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Temperature Ranges of Phase Transformations in the Cryoprotective
Media Components Determined by Thermoplastic Deformation Method

B mpexncraBieHHoit paboTe METOJOM TEPMOIJIACTHUECKOH HedopMariuu u3ydanu (a3oBble MPEBPAIICHHs, TPOHCXOSIINE B
MHOT'OKOMIIOHEHTHBIX KPUO3AIIUTHBIX CPEIaX U UX COCTABJIAIOILIUX IIPU 3aMOPAXKMBAHUU-OTTaAaBAHUU. I/ICCJ’Ie)lOBaHbI ](pI/IOl'IpOTeKTOpH]:Il\;I
pactBop JAMCO (10%) 1 KOMIOHEHThl KPHO3ALIUTHBIX Cpell, Haubojee 4acTo UCHOJIb3yEMBIX B KauyeCTBE PACTBOPUTENS IpU
KPHOKOHCEPBUPOBAaHUH OMO0OBEKTOB (AMCTUIIMPOBAHHAS BOJA, PU3HOJIOIHYECKHUIl pacTBOp M KyJbTypalbHbIe cpeabl: cpeaa 199,
pactBop Xenkca, cpena JIMEM). Onpezenensl TeMneparypHble HHTEPBAJIbI KpUCTAUIM3AIMH (TUIABJICHUS) CMECH dBTEKTUYECKON
koHreHTpanuu pactopa JIMCO (ot —87 10 —67°C), 3BTEKTHUECKON KpUCTALTU3AIMK (TUTIaBICHHS ) (PU3HOJOTHUECKOTO PACTBOPA U
KyJbTypasbHbIX cpell (0T —37 1o —21°C), pexpucTanin3aluy nepes IIaBleHueM 0CHOBHOI Macchl ibaa (0T —21 1o —15°C) u nanee
HEMOCPEACTBEHHO IUIaBJICHUE OCHOBHOM Macchl paa (oT —15 1o —4,5°C).

Knrouesvie cnosa: nnactiudeckas nedopmariys, Ipees TeKy4ecTH, PeKpUCTaIUTH3aLKsL, IBTEKTHYECKask KpHUCTAILTH3aLys (TUIaBICHHE),
KPHOIIPOTEKTOP.

VY mpencrasieHiit po60OTi MeTOIOM TepMoOIUIacCTHYHOT Aedopmariii BUBYadM (a30Bi IMEpEeTBOPEHHS, IO BiOYBAaIOTHCS Y
0araTOKOMIIOHEHTHHX KPi03aXHCHHUX CEpEeIOBHUIIAX Ta X CKJIA[IOBUX IIPH 3aMOPOXKyBaHHi-BixTaBaHHi. JI0CIiIKEHO KPiOPOTEKTOPHUIA
po3ur IMCO (10%) i KOMIIOHEHTH KPiO3aXHUCHUX CEpPENOBHUIL, SIKi HAWYaCTillle BUKOPUCTOBYIOTHCS y SKOCTI PO3UYMHHHKA IIPU
KpiOKOHCEpBYBaHHI 61000’ €KTIB (JUCTHILOBAHA BOAA, (i310I0TIYHUIT pO3UMH i KYJIBTypalibHi cepenoBuiia: cepenosuiie 199, po3unn
Xenkca, cepenouiie JJMEM). BusnaueHi remnepaTypHi iHTepBaiu KpucTaiizauii (IIaBjaeHHs) CyMilli eBTeKTHYHOT KOHLIEHTpaLil
po3unny IMCO (Big—87 no —67°C), eBTekTryHO1 KprcTanizauii (maBiaeHHs ) Gi3i0J0riYHOro po34rHY i KyIbTYpalbHUX CEPEIOBHUIL
(Bim —37 no —21°C), pekpucTamizaliii nepe; IiaBjIeHHIM OCHOBHOI MacH J1boay (Big—21 mo —15°C) i nani 6e3mocepeiHbO TUIABICHHS
OCHOBHOI MacH Jbony (Bix —15 no —4,5°C).

Knrouosi cnosa: nnactiuna nedopmariis, Mexa TeKy4dOCTi, peKpHUCTaIi3allis, eBTeKTHYHA KpUCTaIizalis (IJIaBIeHHS ), KPIOIIPOTEKTOP.

Phase transformations in multicomponent cryoprotective media and their components were investigated during freeze-thawing
using the method of thermoplastic deformation. The research objects included solution of cryoprotectant DMSO (10%) and the
components of cryoprotective media being often utilized as a solvents for biologicals’ cryoprotective media (distilled water, physiological
saline and the culture media: medium 199, Hanks’ solution, DMEM). The paper represents the temperature ranges of crystallization
(melting) of eutectic concentration mixture for DMSO solution (from —87 to —67°C), eutectic crystallization (melting) of physiological
solution and the culture media (from —37 to —21°C), recrystallization before melting of bulk ice (from —21 to —15°C) and following
melting of bulk ice (from —15 to —4.5°C).

Key words: thermoplastic deformation, fluidity limit, recrystallization, eutectic crystallization (melting), cryoprotectant.

st pazpaboTky 3 HEKTUBHBIX MPOTOKOJIOB KPHO-
KOHCEPBUPOBaHUs 1 oOecreyeHns] MaKCUMaJbHOM
COXPaHHOCTH JECKOHCEPBHUPOBAHHOTO OmMomarepuania
HeoOXOIMMO BCECTOPOHHE U TTyOOKO MCCIIEIOBAThH
IIPOIIECCHI, COPOBOXKIAIOIINE MTPOIIETYPY 3aMOPAKH-
BaHUS-OTTAaUBAHUS, U3YUHUTh UX IPUPOAY U KHHETUKY
Pa3BUTUS, TIOCKOJILKY OHU HETIOCPENICTBEHHO CBSI3aHbI
C TIOBPEXAECHUEM U THOEIBIO KIETOK.

CymecTByeT psiji COBPEMEHHBIX METOJ/IOB, TI03BO-
JISTIOIINX UCCIIeIOBaTh (a3oBble U (PU3MUECKHE COC-
TOSIHUSI 3aMOPaKMBAEMBIX 00pa3L0B: PEHTTEHOCTPYK-
TypHBIH aHanu3 [ 18], kpuomukpockonus [20, 21], pa-
muoctekTpockorus (IMP u OIIP) [6, 9, 10, 13],

MHCTUTYT npobAemM KpUMOOMOAOTMM U KPUOMEANLIMHDI
HAH Ykpaunsbl, r. Xapbkos

* ABTOp, KOTOPOMY HEOOXOAMMO HanpaBAsiTb KOPPECTOHAEHLMIO:
yA. MNepesicaaBckasi, 23, r. Xapbkos, YkpanHa 61015; Tea.: (+38
057) 373-41-11, ¢pakc: (+38 057) 373-30-84, 3AeKTpOHHas nouta:
gladiolus_@mail.ru

KpuoGMoROrIM

T.22,2012, Ne4

Development of effective cryopreservation proto-
cols and providing the maximum survival of thawed
biologicals should be accompanied with a thorough in-
vestigation of the processes accompanying the process
of freeze-thawing, as well as with assessment of their
nature and development kinetics, as they are directly
associated with cell damages and death.

There is a number of modern techniques to study
phase and physical states of freezing samples: X-ray
analysis [18], cryomicroscopy [20, 21], radio spectro-
scopy (NMR and EPR) [6, 9, 10, 13], differential
scanning calorimetry [8, 15, 28], the volumetric dilato-
metry [12, 19, 27].
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i depeHnnanbHAsT CKaHUPYIOIIas KalopuMeTpus [ 8,
15, 28], oovemuast mumaromerpus [12, 19, 27].

B mocnennue ronel uist vccnenoBaHus pa3zoBo-
CTPYKTYPHBIX MPEBPAIIEHUI B pacTBOpPax, HAPSILy C
KaJIOpUMETpUEN U AWIATOMETPUEH, UCTIONb3yeTCA
TEpMOMEXAHUUECKUHM aHalu3, KOTOPBIH TaKXe SB-
JII€TCS Pa3HOBUIHOCTBIO TEPMHUUYECKOTO aHau3a [2,
5, 22-24, 29, 33, 34]. TepmoMexaHNYECKUN aHAIN3
(TMA) BO3HHK KaK METOJ] HCCIICTOBAHUS COCTOSTHHIMA
MOMMMEPOB NMpHU HAOMIOACHUU UX AedopManuu C
OTHOBPEMEHHBIM CHJIOBBIM M TETIJIOBBIM BO3JEWUCT-
BHeM. MeToJ Jalie BCEero MpUMEHseTCs 11 Ha0Iro-
JeHUs TMpolecca Mepexoaa MOIUMEPOB U3 CTEKIIO-
00pa3HOro B BBHICOKOAIACTHYECKOE COCTOSIHUE, a 3a-
TeM — B BA3KOTeKydee [22], OqHAKO 3TUM JIaJIeKO He
HCYEPIBIBAIOTCS €T0 BOBMOXKHOCTH. YKa3aHHBINA Me-
TOJI MCTIOJIB3YETCS TaKXKe Il U3yUeHUs (Pa30BbIX U
CTPYKTYPHBIX IPEOOpa30BaHUi, KOTOPBIE IIPOUCXOISAT
B HCCIIeTyeMbIX 00pasnax mpu N3MEHEHUH TeMIlepa-
TypsI [22, 34]. [Ipu 3TOM W3MEHEHNE TeMIIepaTyphl
00pa3sia BEI3BIBAET B HEM IPOLIECCHI, XapaKTep, KHHe-
THKa U CTETIEHb HEPAaBHOBECHOCTH KOTOPBIX ONpee-
JAIOTCSI, C OJHOM CTOPOHBI, 3aJJaHHBIM PEXKUMOM
M3MEHEHUS TEMIIEPaTypHl, a C APYTOi — MOJIEKYISIPHON
CTPYKTYPOii, TEPMHUYECKOU MpenbIcTopreii oopas3ia u
peaKCalMOHHOM IPHPOO BOZHUKAIOIIMX B HEM ITIPO-
meccos [22].

MeToxa TepMoILIacTU4EeCKOH nedopmarinu (MeTo
TIIJ]) siBnsieTcss yacTHBIM ciaydaeM TMA, KOTOpBIH
npennonaraet Oosbliee pasHooOpasue B BEIOOpE pe-
YKUMOB MTPUJIOKEHUS HAarpy3KH K 00paznam (MMITyIIbC-
HOTO WJTH [TPY TIOCTOSIHHOM Harpy3Ke), TEMIepaTypHOTO
pexuma (TIpH MOCTOSIHHOM TeMITepaType WIiv IIPU CTPO-
IO PEryJIUPYEMBIX CKOPOCTSIX OXJIAXKICHUI-HArpeBa),
BpeMEHHOTO (akTopa (BpeMEHH JCHCTBUS BHEIIHEH
CHWUJIBI IIPH OTIpeZieNIeHHOW TemiiepaType) [22].

Hens paborsr — meromom TIIJ] mccnenorars
(hazoBbie peoOpa3oBaHUS B KPUOMPOTEKTOPHOM
pactBope IMCO (10%) u B Hamboisee gacTto uc-
IOJIb3YEMBIX KOMIIOHEHTaX KPUO3ALTUTHBIX Cpet (JIuc-
TUJUTMPOBaHHAs BOJa, (PU3UOJIOTHUYECKUHN PacTBOp U
KYJIBTYpaJIbHBIE CPeJIbl) IPH KPUOKOHCEPBUPOBAHUU
OMOOOBEKTOB.

Marepuanbl n metoanl

OOBeKTaMu HCCIIeI0BAHUS CITYKHUIH JUCTHILIUPO-
BaHHas BoJia, pu3uonoruaeckuit pacteop (0,9% NaCl),
10%-i1 pactBop IMCO (OAO «JIyGHbIhapm», Yrpan-
Ha), IPUTOTOBJICHHBIN Ha TUCTUTUPOBAHHOM BOJE U
(bU3NOTIOTHYECKOM PAaCTBOPE, a TaKKe HanboJee Jac-
TO HCIIOJIb3yeMbIe B NMPAKTUYECKOH KPUOOUOIOTHH
KyJIbTypanbHbie cpebl: cpena 199 («Sigmay, CILA),
pactBop Xenkca (I'YII UIIBD um. M.I1.UymakoBa
PAMH), cpena IMEM («PAA», ABcTpus).

Hnst uccinenoBanusi (pa3oBBIX MPEBpalICHUN B
BBINIETIEPCYUCIICHHBIX PACTBOPAX MPUMEHSIIH METO/
TII [4, 11, 16]. YcTaHOBKa AJiS €r0 pealu3alluu
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Recently, the studies of phase and structure transi-
tions in solutions have been involved along with calo-
rimetry and dilatometry the thermomechanical analysis,
which is also a kind of thermal analysis [2, 5, 22-24,
29, 33, 34]. Thermomechanical analysis (TMA) has
emerged as a method for studying the states of poly-
mers by observing their deformation with simultaneous
application of force and heat. The method is most often
used to monitor the transition of polymers from the
glassy in highly elastic state, and thereafter in a thick-
flowing state [22], but this is far from being the limits
of'its potential. The mentioned method is also used for
the study of phase and structure changes occured in
the samples along with changing the temperature [22,
34]. The changes in the temperature of the sample
induce the processes, which nature, kinetics and degree
of non-equilibrium are determined, on the one hand,
by given regime of changes in temperature, and on the
other hand, by molecular structure, thermal pre-history
of the sample and the relaxation nature of the occuring
processes [22].

Thermoplastic deformation method (TPD method)
is a special case of TMA, which involves a greater
variety in the choice of modes to apply the load to the
samples (impulse or constant load), temperature regi-
men (constant temperature or a strictly controlled rate
of cooling and heating), temporal factor (duration of
the external force application at a certain temperature)
[22].

The aim of this investigation was to study using
TPD method the phase transformations in the cryopro-
tective solution of DMSO (10%) and the components
of cryoprotective media (distilled water, physiological
saline, and culture media) being most frequently used
in cryopreservation of biologicals.

Materials and methods

The objects under study were distilled water, physio-
logical saline (0,9% NaCl), 10% solution of DMSO
(Lubnyfarm, Ukraine) prepared on the base of distilled
water or physiological saline, and the culture media,
being most frequently used in applied cryobiology:
medium 199 (Sigma, USA), Hank’s solution (Chuma-
kov Institute for Polymyelitis and Viral Encephalitis
of Russian Academy of Medical Scienes), DMEM
(PAA, Austria).

For the study of phase transformations in the above
mentioned solution we used TPD method [4, 11, 16].
The device for its implementation was developed at
the Institute for Problems of Cryobiology and Cryome-
dicine of the National Academy of Sciences of Ukraine
[25,26]. In 1993, the complex underwent the internal
certification, and in 2008 it was certified by Institute
of Metrology (Attestation Certificate Nr. 435 of
28.01.2008). According to these documents, the abso-
lute error of temperature measurement by the TPD
method does not exceed 2.2°C.
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pa3pabotana B MucTUTyTE MMpobiIeM KpuoOmoIoruu
n kpuomeanunabl HAH Ykpauns [25, 26]. B 1993
roly KOMITJIEKC IPOIIEN BHYTPEHHIOIO aTTeCTaluIo, a
B 2008 rogy — rocy1lapcTBEHHYIO METPOJIOTHUECKYIO
atrectanuio B HHI[ «MHcTUTYyT MeTponorum» (at-
TecTanroHHOe CBUIETeNLCTBO Ne 435 01 28.01.2008 ).
CornacHo 3TUM JOKyMEHTaM aOCOJIIOTHAs MOTpeL-
HOCTb U3MepeHust TeMmeparyp Metogom TIIJI He pe-
Beimaer 2,2°C.

[To skcrepuMeHTaIBbHBIM TEPMOTIUIACTUIECKIM
KkpuBbIM (B manpHeleM — TI1I-kpuBsie) onpenensim
XapaKTepHbIE TOYKHU WII TEMITEPaTypHbIE MHTEPBAJIBL,
COOTBETCTBYIOIINE TEM WIIH HHBIM (ha30BbIM ITpeBpa-
MIEHUSM B M3y4aeMbIX o0Opasiax.

O6paszen o6bemom 0,5%10°¢ M* momeranu B je-
(hopMupyrOIIIee YCTPONUCTBO, OXJIAXKIAIH C 3aJaHHON
[TOCTOSSHHOW CKOPOCTBIO 10 KOHEYHOH TeMIepaTypsl
—160...—180°C u BBIAEPKUBAIH €TO IPU ITOH TEMIIE-
patype B Tedenue 10 MuH. 3aTeM K HEMy NPHUKIaIbl-
BaJIM [TIOCTOSIHHOE BHEIIHee 1eopMHUpYIOLIee Halpsi-
YKeHHe O, BeTMYMHA KOTOPOTO HE MIPEBbIIIaNa Ipeaesna
TEKy4ecTH UcclieyeMoro oopasia. Baeninee gedop-
MUpYIOIIee HapshKeHNe O — CIIOCO0 YCHIIEHUS CUTHA-
JIOB, COOTBETCTBYIOINX BHYTPEHHUM TpeolOpa3oBa-
HHSIM B 00pasiie mpu W3MEHEHHH TeMIIepaTyphl ¢
3apaHee 3aJJaHHOH CKOPOCTBIO, TTO3BOJISIET OoJiee TOU-
HO ONPEJENNTh TPaHUYHBIE 3HAYEHUS ITHX TEMIIEepa-
TYPHBIX HHTEpBaJIoB. lanee oOpaser HarpeBau ¢ mo-
CTOSIHHOH CKOPOCTBIO | Tpaji/MHUH U B peXKUME YHCTOTO
casura peructpuposainu TI1JI-kprByro B KoOpauHaTax
«znedopmanus-remneparypa». TemnepaTypHble HH-
TepBajbl (a30BO-CTPYKTYPHBIX MPEBpAIICHUI onpe-
JEJISIIN 110 OTKIIOHEHUIO SKCIIEPUMEHTAIBHON KPUBOH
OT KacaTeJbHbIX, IPOBEACHHbIX K ydacTkam TIIJI-
KPHBOH C MIOCTOSIHHOUM CKOPOCTBEO TEUEHUS.

Jiist u3y4eHus ynpyroruiacTHIecKuX CBOUCTB 00-
Pa3LoB UCIIOIB30BANIN METOIUKY MTOCIEA0BATENbHBIX
Harpy30K depe3 3a/IaHHbIe TPOMEXYTKH BpeMmerH [ 11,
17], koTOpas MO3BOJSAET OMPENENSTh Pa3TUIHbIE
MEXaHUYECKHE XapaKTEPUCTUKH OOBEKTOB, W3HA-
YaJlbHO HaXOAALIMXCS B KHJIKOM COCTOSHHH (B TOM
YUCIIE IPENETBI TEKYUECTH O, U yIIPYTOCTH Oynp)' Co-
[JIaCHO 3TOW MeTOAMKe 00pas3Ubl OXJa)XAalu CO
CKOPOCTBIO 4 Tpaji/MUH 0 3aAaHHOW TeMIepaTyphl,
CTaOMIM3UPOBAJIM IPY KOHEUHOH TeMIIepaType B Teue-
Hue 10 MuH, a 3aTeM OCYIIECTBIIUIN IIACTHYECKYIO
nedopmario 00pas3IoB MyTeM IOCIeTOBATEILHOTO
MIPUIOKEHUS Harpy3o0K. [IpoMexyTkn BpeMeH: MEXIY
[IOCJIEIOBATEIHHBIMA TMPUIIOKEHUAMH Harpy30K BO
BCEX CITyJastx ObLTH OJMHAKOBBI M COCTABIISIIN 4 MUH.
Peructpanuio nedopmManmoHHBIX KPUBBIX TPOBOIHITH
[IpH MOCTOSIHHOM TemnepaType. [1o moaydeHHbIM 3KC-
MEPUMEHTAIBHBIM Ae()OPMALIIOHHBIM KPUBBIM CTPOU-
JIM KpHBbIE AeopMausi-HaNpsHKEHUE U OTIPe eI
MEXaHUYECKNE XapaKTEPHUCTUKH HCCIEAYEMBIX
00BEKTOB.
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The experimental thermoplastic curves (hereinafter,
TPD curves) were used to determine the characteristic
points or temperature ranges, corresponding to various
phase transitions in the studied samples.

Sample of 0,5%10°m? was placed in deforming
chamber, cooled with a given constant rate to a final
temperature of —160...—180°C and left for 10 minutes
at this temperature. Then it was applied to the constant
external deformation tension 0, the value of which did
not exceed the fluidity limit of the sample. External
deformation tension O is used to enhance the signals
corresponding to the internal transformations in the
sample during temperature changes with a predeter-
mined rate, and allows to define more precisely the li-
mits of the temperature ranges. The sample was heated
thereafter with at a constant rate of 1 degree/min and
TPD curve was recorded in the mode of pure shear
in coordinates ‘deformation vs. temperature’. Tempe-
rature ranges of the phase and structure transfor-
mations were determined by the deviation of the expe-
rimental curve from tangents drawn to areas of TPD
curve with constant flow rate.

To study the elasto-plastic properties of the samples
we used the method of consecutive loads in a specified
time periods [11, 17], which allowed to determine
different mechanical properties of objects, being initially
in the liquid state (including the fluidity limits 0, and
elasticity limits g ). According to this method, the
samples were cooled with a rate of 4 deg/min down to
a predetermined temperature, then stabilized at the final
temperature for 10 min, and thereafter the plastic
deformation of the samples was carried out by the
consecutive loads application. Time intervals between
consecutive loads applications were equal in all cases,
and made 4 minutes. Deformation curves were recor-
ded at a constant temperature. According to the obtai-
ned experimental deformation curves the deformation-
strain curves were plotted and mechanical properties
of the objects were determined.

Results and discussion

Fig. 1 shows the experimental TPD curves obtained
for distilled water by applying a series of consecutive
values of the deformation tension 0, kg/m?: 0.13x103;
0.4x10% 0.67x10°% 1.33%x10°, 2.6%10%; 4.0x10° and
6.6x10°. The cooling rate of the samples, V_ , was 4
deg/min and heating rate, V, , made 1 deg/min.

In the case of extremely small value of deformation
tension (0 <0.13x%10° kg/m?) the ice starts to melt at
the temperatures close to 0°C, corresponding to the
equilibrium melting temperature of'ice (Fig. 1, curve 1).
At relatively low values of the deformation tension
(0.13x10° kg/m? < 0 <1.33%10°kg/m?) the temperature
of structure changes corresponding to the start of the
ice melting is almost independent of o (Fig. 1, curves
2—4). The higher the o value the more clearly the
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Pe3yAbTaThl M 00CYyXXA€HHe

Ha puc. 1 npencraBnens! 3KCIIEpUMEHTAIIBHbIE
TIIJI-kpuBbIe, MOTyUYEHHBIE 1 JUCTUIUIMPOBAHHOMN
BOJIbI NIPU MPWJIOKEHHUH Psifia MOCIEI0BATEIbHBIX
3HAYCHUIT 1e(HOPMUPYIOLIETO HAMPSHKEHUST O , KI/M2:
0,13x10% 0,4x10% 0,67x10% 1,33x10% 2,6%10°;
4,0%10° 1 6,6x10°. CkopoCTh OXJIaXKICHHUS 00pa3IoB
V., cocraBisna 4 rpaj/MuH, a CKOPOCTh Harpesa
V. — 1 rpag/mun.

B cnywae npenensHO Masioro 3HadeHus nedopmu-
pyromiero Hanpspkenus (0 < 0,13%10°kr/mM?) maBieHue
JIb/1a HAYMHAETCS IIPU TeMIiepaTypax, onnskux k 0°C,
YTO COOTBETCTBYET PAaBHOBECHOM TEMIIEPATypE IIaB-
nenus npga (puc. 1, kpusas 1). Ilpu oTHOCHTENBHO
HeOONBIINX 3HAYCHUSIX Ae(opMHUpYIOIIEro Hamps-
xenws (0,13x10° kr/m>< 0 < 1,33x10° kr/m?) Temmiepa-
Typa CTPYKTYPHBIX IIPe0Opa30BaHMii, COOTBETCTBYIO-
LIFX Ha4dalTy Mpoliecca IUIaBJIeHNs JIb1a, TPAaKTHIeCKU
He 3aBHCHT OT O (puc. 1, kpussie 2—4). Uem Oombie
3HaueHue 0, TeM Oosee yeTko Ha TIIJI-kpuBBIX TIPO-
CIIE)KUBAETCS ONMChIBa€Masi 3aBUCHMOCTH OT BEITHYH-
HBI IPUIIOKEHHOTO Ie)OPMHUPYIOIIETO HAPSDKEHUS O
(puc. 1, xpuBble 5—7). OgHAKO CleqyeT YUUTHIBATD,
YTO TaKasi 3aKOHOMEPHOCTb CBOMCTBEHHA TOJIBKO AJIS
BEJIMYMHBI Ae()OPMHUPYIOLIETO HAMIPSHKEHHUS, HE TIPEBBI-
LIaroIIeH Npejiena yIpyrocTH JbAa Ipy JTaHHOW TeEM-
neparype.

OKCrepUMEHTaNIbHbIE AAHHBIE, TPECTaBICHHBIE
Ha puc. 1, B majpHeimemM OyyT UCIIONb30BaHbl IPU
obcyxnernu TIIJ[-kpuBBIX 7151 IPYTUX PaCTBOPOB.

Tax Kak >kKHBBIE OPTraHU3MBI B OCHOBHOM COCTOSIT
13 BOJIBI, TO TIPEICTABIICHHS O MEXaHUYECKHX XapaK-
TEPHUCTHKAX JIb/Ia JAIOT BO3MOXKHOCTH TIOHATH (DH3H-
KO-MEXaHHUYECKHEe CBOUCTBA OMOOOBEKTOB MpH pas-
JMYHBIX TEMIIEpATypax, a TAKXKE MPOLIECCHI, IPOUCXO-
JAIINE B HUX ITPH 3aMOPa’KMBaHUU.

U3zBecTHO, uTO J1e 00/1aAaeT KaK IIACTUIECKUMH,
TaK ¥ yNpyruMu CBOIMCTBaMH, T. €. JIeA CHOCOOEH, C
OJTHOM CTOPOHBI, T€Ub, KOTZ1a K HEMY ITPHUIIOKEHA OIpe-
JIeJIeHHas BHEITHSS Harpy3Ka, a ¢ JPyroi — MpOTHBO-
JECTBOBATh BHEIIHEH CHJIE, CTPEMACH COXPAaHUTh
cBoro opmy [7, 14, 31]. Hanmnuue y b2 KECTKOCTH
Y YIPYTHUX CBOMCTB OOYCIIOBIEHO BOIOPOIHBIMH CBSI-
35tMH, POPMHPYIOLIIMH €r0 KPUCTAUTHIECKYIO CTPYK-
Typy. Harmpumep, npu —10°C monmyis FOuTa ayis ne1a,
3aBUCSIINNA OT YHPYTHX CBOMCTB, PaBEH MPHUMEPHO
9x10° I1a [14], 4TO OYTH COBMAJACT IO BEIHMYHHE
co 3HaYeHHAMHU Moxynst FOHra g Metannos. OgHako
€CJTY TIPUJIO’KEHHAs CHJIA TIPEBBIIIAET 10 BEJIMYHUHE He-
KOTOpO€ TpeAeNbHOE 3HaUeHHUE (TIpeei TeKYYeCTH),
TO HAYMHAETCA IIacTHYecKas nedopmarus oopasua.

KpuozamuTtHbie cpenpl IpencTaBIsiOT co00i
CIIOKHYIO T€TEpOTreHHyIo cucteMy. [Ipu temmnepary-
pax, OJIM3KUX K TEMIEPaType KUIKOT0 a30Ta, OHHU CO-
CTOSIT U3 JIBYX TBEPIBIX (pa3: KpUCTAIIOB JIbJa U 3a-
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Puc. 1. TITI-kpuBble TUCTUILTMPOBAHHON BOABI IPH CKOPOC-
TH OXJIXKIICHUS 4 rpaJi/MUH, CKOPOCTH Harpesa 1 rpan/MuH
Y Pa3INYHOM BHEIITHEM HanpspkeHud O (kr/m?): 1—0,13%10;
2-0,4x10% 3-0,67%10%4—1,33%10°; 5-2,6x10°; 6 —4x10;
7-6,6x10°(0<0, ).

Fig. 1. TPD-curves of distilled water at cooling rate of 4 deg/
min, heating rate of 1 deg/min and various external deforma-
tion tension 0 (kg/m?): 1—0.13%10% 2—0.4%10%, 3—0.67x10%
4-1.33x10% 5-2.6x10% 6 -4x10°7-6.6x10°(0<0_,_ ).

described dependence on the applied deformation
tension 0 is visible on the TPD curves (Fig. 1, curves
5-7). Of note is, however, that such a regularity is
only true for the values of the deformation tension
which do not exceed the elastic limit of the ice at the
given temperature.

The experimental data presented in Fig. 1, will be
used later in the discussion of the TPD curves for other
solutions.

Since living organisms are composed mainly of wa-
ter, the understanding of the mechanical properties of
ice allows to reveal the physical and mechanical pro-
perties of biologicals at different temperatures, as well
as the processes occuring inside them during freezing.

The ice is known to have both plastic and elastic
properties, i. e., on the one hand, the ice can flow, if it
is under certain external load, and on the other hand,
it can counteract the external force in order to maintain
its shape [7, 14, 31]. The ice possess rigidity and elastic
properties due to the hydrogen bonds forming its crystal
structure. For example, at—10°C the Young’s modulus
of ice, depending on the elastic properties, makes ap-
proximately 9x10° Pa [14], which is almost equal to
the values of Young’s modulus of metals. However, if
the applied force exceeds the certain limit (fluidity limit),
the plastic deformation of the sample begins.

Cryoprotective media are a complex heterogeneous
systems. At the temperatures close to the temperature
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CTeKJIOBaBIIekcs aMopQHOit Pasbl. ITH CTPYKTYpHEIE
COCTaBJISIOMKE O0JaMar0T Pa3IUdYHBIMH MEXaHH-
YECKHMHU CBOWCTBAaMH, KOTOPBIE 3aBUCAT OT COOTHO-
LICHUS KpUcTaJuIMYecKkoil u amop¢Hoi das. Ilpu ma-
JIBIX KOHLIEHTPaLMIX KPUOMPOTEKTOPHOTO BEIIECTBA
B pacTBOpPE OCHOBHOW BKJIaJ B €ro ymnpyromiuac-
TUYECKHE CBOWCTBA BHOCAT KpHCTalIbl apaa. C poc-
TOM KOHIIEHTPAIlMU KPUOTIPOTEKTOPA YBETUYHNBAETCS
BKJIaJ] CTEKJI000pa3Hoit (ha3bl.

[TocKkonbKy IpUHITUIIBI OTIPEIEICHUS TapaMeTPOB,
XapaKTepU3YIOIUX YNPYTrOIUIaCTUYECKHUE CBOHCTBA
KaK JUIsl KPUCTAITMYECKUX, TaK K aMOP(HBIX TeJ, O/IU-
HaKOBBI, TO OHU NMPUMEHHUMBI U JUIsI U3yYEHHUs Mexa-
HUYECKUX XapaKTEPUCTHUK COJIEBBIX M KPHOIPOTEK-
TOPHBIX PacTBOPOB [1, 2]. OTH XapaKTEpUCTUKH OTpa-
XKar0T CyMMapHbI€ CBOMCTBA 3aMOPOKEHHBIX 00pa3-
LIOB, KOTOPBIE UMEIOT U KPUCTALITHYECKYIO, U aMOp -
HYIO (a3bl.

C nomoImb0 METOIUKH ONpEAEIeHUs MEXaHH-
YEeCKHUX CBOICTB 00pa3LOB My TeM [I0CIEeI0BATENBHBIX
Harpy3ok [11, 17] nonyyena rpaduyeckas 3aBucH-
MOCTb TIPEIENIOB TEKY4YECTH OT TeMIepaTyphl s
npaa (puc. 2, KpuBas 1) 1 3aMOPOKEHHBIX PACTBOPOB:
¢usnonornueckoro (kpuBas 2), cpeasl 199 (kpuBas
3) u 10%-ro BogHoro pactBopa [IMCO (xpuBas 4).

[To abGcomoTHOM BEMWYWHE TpEAeN yIpyrocTu
JIbJla BCETJa MEHBIIE MpEJeNa €ro TeKy4eCTH IpH
OJTHOH M TOH ke TeMIieparype (Ha puc. 2 MyHKTUPHOU
JIMHUEH MTOKa3aH Npezes yIpyrocTH JIbJa, OTy4EeHHbIH
10 METOJMKE IOCIIEA0BATENbHBIX HATPY30K).

Taxum o6pa3oM, eciu B 3KCIIEPUMEHTE UCIOJb-
3yercst AeOpMUPYIOILEee HANPSKEHUE O < O, 00-
pasen HaxoAWTCs B 001acTH ynpyrux aedopmanui,
YTO UCKJIIOYAET BO3MO)KHOCTH TNIACTUYECKOTO Tede-
HUA JTpAa. B 3TOM ciiyyae n3MeHeHne BeTNIHHEI Je-
dbopmarun Ha TIII-KpUBBIX MOKET OBITH BBEI3BAHO
TOJIBKO MPOLIECCAMH, CBI3aHHBIMHE C (Pa30BBIMU TIPEB-
paIIeHNAMH, TPOUCXOAAIIUMHI B MEKKPUCTAIITHIEC-
KHX MTPOCIIOHKAX JIbJIa. DTO SIBISIETCS OCHOBHBIM KPH-
TepueM JUIst BbIOopa 1ehOpMHUPYIOIIUX HaNpsHKEHU
IIpU ONMpPENEIEHNN TEMIEPaTypHbIX UHTEPBAIOB
BO3MOXKHBIX (DAa30BBIX MEPEXOJOB U CTPYKTYPHBIX
MpeBpalleHU, B KOTOPBIX HEOOXOIUMO BapbUPOBAThH
CKOPOCTH OXJIQKJCHHUsA-HArpeBa Il MOMydeHHs 3¢-
(EeKTHBHOTO PEeKMMa KpHOKOHCEPBUPOBAHUS KIIETOU-
HbIX cycnieH3uil. [Ipenen ynpyrocTu jibjia onpeaensier
MaKCHMaJbHOE 3HaueHHe JIe()OPMHPYIOLICTO HATIPSI-
JKEHHSI, TIPU TTPEBBIIEHUH KOTOPOTO UMEETCSI BEPOSIT-
HOCTP HeaJIeKBaTHOM TpakTOBKH neperundos Ha TI1/I-
KpHUBOH.

E1e ogaMM KpuTEepreM BpIOOpa BEMUYHHBEL e op-
MHUPYIOIErO HAPSKEHUS IIPH MTOJIyYEHHN SKCIIEpH-
MeHTanbHBIX TTI/[-KpUBBIX SIBISETCS KOHKPETHBII BU
uccienyemMoro ¢$a3zoBoro MpeBpaIleHus], OCKOIbKY
KaXXIOMY CTPYKTYpHOMY NPpeoOpa30oBaHUIO B KPHO3a-
LIUTHOM PAcTBOPE CIOKHOTO COCTaBa COOTBETCTBYET
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of liquid nitrogen, they consist of two solid phases: ice
crystals and glassy amorphous phase. These structural
elements have different mechanical properties that
depend on the ratio of the crystal and amorphous pha-
ses. At low concentrations of cryoprotective agents in
the solution the main contribution to its elastoplastic
properties is made by ice crystals. Along with the rise
of cryoprotectant’s concentration the contribution of
glassy phase increases.

Since the principles of determining the parameters
that characterize the elastoplastic properties of both
crystal and amorphous materials are the same, they
are applicable to the study of the mechanical properties
of both salines and cryoprotective solutions [1, 2].
These characteristics reflect the combined properties
of frozen samples that contain both crystalline and
amorphous phases.

Using the method for determining the mechanical
properties of the samples by consecutive loads appli-
cation [11, 17], we obtained the graphical dependence
of fluidity limits vs. temperature for ice (Fig. 2, curve 1)
and the frozen solutions: physiological saline (curve 2),
medium 199 (curve 3) and 10% aqueous solution of
DMSO (curve 4).

The absolute value of the elastic limit of the ice is
always less than the limit of its fluidity at the same
temperature (in Fig. 2 the dashed line shows the elastic
limit of the ice obtained by the method of consecutive
loads).
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Puc. 2. 3aBHCHMOCTH ITPE/IE/IOB TEKYYECTH OT TEMIIEPATYPBI:
1 — 17151 JTB /125 3AMOPOKEHHBIX PACTBOPOB: 2 — (pu3moornyec-
Koro pactBopa; 3 —cpensl 199; 4 — 10%-ro BomHOTO pacTBOpa
JAMCO. CxopocTh oxJaxkIeHHus o0pa3noB 4 rpaja/MuH.
[TyHKTHpPHAS IMHAS COOTBETCTBYET IPE/IEITy YIPYTOCTH JIbJIA.

Fig. 2. Dependence of fluidity limit vs. temperature: 1 — for
ice; frozen solutions: 2 — physiological saline, 3 — medium
199, 4 — 10% aqueous solution of DMSO. Samples cooling
rate was 4 deg/min. Dashed line corresponds to the elastic
limit of'ice.
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BIIOJIHE OIIPEIEIICHHBIN TEMIIEPATypHBIN HHTEPBAJ Ha
TII/1-xpuBoii.

Jnst nzyyenus $pa3oBbIX NpeBpaLeHU U CTPYKTYP-
HBIX IPe0Opa30BaHUii, KOTOPBIE TPOUCXOST Ha 3TaIle
HarpeBa o0pasiia B MEeXKPHUCTAUINIECKUX MTPOCIION-
kax npu Temmeparypax aHmxke —40...—50°C (paccrek-
JIOBaHUE MEKKPUCTATLUTHUECKIX MPOCTIOEK, TIaBIICHHE
CMECH 9BTEKTHYECKOH KOHIIEHTPAIIUH PaCTBOPa KPHO-
[IPOTEKTOPA M PEKPUCTAIITN3AIUS TIEpe]] TUIaBICHNEM
CMECH IBTEKTHYECKOHM KOHIIEHTPAIIUH PaCTBOPa KPHO-
nporekropa [30]), nepopmupyroriee HapsHKEHUE CO-
1acHO puc. 1 A0MKHO OBITh He Gonee 6,6%10° kr/m>,
KonkpetHoe 3HaueHne 1ehOpMHUPYIOLIETO HAIPSIKE-
HUs O U1 KPHOIIPOTEKTOPHOTO pacTBOPa 3aBUCHUT OT
BH/Ia KPUOTIPOTEKTOPA, €r0 KOHIIEHTPALIUH U OTIpesie-
JIIETCs 110 3aBUCUMOCTH IPEJIENa TEKYYECTH OT TEM-
[epaTypsl AJI 3TOTO PacTBOPa, MOTy4YEeHHOW aHaJo-
TUYHO KPUBOH 4 Ha puc. 2.

st mccnenoBanus Ga3zoBBIX MIPEBPAIICHUH, KOTO-
pble MPOMCXOAAT B MpOIlecce HarpeBa oOpasna B
TeMIEePaTypHOH 00JIACTH BBIIIIE TEMIIEPATYPHI IBTEK-
TUKH KPUOTPOTEKTOpa (IBTEKTHYECKOE TIABJICHUE
(PM3HOTIOTMUECKOTO PACTBOPA WIIN KYJBTYPAJIBHOM Cpe-
JIbl, TUTABJIEHUE OCHOBHOM MAacchl JIbJla, PEKpUCTAII-
JU3a1Ms, IPEALIECTBYOMAs TUM ABYM BUaM IJIaB-
nenus [30]), nedpopmupyroiiee HaPSKEHUE JOTKHO
OBITE 2,6X10° xr/M? 1 ke, BIIoTh 10 0,13%10° kr/m2.

Taxum 00pa3om, U3MEHsS BEIMYUHY AePOpPMHU-
pyoliero HanpsskeHus O, no TITJ[-KpuBbIM MOXHO
HCCIIEZIOBAaTh KHHETHKY (ha30BBIX MPEBPAIIEHUH, TPO-
HCXOMAIINX B TIPOIIECCE 3aMOPAKUBAHUA-OTTAUBAHN,
1 OTIPENIEISITh COOTBETCTRYIOIINE UM TEMITEPaTypPHBIE
HUHTEPBaJIbI IS KaXA0W COCTaBIISAIOIEeH MHOTOKOMIIO-
HEHTHOM KPHO3alUTHOM CpeNIbI.

Ecnu xpuozamuTHas cpena nmpeacrasisieT coOoi
BOJHBIN pacTBOP KPHOIIPOTEKTOPA, TO IPH OXJIAXKIEe-
HUM (HarpeBe) UMEIOT MECTO TaKHe MPOLECCHl, KaK
CTEKJIOBaHUE (PAaCCTEKIOBAHNE) MEKKPHCTAIITYEC-
KHX MPOCIOEK, KpUCTAIUIN3aHsl (TUIaBJICHUE) CMECH
IBTEKTUYECKOH KOHIIEHTPAIIH PacTBOPa KPHUOIIPOTEK-
TOpa U PEKPUCTAILTN3ALNS, TIPEAIIECTBYIONIAs TIaB-
nernto. Eci B kauecTBE OCHOBEHI TSI KPHOTIPOTEKTOP-
HOTO PacTBOPA UCTIONB3yeTCs (PU3NOIOTHYECKUH pacT-
BOD WJIH KYJIBTYpaJibHasl Cpe/ia, TO K BBIIIEyKa3aHHBIM
rporieccam cieayer 106aBuTh pa3zoBbie mpeodpaszo-
BaHUs, CBA3aHHBIE C HAINYHEM COJIEBBIX KOMIIOHEH-
ToB. Ha 3Tamne oxnaxxaeHus 3T0 3BTEKTHYECKas KpHC-
TaJUIM3alys, a Ha dTalle HarpeBa — 3BTEKTHUYECKOE
IUTaBJIEHUE U pEKPUCTAITU3AMA epe HuM. [ Bcex
pacTBOPOB HEOOXOANMO YUUTHIBATH KPHCTAIUIU3AIHIO
OCHOBHOW Macchl BOABI P OXJIAKACHUY U TUIaBICHUE
OCHOBHOM MAaccChl JIbJ1a C MPEALIECTBYIOLIEH PEKpPHUC-
TaJlJIM3aluen mpyu HarpeBe.

s mpumepa Ha puc. 3 npeacrasiensl TT1-kpu-
BbIe pacTBOpoB kpuomnporekropa JIMCO 10%-i1 koH-
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Thus, if the experiment utilizes the deformation
tension 0 <0, the sample is in the region of elastic
deformation, which excludes the possibility of plastic
flow of the ice. In this case, the changes in the de-
formation values on the TPD curves can be caused
solely by processes associated with phase transitions
occurring in ice intercrystal layers. This is the main
criterion for the selection of the deformation tension
for determining the temperature ranges of possible
phase transitions and structure transformations, where
the cooling-heating rates should be varied to get an ef-
fective regimen for cryopreservation of cell suspen-
sions. The elastic limit of the ice determines the maxi-
mum value of deformation tension, with exceeding of
which there is a possibility of inadequate interpretation
of kinks on the TPD curve.

Another criterion for selecting the deformation
tension values to obtain experimental TPD curves is a
certain pattern of studied phase transformation, as each
structural transformation in the complex cryoprotective
solution corresponds to a specific temperature range
on TPD curve.

Investigation of phase transformations and structure
changes occuring during rewarming of the sample in
the intercrystal layers at the temperatures below —40...
—50°C (devitrification of intercrystal layers, melting of
the eutectic concentation mixture of cryoprotectant so-
lution and recrystallization prior to melting of the eutec-
tic concentration mixture of cryoprotectant solution
[30]) should be conducted with deformation tension va-
lues not be higher than 6.6x10°kg/m? according to Fig. 1.
The specific value of the deformation tension o for
cryoprotective solution depends on the type of cryopro-
tectant, its concentration and is determined from the
dependence of the fluidity limit vs. the temperature for
this solution, obtained in similar way as curve 4 in Fig. 2.

For the study of phase transformations occuring
during rewarming of the sample at the temperatures
above the eutectic temperature of the cryoprotectant
(eutectic melting of physiological saline or culture me-
dium, melting of the bulk ice, recrystallization prior to
these two types of melting [30]), deformation tension
should be 2.6x10°kg/m? and less, down to 0.13%x10° kg/m?.

Thus, by changing the value of the deformation ten-
sion 0, one could use the TPD curves for studying the
kinetics of phase transformations occurring in the pro-
cess of freeze-thawing, and to determine the corres-
ponding temperature ranges for each component of a
multicomponent cryoprotective media.

If cryoprotective media is an aqueous solution of
cryoprotectant, the cooling (heating) is accompanied
with the processes such as vitrification (devitrification)
of intercrystal layers, crystallization (melting) of eutec-
tic mixture of cryoprotectant solution and recrystalliza-
tion prior to melting. If the basis for the cryoprotective
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LEHTpalKy Ha IUCTUIUIMPOBaHHOM Boze (KpuBas 1) u
Ha (HU3NOJIIOTUIECKOM pacTBope (KpuBast 2), MOJTy4eH-
HbIE TIPH OJTHUX U T€X e yCIOBHUSAX AKCIEPUMEHTA!
V__ =4rpaymun; V= 1 rpan/mun; 0 = 0,13x10° kr/m>.

[pu Tako# BeanunHe 1ePOPMHUPYIOILETO HaIpshKe-
Hus O Ha 00enx TI1/I-kpuBbIX meperuosl, OTBEYaroIue
PacCTEKIOBAHUIO MEXKKPUCTAIIINIECKUX IPOCIOEK U
MJIABJICHUIO CMECH JBTEKTHUYECKON KOHLIEHTpaluu
pacTBOpa KpHOIIPOTEKTOpa, HE BUAHBI B HMHTEPBAIaxX
TEMIIEPATYpP, COOTBETCTBYIOIIUX ITHM MPOLECCAM.

Pe3koe yBennuenue ckopoctu aedopmanyn oopas-
ma Ha KpuBoii 1 (puc. 3) mpu —45°C cBs3aHO C 3a1103-
JABIIMM IUIaBIEHUEM CMECH ABTEKTHIECKOM KOHIIEHT-
pammu pactBopa KpuomnpoTekropa. [lpraem 3To nmen-
HO CMECTHBIIIEECS IIJIaBIIEHUE CMECH DBTEKTHYECKON
KOHIIEHTPALIMHU PaCTBOPA KPUOTIPOTEKTOPA B MEXKKPHC-
TaJUIMYECKOW MPOCIIOHKEe, TaK KaK COIIaCHO pHC. 2
(xpuBas 4) mpenen TEKy4ecTH 3TOTO PacTBOpa IMpH
JaHHOW TeMIlepaTrype MMeeT 3Ha4MTEeNIbHO Oojbliee
3HaYCHHE.

Ha xpuBoii 2 (puc. 3) 0T4ETIIMBO POCIEKUBACTCS
MPOLECC 3BTEKTHYECKOTO IJIaBJeHUs PU3NOTOTHYEC-
KOI'0 pacTBOpa B TEMIIEPATYpHOM JAuara3zoHe oT —37
10 —21°C, 4ro coracyercs co ClIpaBOYHBIMH TaHHBI-
MU TSI TEMIEPaTyphl IBTEKTUKH BOJHOT'O pacTBOpa
NaCl cootBercrBytonieit koHeHTparuu [3]. ConeBoit
pacTBOp IBTEKTUYECKON KOHIIEHTPAIMH B O0NIAacTH
3a3BTEKTHYEeCKUX Temmeparyp (Hmxe —21°C), Haxo-
JSICh B TBEPI0(Pa3HOM COCTOSTHUH, B MEKKPUCTAIIIU-
YECKHUX MTPOCIONKaxX UTPaeT poilb «apMHUPYIOILEH CeT-
KI» U 3TUM IIOJIHOCTbIO HUBEIHPYET 3BTEKTUYECKOE
IIJIaBJIEHUE pacTBOpa KPHOIPOTEKTOPA.

Hannumne temneparypHoro uHrepsaia, 00ycioB-
JICHHOTO 3BTEKTHYECKON KPUCTAJUIM3aLUEH BOJHOTO
pactBopa NaCl, ormmuaer TII/I-kpuByto as1st KpHOIpo-
TEKTOPHOTO PacTBOPa Ha OCHOBE (PM3HOIOTHIECKOTO
pacTBoOpa WM KyJabTypaiabHo# cpenpbl oT TII/-kpuBoi
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Puc. 3. TI1/I-xpussie pactBopa JJIMCO 10% koHIeHTparmu
Ha OCHOBE: | — IMCTHIIIIMPOBAHHOM BOABL; 2 — (pU3HOIIOTHYec-
KOTO pacTBOpa IPH OTHHX M TEX K€ YCIOBUSX SKCIICPUMEHTA!
V  =4rpaymun; V=1 rpan/mun; 0=0,13x10°kr/m.

Fig. 3. TPD curves of 10% DMSO solution based on: 1 —
distilled water; 2 — physiological saline in the same experi-
mental conditions: V=4 deg/min; V, =1 deg/min; 0=
0.13x10°kg/m>.

t

solution is a physiological saline or culture medium,
the stated above processes are supplemented with pha-
se transformation due to the presence of salt compo-
nents. At the stage of cooling this is eutectic crystalliza-
tion, and at the stage of heating this is eutectic melting
and recrystallization prior to this. For all the solutions
one should take into account the crystallization of bulk
water during cooling and the melting of bulk ice with
preceding recrystallization during rewarming.

Fig. 3 shows the examples of the TPD curves for
10% DMSO cryoprotectant solutions based on distilled
water (curve 1) and physiological saline (curve 2) ob-
tained at the same experimental conditions: V=
4 deg/min; V, =1 deg/min; 0 =0,13x10°kg/m’.

With this value of the deformation tension O the
kinks in both TPD curves which reflect devitrification
of intercrystal layers and melting of eutectic mixture
of cryoprotectant solution are not present in the tempe-
rature ranges corresponding to these processes.

The sharp increase in the rate of deformation of
the sample on the curve 1 (Fig. 3) at —45°C is due to
the belated melting of eutectic mixture of cryoprotec-
tant solution. Moreover this is namely the shifted melting
of the eutectic mixture of the cryoprotectant solution
in intercrystal layers, since according to Fig. 2 (curve 4)
the fluidity limit of the solution at a given temperature
has the higher value.

On the curve 2 (Fig. 3) we can clearly see the pro-
cess of eutectic melting of the physiological saline in a
temperature range of —37...—21°C, which is consistent
with reference data for the eutectic temperature of
NaCl aqueous solution of corresponding concentration
[3]. The saline of eutectic concentration, being in the
solid state at the temperatures lower than eutectic
point (below —21°C) acts as a ‘reinforcement mesh’
in intercrystal layers and in this way completely masks
the eutectic melting of the cryoprotectant solution.
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IUIS. COOTBETCTBYIOIIETO BOJHOTO PacTBOpa 3TOTO
KpPHOTIPOTEKTOpA.

[Tocne nnaBneHust 3BTEKTUKH (HU3HOJIOTHUECKOTO
pacTBopa B TeMIIEpaTypHOM HHTepBajie oT —21 1o
—15°C nmpoucxonuT peKpucTaIIM3aLys Nepe Mniasie-
HUEM OCHOBHOM MaccChl JIb/1a U JJaJie€ HEMOCPEICTBEH-
HO ee masienue (ot —15 mo —4,5°C).

AHaJIOTUYHBIE SKCIEPUMEHTAIbHBIE KPUBBIE
(puc. 4), Ho mipu 3HaYCHUsIX O = 4X103 Kr/M%, 103BOJISI-
0T HaOJIOATh MPOIECC TUIABICHUS! CMECH IBTEKTH-
yeckoi koHneHTpanuu pactsopa JJIMCO (kpussie 1 n
2) B uHTEpBajie temmeparyp ot —87 mo —67°C, uto
COOTBETCTBYET U3BECTHOM B JINTEPATypE IBTEKTHUEC-
KO TemMmeparype uist BogHoro pactsopa JIMCO [18].
[leperu6st na TII/I-kpuBoOii Ipu TeMIepaTypax HUXKe
—67°C cBsA3aHBI C IPOLIECCAMH PACCTEKJIOBAHUS MEXK-
KPUCTANIMYECKUX NMPOCIOEK U PEKPUCTAIIM3ALNH T1e-
pen IIaBIEHUEM CMECH 3BTEKTUYIECKON KOHIIEHTPALH
pacTtBopa kpuonpotekTopa. [Ipoueccel, cBA3aHHBIE ¢
(a3zoBeIMU TpeBpameHusAMHU Bolme —67°C, Ha 3TuX
9KCIIEPUMEHTAJIBHBIX KPUBBIX HE BUIHBI N3-3a CIIUTII-
KOM OOJIBIIIOr0 3HAYEHUS JeOPMUPYIOUIETO HAMpsI-
KEHUS O.

[Ipu 3HaueHNN 1ehOpPMHUPYIONIETO HAPSDKEHUS O =
0,67x10° kr/m* Ha ouo# TIT/I-KpHUBO# MOKHO YBUIETH
IJIaBJIeHNE 00X SBTEKTHK: M CMECH 3BTEKTHYECKON
KOHIIEHTPAIIMX PAaCTBOPA KPHONPOTEKTOpa, ¥ (PU3HOII0-
ruyeckoro pactsopa. Ha puc. 5 B remneparypHoii 00-
nacti A Ha 00eHX KpUBBIX BUZICH MTEPEruo, CBsI3aHHbIH
C IUIaBIIEHUEM CMECH IBTEKTHYECKON KOHIIEHTpALluU
pactBopa JAMCO, a Ha kpuBOH 2 B TeMIepaTypHOH
obmactu B — emie u ¢ 9BTEKTHYECKUM ILIaBICHUEM
BoaHoro pactsopa NaCl.

Kaxk npaBwuio, GazoBoMy niepexoiy, COOTBETCTBYIO-
LieMy IUIaBJIEHUI0 00pa3lia, IPEALeCTBYET IPOLECC
PEKPUCTAIUIU3ALMOHHON TEPECTPONKH €TO CTPYKTYPBI
[32]. 3BecTHO, YTO HHTEHCUBHOCTD PEKPUCTAILIA3A-
LMY TIEpe]T TUTaBJIEHUEM 3aBUCUT OT CKOPOCTH OXJIAXK-
neHns oopasima. [ moaTBep K IeH s IPaBOMEPHOCTH
TPAKTOBKH PE3YJIBTATOB IO ONPEAEIECHUIO TEMIIE-
paTypHOro MHTEpBana pekpuctannusanuu Ha TIT/-
KPHUBBIX OBLT IIPOBE/ICH COOTBETCTBYIOIIUI SKCIIEPH-
MmeHT. Ha puc. 6 npencrasnenst TI1/[-kpuBbie Gpusno-
JIOTUYECKOTO PAcTBOPA, HOTYUYEHHBIE C PA3HBIMHU CKO-
pOCTSAMHU OXJIaXKAeHus: KpuBast 1 —V =4 rpan/mun,
kpuBast 2 — V=25 rpaj/mMun. B To e Bpems 3Ha-
yeHus Ae(OPMUPYIONIETO HAMPSKEHUI U CKOPOCTH
Harpesa it 00enX KPUBbIX ObLTH OMUHAKOBBIMU: O =
0,4x10°kr/M* u V__= 1 rpa/muH.

[IpencraBnennsle 3xcniepuMenTansHble TII-kpu-
BBIE TIO3BOJIAIOT ONPEEIIUT TEMIIEPATyPHBIH HHTEP-
BaJl IPOTEKaHMsI ITpoliecca pekpucTam3anuy. Miaren-
CHBHOCTh PEKpPUCTANIM3ALUHU, CIEJ0BATEIBHO, U
CTerneHb BbipaxkeHHocTy e€ Ha TIIJ[-kpuBoit, 3aBUCUT
OT CKOPOCTH OXJIaX/ICHUS, T. €. OT CTEIIEH! HEPaBHO-
BECHOCTH CTPYKTYpPHI 00pasiia, moJydyaeMoi B Mpo-
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Puc. 4. TI1/I-xpussie pactBopa JIMCO 10% koHIeHTparmu
Ha OCHOBE: | — AMCTHITMPOBAHHON BOJBI; 2 — (PU3HOIJIOTH-
YECKOT'0 pacTBOPA IPU OJHUX U TEX XKE YCIOBHUSIX IKCIIEPH-
menta: V=4 rpay/mun; V= 1rpan/mun; 0 =4x10°kr/™>.

Fig. 4. TPD curves of 10% DMSO solution based on: 1 —
distilled water; 2 — physiological saline in the same experi-
mental conditions: V=4 deg/min; V, =1 deg/min; 0=
4x10°kg/m?.

t

The presence of the temperature range reflecting
the eutectic crystallization of NaCl aqueous solution,
distinguishes the TPD curve for cryoprotective solution
based on physiological saline or culture medium from
the TPD curve for the corresponding aqueous solution
of this cryoprotectant.

After the eutectic melting of physiological saline in
the temperature range of —21...—15°C the recrystal-
lization before melting of the bulk ice and finally its
melting (—15 to —4.5°C) occur.

Similar experimental curves (Fig. 4), but for values
of 0=4x10° kg/m? allow the observation of the melting
of the eutectic mixture of DMSO solution (curves 1
and 2) in the temperature range of —87...—67°C, which
corresponds to the reported eutectic temperature for
DMSO aqueous solution [18]. The kinks on the TPD
curve at temperatures below —67°C are related to the
processes of intercrystal layers devitrification and re-
crystallization prior to melting of the eutectic mixture
of the cryoprotectant solution. The processes associa-
ted with phase transitions above —67°C are not visible
on these experimental curves due to the high deforma-
tion tension G.

If the value of the deformation flow tension 0 =
0,67x10°kg/m? one TPD curve can contain the infor-
mation about melting of both eutectics: eutectic mix-
tures of cryoprotectant solution and physiological saline.
In Fig. 5 the temperature range 4 of both curves has
the kink associated with the melting of the eutectic
mixture of the DMSO solution, and the temperature
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Puc. 5. TITJI-xpussie pacrsopa IMCO 10% koHUeHTpauu
Ha OCHOBE: | — MUCTUIITMPOBAHHON BOIbI; 2 — (hr3nonorndec-
KOT'O PAacTBOpa IPY OTHHUX M TEX XK€ YCIOBHAX SKCTIEPUMEHTA:
V  =4rpay/mun; V= 1rpan/mun; 0= 0,67x10° kr/m>.

Fig. 5. TPD curves of 10% DMSO solution based on: 1 —
distilled water; 2 — physiological saline in the same experi-
mental conditions: V=4 deg/min; V, =1 deg/min; 0 =
0.67x10°kg/m>.

Lecce ero 3amopaxkuanud. Ha xpuBsix 1 u 2 BUgHbBI
PasMYHbIE BEMYUHBI IpUpaIenus aepopmanuu (A,
u A€,) mocne 3BTEKTHYECKOTO IUIABIEHHS, COOTBET-
CTBYIOIINE TMJIACTUIECKOMY TE€UEHHI0 oOpasma mof
neiicTBueM AeGOpMUPYIOIIEro HAPSKEHUS B PEKU-
Me HarpeBa ¢ MOCTOSIHHOM ckopocThio. Uem Oonee
HEpaBHOBECHA CTPYKTYpPa, TEM MEHbIIIE BeTnInHa AL
M3-32 YIPOYHEHHs 00pa3iia BCIeICTBUE Hadalla pocTa
OoJiee KPYITHBIX KPUCTAJJIOB 32 CUET MEJIKHUX, OTHAKO
TEMIIEPATYpHBIA MHTEpBaN MPOTEKaHUs Mpolecca
ocTtaercst Hen3sMeHHbIM. /1111 hr3nomornaeckoro pact-
BOpa TeMIepaTypHBIA MHTEPBAJT PEKPHUCTAIIIN3ANAN
nepe] IUIaBJIeHHEM OCHOBHOM MacChl JIbJja HAXOAUTCS
B uHTepBaye oT —21 u qo —15°C.

Pexpucrannuzanuio nepes 3BTEKTHIECKIM TIIaB-
JIEHUEM COJIEBOTO PAacTBOpPa MBI HE pacCMaTpPHUBAEM,
TaK Kak B CBsI3H ¢ Masioi koHeHTpanueid NaCl B pact-
BOPE BEJIMYMHA 3TOr0 MpoIiecca, 0 BCEW BUAUMOCTH,
HaCTOJIBKO MaJla, 9TO HE MOXET BHOCHUTH CYIIECT-
BEHHOTO BKJIA]1a B KPHUOIIOBPEKICHUS IIPY 3aMOPAXKH-
BaHUM OM000BEeKTOB. OIHAKO MPHU MIPABUIIBLHO MOJO-
OpaHHOM 3HA4YCHUHU JAePOPMUPYIOILETO HAPSHKECHUS
TIIJI-kpuBble JalOT BO3MOXKHOCTH PETHUCTPUPOBATH
Y 3TOT BHUJI pEKPUCTATUTH3AIIHH.

B npakrrke KproOHOIOruu A7t KpHONPOTEKTOPHBIX
pacTBOPOB B KaueCTBE OCHOBBI YAaCTO HCIOJB3YIOT
HE TOJIbKO BOYy U (PM3MOIOTHYECKUI PacTBOpP, HO U
pa3nuYHbIe KyIbTypajbHbIE cpe/bl. JlaHHbIe IO IBTEK-
THYECKUM TEMIIEpaTypaM TaKHUX Cpell B CIIPABOYHOM
JTUTEpaType OTCYTCTBYIOT. [loaTOMYy MBI OCUMTANN
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Puc. 6. TI1I-kpuBbie GU3NOIOrMUECKOTO PACTBOpA TPH pa3-
HBIX CKOPOCTSIX OXJIaKIeHUsT: | —4 rpan/muH, 2 —25 rpag/MuH
1 OJTHHX U TeX YK€ 3HAYCHUAX Ae(POPMUPYIOIIEro HarpshKe-
Husa 0 = 0,4x10°kr/M? n V.= 1 rpan/mun.

Fig. 6. TPD curves of physiological saline after using vari-
ous cooling rates: 1 —4 deg/min, 2 — 25 deg/min and the same
deformation tension 0 =0.4x10°kg/m*and V, _ = 1 deg/min.

range B in the curve 2 has also the kink associated
with the eutectic melting of NaCl aqueous solution.

As arule, the phase transition corresponding to the
melting of the sample is preceded by recrystallization
restructuring of its structure [32]. It is known that the
recrystallization intensity before melting depends on
the cooling rate of the sample. To confirm if the inter-
pretation of the results of determining the temperature
range of recrystallization from the TPD curves is
eligible another experiment was conducted. Fig. 6
shows the TPD curves of physiological saline, obtained
with different cooling rates: curve 1 with V=
4 deg/min, curve 2 with V_ =25 deg/min. At the
same time the values of the deformation tension and
the rewarming rate for both curves are the same: 0 =
0,4x10°kg/m*and V, =1 deg/min.

Presented experimental TPD curves allow to deter-
mine the temperature range of the crystallization pro-
cess. The intensity of recrystallization, and accordingly,
the degree of its expression on the TPD curve depend
on the cooling rate, i. e., on the degree of nonequilibrium
of sample structure, formed in the process of freez-
ing. Curves 1 and 2 have different deformation incre-
ments (A€, and At)) after eutectic melting, which cor-
respond to a plastic flow of the sample under the in-
fluence of the deformation tension during rewarming
with a constant rate. The more non-equilibrium the
structure the smaller is the value Ag due to sample
hardening that results from the started growth of larger
crystals at the expense of smaller ones, but the tempe-
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Puc. 7. TII/I-xpuBBIle TUCTHILIHPOBAHHOM BOHI (1), pr3uronormueckoro pactBopa (2), cpenst 199 (3), pactBopa Xenkca (4),

cpenst IMEM (5) (V

Har

= 1 rpag/mun, 0= 0,4x105kr/M?) pu CKOPOCTSIX oxJiaskaeHus 4 Tpaa/muH (A); 25 rpag/mut (B).

Fig. 7. TPD curves of distilled water (1), physiological saline (2); medium 199 (3); Hanks’ solution (4); DMEM (5) (V, =
1 deg/min, 0=0.4x10°kg/m?) at cooling rates of 4 deg/min (A); 25 deg/min (B).

HeoOXxomuMbIM, HcTonb3oBaB meton TILJI, ompene-
JINTh TEMIIEPATYPHBIA HHTEPBAJI IBTEKTUUECKON KpHC-
Tayu3auy (TUIaBIIeHUs) IS HauOoliee 4acTo HC-
MOJIL3YEMBIX KYJIBTYPaIbHBIX cpel: cpeaa 199, pact-
Bop XeHkca, cpeaa JJMEM. Bo-nepBsix, nis Toro,
YTOOBI MTOKA3aTh HAIMYKE 3BTEKTUYECKOTO MIepexoa
KaK TaKOBOTO ISl TAKUX CIIOXKHBIX TI0 COCTaBY pacT-
BOPOB, BO-BTOPBIX, OTPEACIUTh TEMIIEPaTyPHbBIE HH-
TepPBaJIbl IBTCKTUICCKON KpHUCTAJUIN3anu (TUIaBIIe-
HUS) )T TPAKTUYECKOTO HCTIONH30BaHUS TIPH paspa-
0OTKE IMMPOTOKOJIOB KPHOKOHCEPBUPOBAHUS.

OxcnepumenTanbabie TI1/[-kpuBEIe TSI BEITIIETIC-
PEYHMCIICHHBIX KYJIbTYpajdbHbBIX CpPel MOKa3aHbl Ha
puc. 7. YCIOBHs TIPOBEICHUS KCIIEPUMEHTA: V =
4 rpan/mun (puc. 7, A), V= 25 rpan/mun (puc. 7,
B),V,, =l rpan/mun, 0 =0,4x10° Kr/M2. JIJ1s MaHHBIX
KYJIBTYPaJIBHBIX Cpell, Kak U s (PU3HOIOTHIECKOTO
pactBopa (cM. puc. 6), 6onee BHICOKasi CKOPOCTb OX-
naxnaeHus (puc. 7, 0) MOBBIIAET HHTEHCUBHOCTD Pe-
KPUCTAITH3ALWY TIepe] TUIaBIeHHEM OCHOBHOM MacChl
JIB/A U, KaK CJIeICTBUE, BRIPAXKEHHOCTD 3TOTO MPOIIEC-
ca Ha PKcriepuMeHTanbHBIX TT1/[-KpHBEIX. DTO 1TO3BO-
nsgeT 60Jee TOYHO ONPENSIUTh TEMITepaTyPHBIN WH-
TepBaJl peKPUCTALTU3AINH.

B paccMaTpuBaeMBIX KyJIBTypalIbHBIX Cpenax
OCHOBHO€ BEIIECTBO, BOJHOMY PacTBOPY KOTOPOTO
CBOMCTBEHHA dBTEKTUYECKAs! KPUCTAILIU3AIHS B ITPO-
necce oxnaxaenus, spisiercs NaCl. [Toaromy Temme-
paTypHBId MHTEPBaJ, COOTBETCTBYIOIIUI MPOIECCY
ABTEKTUYECKON KPUCTAILIH3ANNY (TIIaBJICHHUS ) KYIIBTY-
pPadbHBIX Cpell, MPaKTUYECKU He OyleT OTINYaThCs
OT TaKOBOTO MHTEPBaJIa [T PU3UOIOTHYECKOTO PaCT-
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rature range of the process remains the same. For the
physiological saline the temperature range of recrys-
tallization prior to melting of bulk ice is between —21
and —15°C.

Recrystallization prior to eutectic melting of saline
is not under consideration since due to the low con-
centration of NaCl in the solution the value of the pro-
cess is apparently so small that it can not make any
significant contribution to cryodamages during freezing
of biologicals. However, the properly selected defor-
mation tension values allow to see this kind of recrystal-
lization on TPD curves too.

In cryobiological practice, the cryoprotective solu-
tions are usually based not only on water and physiolo-
gical saline, but also on the different culture media.
There are no reported data on the eutectic temperatu-
res of such media. Therefore, we considered as useful
to apply the TPD method for determining the tempera-
ture range of the eutectic crystallization (melting) of
the most commonly used culture media: medium 199,
Hanks’ solution, DMEM. Firstly, it is nessessary to
see if there is a eutectic transition at large for such a
complex solutions, and secondly, to determine the tem-
perature ranges of eutectic crystallization (melting) for
practical application when develop the cryopreservation
protocols.

Experimental TPD curves for the mentioned culture
media are shown in Fig. 7. Experimental conditions
were as follows: V_ =4 deg/min (Fig. 7A), V_ =
25 deg/min (Fig. 7B), V, =1 deg/min, 0=0.4x10"kg/n2’.
For the given culture media, as well as for physiological
saline (see Fig. 6), the higher cooling rate (Fig. 7B)
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Bopa. [Ipu 3TOM J17151 OHOM U TOH e CKOPOCTH OXJIaXkK-
JIEHUsI CTeTeHb BeipaxkeHHocTH Ha TIIJI-kpuBoi nmpo-
Lecca peKpUCTAIUIN3aLUY epe IIaBICHUEM OCHOB-
HOM MaccChl JibJIa 3aBUCUT OT COCTaBa KyJIbTypalbHON
cpensl (puc. 7, A u B). Ilony4eHHbIe 3KCIIEPUMEHTANb-
HBIC JaHHBIE UIMEIOT U CYTY00 NMPAKTUIECKOE 3HAYCHHE.
[Ipu onpenenennn TeMnepaTypHbIX HHTEPBAIOB (a-
30BBIX IEPEXOAOB B PACTBOPAX KPUOMPOTEKTOPOB HA
Pa3IUYHBIX KYJIETYPAIBHBIX CPelaX MOYKHO UCTIONH30-
BaTh JaHHBIE IS (PU3MOIIOTHYECKOTO PacTBOpa, a
MMEHHO JTHaIa3oH TeMrepatyp oT —37 mo —21°C.

BbiBOADI

@®a30BBIEC MPEBPAIICHNS B MHOTOKOMITOHEHTHBIX
KPHO3alIUTHBIX CpeAax U MX COCTAaBIAIOIIMX, CO-
MIPOBOXKIAOIIUE POLIENYPY 3aMOPAXKNUBAHUSA-OTTaH-
BaHHs, OKA3bIBAIOT HEMOCPEACTBEHHOE BIUSHUE Ha
COXPaHHOCTb KDPHOKOHCEPBUPYEMBIX OMOIOTHUECKUX
o0bekToB. B pabore merogom TIIJ[ mccnemoBanbt
(ha3oBbIe MpeBpalICHUs, MPOTEKAIOLINE TP 3aMopa-
KUBAaHWH-OTTAaNBAaHUU B JUCTHILIMPOBAHHOW BOJE,
(PM3HOJIOTHIECKOM PacTBOpPE W HEKOTOPBIX KYJBTY-
paipHBIX cpeaax (cpema 199, pactBop XeHkca, cpena
JAMEM), koTopbIe SBISIOTCS HEOThEMIIEMON YaCThIO
MHOTOKOMITOHEHTHBIX KPHO3aIIUTHBIX pacTBOpoB. Ha
puMepe KpUOmpoTeKTopHOro pacrBopa JIMCO
(10%) moka3zaHa BO3MOXKHOCTh M3yYHTh METOJIOM
TII ¢a3oBbie npeBpaleHys, CBsI3aHHBIE C IPUCYTCT-
BHEM B KPHO3aIIUTHOM PAacTBOPE Kak KPHOIPOTEKTOP-
HOTO BEIIECTBA, TaK U JPYTUX KOMIIOHEHTOB PacTBOPA.
Omnpenenensl TeMIlepaTypHble HHTEPBaIbl 3BTEKTH-
YEeCKOM KpHUCTauIM3auuu (TUIaBJICHUs), KPUCTAJIIU-
3auuy (TJIaBJICHHUS ) OCHOBHOW Macchl JIbJia B 00pasie
Y PeKpHCTAJUIN3ANY Ha dTale HarpeBa mepes cooT-
BETCTBYIONIUMHU BUJIAMH TIJIABIEHUS ISl KaXKIOTO
COCTaBJISIFOIIEr0 MHOTOKOMIIOHEHTHON KPHO3alUTHOM
cpensl. [lanpHelnine uccieaoBanus OyIyT Hampas-
JIEHBI HA WCTIONIb30BaHUE MOMYyYEHHBIX PE3yIbTaToOB
JUTS ONITUMH3AIIH TIPOTOKOJIOB OXJIaKICHHUSI-HAarpeBa
KPHUOKOHCEPBUPYEMBIX OHOOOBEKTOB.
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increases the recrystallization intensity before melting
of bulk ice and, consequently, the expression of this
process on the experimental TPD curves. This allows
to determine the temperature range of recrystallization
more precisely.

In these culture media, the main substance, which
aqueous solution is characterized by eutectic crystalli-
zation during cooling, is NaCl. Therefore, the tempera-
ture range corresponding to the process of eutectic
crystallization (melting) of culture media, would have
almost no differences from the interval for physiological
saline. Moreover, for the same cooling rate the degree
of expression on the TPD curve of recrystallization
process prior to the melting of bulk ice depends on the
composition of the culture medium (Fig. 7A and B).
The obtained experimental data are also of practival
importance. When determine the temperature ranges
of phase transitions in cryoprotectant solutions based
on various culture media one could use the data for
physiological saline, namely the range of temperatures
of -37..-21°C.

Conclusions

Phase transformations in multicomponent cryopro-
tective media and their constituents during freeze-thaw-
ing, have a direct impact on the survival of the biological
objects being cryopreserved. This study dealed with
the phase transformations assessed by TPD method,
which occur during freeze-thawing in distilled water,
physiological saline, and several culture media (medium
199, Hanks’ solution, DMEM) as an integral part of
multicomponent cryoprotective solutions. On the
example of cryoprotective solution of DMSO (10%)
we demonstrated the possibility to investigate by TPD
method the phase transformations associated with the
presence of cryoprotectant in the solution, as well as
other components. The temperature ranges of eutectic
crystallization (melting), crystallization (melting) of bulk
ice in the sample and recrystallization during heating
prior to the corresponding types of melting of each
component of the multicomponent cryoprotective me-
dium were established. Further research will be direc-
ted to application of the results in the optimizing the
protocols of cooling-heating of biological objects being
cryopreserved.
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