBUPOBAHHSI.

Aemopbl ebipadicaiom c0io NPUIHAMENbHOCHb 0.0.H.,
npogeccopy 3unuenro A.B. 3a nomowp npu 0b6cyxHcoeHuu
NOLYYEHHBIX PE3YIbIMAMO8.
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On possible mechanical damage of biological
objects due to plastic relaxation of pressures in liquid
inclusions testify also the experiments on freezing the
Saccharomyces cerevisiae cells in the presence of
DMSO, PEO-1500 and glycerol within the concen-
tration range of 3...10% [13]. In these experiments
there was observed an abrupt rise in cell viability when
approaching threshold concentrations of cryoprotective
substances 5,6 and 7%, correspondingly. Under these
concentrations the transition of closed liquid phase
inclusions may lead to a sharp decrease of efficiency
of the considered mechanisms of damage.

Conclusion

The obtained results extend the existing notions
about possible mechanisms of damaging the biological
objects within the interval of sub-eutectic temperatures.
Within this temperature interval at low concentrations
of cryoprotective substances (up to 10%) usually
applied in cryobiological practice, the sample repre-
sents the solid matrix of ice with built-in into this matrix
liquid phase inclusions. Even insignificant increase of
ice mass in these inclusions will result in a sharp
reduction of biological material viability due to plastic
relaxation of appearing in them pressures. With a rise
in the cryoprotectant concentration up to some
threshold value the major part of closed liquid inclusions
transit into liquid inter-layers. This transition excludes
the development of inner pressures and inhibits
mechanical damage of cryopreserved biological
objects. In this connection it is necessary to determine
not only the threshold concentrations of cryoprotective
substances, but also such parameters as vitrification
and temperature interval wherein the formation of
single crystals of ice may occur, that enables the
optimization of cryopreservation techniques.

The authors acknowledge doctor of biological
sciences, Prof. Zinchenko A.V. for the discussion of the
obtained results.
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