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PaccMmoTpen MeToz Hccie10BaHus 3aMOPOKEHHBIX PACTBOPOB KPUOIIPOTEKTOPOB, KJIIETOYHBIX CYCIIEH3UH U TKaHEeH, OCHOBaHHBIN
Ha U3MEPEHHH UX IIACTHYECKO JeOopMaIliK B PEIKUME HETPEPHIBHO MOBBIIIAOIICHCS TeMIIeparypsl B HHTepBase -196...20°C npu
IIOCTOSIHHOM BHEIIHEH Harpy3ke. /lJaHHBIM METOJOM ONpENENICHbl TeMIIEpPaTypbl PACCTEKIOBAHUS Tg BOJIHBIX PacTBOPOB TaKUX
KpUONPOTEKTOPOB, Kak riauteput, JJMCO, [130-1500 B mmpokom nuanazoHe KOHICHTpaluil. BriepBbie onpeeneHbl 3Ha4eHUs Tg B
MHTEpBaJIc KOHIeHTpalmii 5...15% (Bec/Bec).

Kniouesvie cnosa: tepmoruactuueckas aedopmanus, TeMiepaTypa paccTekiioBanus, kpuonporekrop, JMCO, I130-1500,
[IMLEPUH.

Po3risiHyTO METOJ JOCIIKEHHS 3aMOPOKEHUX PO3UMHIB KPIOIPOTEKTOPIB, KIITUHHUX CYCIEH3iil Ta TKaHWH, 3aCHOBaHUI Ha
BUMIpIOBaHHI iX ruiacTHYHOl JedopMaltii y pexxumi, KoiH TeMIreparypa 6e3nepepBHO miaBHILyeThes B iHTepBati -196...20°C mpu
NOCTIiHOMY 30BHIIIHEOMY HaBAHTAXCHHI. JaHHM METOZIOM BHU3HAYECHO TEMIEPATYpH PO3CKIyBaHHs T, BOIHMX PO3UMHIB TaKMX
KpiONpoTeKTOopiB, sik riinepun, JMCO, ITIEO-1500 y nimpoxomy Aiamna3oHi KOHIEHTpauiil. Yiiepiie BU3Ha4eHO 3HAUYSHHSI Tg B iHTepBaJIi
KOHIICHTpaIliii 5...15% (Bara/ara).

Kniouosi cnosa: tepmornactuuna aedopmariis, Temmeparypa po3ckiyBanHs, kpionporekrop, AMCO, ITEO-1500, miinepuH.

There was considered the method for investigating frozen solutions of cryoprotectants, cell suspensions and tissues, based on
measuring their plastic deformation in the regimen of continuously increasing temperature within the range of -196...20°C at a
constant external load. Using this method the devitrification temperatures T of aqueous solutions of such cryoprotectants as glycerol,
DMSO, PEO-1500 within a wide range of concentrations were determined. For the first time T, values within 5...15% (weight/weight)

concentrations range were found-out.

Key-words: thermoplastic deformation, devitrification temperature, cryoprotectant, DMSO, PEO-1500, glycerol

JanHble 0 TeMmIepaTypHBIX WHTEpBallaX M 0CO-
OCHHOCTSX KMHETUKHU TEepexojia BOJHBIX PAcTBOPOB
KPHOIIPOTEKTOPHBIX BEIIECTB U3 XKHUIKOIO B TBEPAOE
aMop(dHOEe cOCTOSHME OYEHb BAXKHBI AJISI KPHO-
Oouonornu. IIpakTHka MokKas3pIBaeT, 4To 0€3 HHUX
HEBO3MOXXHO pa3paboTaTbh 3P (EeKTUBHBIE PEKUMBI
OXJIAKJCHUSI — HAarpeBa M XpaHEHUs KPHUOKOHCEP-
BUpyeMbIX O0n000BeKTOB. [Ipeskae Bcero 3To cBA3aHO
C TE€M, YTO K CKOPOCTH M3MEHEHHUS TeMIEepaTyphl
KPUOKOHCEPBHPYEMBIX OHMOCHCTEM, BBIIIE U HUXKE
TeMIIepaTyphbl CTEKIOBaHUs T,, MpexbsBISIOTCS
NpsIMO MPOTHBOMOJOXKHBIE TpeOoBaHUs. Brime
TemnepaTypsl T, Kak OXiaxJeHHE, TaK M HArpes
6HOOBHEKTOB B GONBITHHCTBE TEXHONOTHUECKHX
MOJXO0B PEKOMEHIYETCsI MPOBOAUTE C IOCTATOYHO
BBICOKHMH CKOPOCTSIMHU [2]. DTO MO3BOMISIET Mpeao-
TBPATUTh KOHTAKT KJIETOK C BBICOKOKOHIEHTPH-
POBaHHBIMH PAacTBOpPaMH, KOTOpbIE 00pa3yroTcs B
mporecce pocTa BHEKJIETOYHBIX KPUCTAIJIOB JIbJA B
3aMOpaKMBaeMOH CyCII€H3UHU KJIeToK. Bricokue
CKOPOCTH M3MEHEHHS TEMIepaTyphl, HUKE TeMIIe-
parypei T , IPUBOJIST K BOSHMKHOBEHHIO TEPMOYIIPYTUX

Data about temperature intervals and kinetics
peculiarities of transition of cryoprotective substances’
aqueous solutions from a liquid state into a solid
amorphous one are very important for cryobiology. As
practice shows, it is impossible to elaborate the efficient
cooling-heating and storage regimens for cryopreserved
bioobjects without their usage. First of all, this is related
to the fact that the absolutely controversial demands
are shown to the rate of temperature change of
cryopreserved biosystems, being higher and lower than
the T, vitrification temperature. Both cooling and
heatmg of bioobjects higher than the T, temperature
in most technological approaches are recommended
to perform with quite high rates [2]. This enables to
avoid the cell contact with highly concentrated
solutions, which are formed during intracellular ice
crystal growth in a frozen cell suspension. High rates
of temperature change lower than the T one result in
the formation of thermoelastic tensions of first grade
[4], and, consequently in considerable mechanical
damages of bioobjects as a result of plastic relaxation
of these tensions. It is possible to reduce cell damaging
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HampspKeHUH mepBoro poja [4] u, Kak cieacTBue, K
3HAYUTEIbHBIM MEXAHUYECKHM TOBPEKIACHUSIM
O0M000BEKTOB B PE3yJIbTAaTe IUIACTUYECKOU pellaK-
Calll{ 3TUX HaMPSKEHUI. YMEHBIIUTD OBPEKICHHUE
KIJIETOK 3a CYET TEPMOYIIPYTUX HANPSKEHUNU MOXKHO
CHUJKEHHEM CKOPOCTEH OXJIaXKIEHUSI U Harpena
O0M000BEKTOB IPU TeMIepaTypaxX, MEHBIIUX TEM-
Ieparypol Tg. SlcHO, yTO MOAOOpPATh ONTHUMAITEHBIH
peXUM OXJXKIACHUS WM HArpeBa MOXHO, €CIHU
W3BECTHA 3aBUCHUMOCTH TEMIIEPATYPhl CTEKIIOBAHUS
T, OT KOHIIEHTPALMK KPHOIIPOTEKTOPHOIO BEIIECTBA
C,p 0COOEHHO B 007aCTH MaJbIX 3HAYEHUN CKp
(S%SCKPSIO%), TaK Kak UMEHHO ATH KOHIICHTPAIINH
9aCTO UCTIOIB3YIOTCS B MIPAKTHYIECKOU KPHOOUOJIOTHH.
B yka3zaHHOM UHTepBajie KOHLEHTpalUil KpHUO-
MIPOTEKTOPA KHUJIKHE (HPAKIIUU BOTU3U TEMIIEPATyPhI
CTEKJIOBaHUS CYHIECTBYIOT B BUJIE HEOOBIIHNX 3aMK-
HYTBIX BKITIoUueHUH. OOpa3oBaHUe MUKPOKPHCTAIIIOB
JIb/Ia B HUX C TOYKH 3PEHUS COXPaHEHUsI OMO00BEKTOB
HEXeJaTeNbHO KaK HETOCPEACTBEHHO 0 CTEKIOBa-
HUS BHEKJIETOYHOTO KPHO3AIUTHOTO PACTBOPA, TaK U
[IOCJIe PAaCCTEKJIOBAHUS Ha 3Tame oTorpesa. JlaHHbIe
0 3aBUCUMOCTSIX Tg=Tg(CKp) B MHTEpPBAJE CPaBHU-
TEIHHO HEOOIBIINX KOHIICHTPAITHI KPHOIIPOTEKTOPOB
B JIUTEPAType OTCYTCTBYIOT, YTO CBSA3aHO C OOJBIION
CJIIOKHOCTBIO MX OTIPENETICHUS MPU OOBITHO UCIIONh-
3yeMbIX 3KkcrnepuMeHTanbHbIX Metoaax (JCK, SAMP
u OIIP) B nmuana3zoHe 3THX KOHIEHTpauuid. B sToi
paboTe OMUCHIBACTCS HOBBIM METOJ| ONpeaeIeHUs
3aBHCUMOCTH Tg=Tg(CKp), KOTOPBIN MO3BOJISIET U3MeE-
pUTH 3HAYEHUS Tg B IIMPOKUX KOHLEHTPALMOHHBIX
HWHTEpBaJaX U OJTHOBPEMEHHO HUCCIEAOBATh IIACTHU-
YECKHE CBOHCTBA 3aMOPOKECHHBIX OMOCHCTEM, YTO
HEO0OXO0IMMO IIPH aHAIIN3€ MPUINH MX MEXaHIMIECKOTO
TTOBPEKICHISL.

Matepnanbl 1 metoAbI

®u3NUYEeCKyI0 OCHOBY IpeNIaraeMoro MeTojaa
W3MEPEeHHUA TeMIepaTyp CTEKIOBAaHHUS MOXHO
paccMoTpeTh Ha npuMmepe aedopMmannu B pexume
C/ABHTa MOJEIFHOTO 3aMOpPOKeHHOT0 0Opasna 1 Boa-
HOTO pacTBOpPa KPUOMPOTEKTOPHOI'O BEIIECTBA C
TUIIUYHOH I TEMIIEPATYp, JIEKAIIUX HUKE TEMIIe-
paTtypsl cTekjoBaHUs, CTPYKTypol (puc.l). Takoit
oOpazen; mpeacTaBisieT co0oil cMech KPUCTAIIOB
npla pa3Hod ¢opmbl U BenwuuHbl (ppakuus C),
OKPYXXCHHBIX 3aCTeKJIOBaBIIeics amMmophHO# (ha3oi
(bpakiusa G). Oraomenue mace ¢pakiuid C u G
3aBUCUT OT HAYaJbHOUN KOHIIEHTPAIIMU KPHOIIPO-
TEKTOPHOTO pacTBopa. B mporiecce skcrepumeHTa
3aMOpOKEeHHBIH oOpasen 1 momeraercs B aedop-
MAaIMOHHOE YCTPONCTBO, COCTOSAIIEE U3 HEMOABUKHOTO
2 ¥ OJBMKHOTO 3 3aXBATOB U MEXaHU3Ma HArpy>KECHHs
4 (puc. 1). C moMomIbI0 3TOT0 MeXaHu3Ma K 00pasiy
npu Temneparype T,<T npukmajbBaeTcs MOCTOAH-
HO€ BO BDEMEHH C/IBUIroBoe ycuinue F , ynosneTBopsiro-
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due to thermoelastic tensions via decreasing cooling
and heating rates of bioobjects under temperatures
lower than T ones. Selection of optimal cooling or
. g oy

heating regimens is clearly possible if the dependency
of vitrification temperature T on the concentration of
cryoprotective substance C__ is known, especially within
the range of small C  values (5%=<C_<10%), because
namely these concentrations are frequently used in
practical cryobiology. In the mentioned interval of
cryoprotectant concentrations the liquid fractions near
vitrification temperature exist as small closed
inclusions. The formation of ice microcrystals in them
with relation to bioobjects’ preservation is undesirable
both right before vitrification of intracellular cryo-
protective solution and after devitrification during
thawing. There are no literature data about Tg=Tg(Ccr)
dependencies in the interval of comparatively low
cryoprotectant concentrations, that is related to a high
difficulty of their determination when using the routine
experimental methods (DSC, NMR and EPR) within
the range of these concentrations. This work describes a
new method of T=T(C,) for finding the dependency,
enabling the measurement of T, values in wide
concentration intervals and a simultaneous investigation
of plastic properties of frozen biosystems, that is
important when analysing the reasons of their
mechanical damaging.

Materials and methods

Physical grounds of the method proposed for
measuring these vitrification temperatures can be
considered as an example of deformation in shift
regimen of a model frozen sample 1 of cryoprotective
substance aqueous solution of a typical structure for
temperatures, being under vitrification temperature
(Fig. 1). Such a sample represents the mixture of ice
crystals of different shape and dimension (fraction C),
surrounded with a vitrified amorphous phase (fraction
G). Weight ratio of fractions C and G depends on the
initial concentration of cryoprotective solution. During
experiment the frozen sample 1 is placed into
deformation device, consisting of immobile 2 and mobile
3 grips and loading mechanism 4 (Fig.1). With this
mechanism at the temperature T <T, the shearing
force F | is constantly applied, meeting the following
condition:

F <o, (T)xS, 1

where 0,(T)) is the fluidity limit of a frozen sample at
temperature T ; S is a sample’s cross-section area in
shear plane.

After applying the force F, to a sample its tem-
perature is augmented with a certain constant rate T,
being within the limits of 1...5°C/min. At the same
time when using differentially switched detector of
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€€ yCIOBUIO
F <o, (T)xS, (D
e 0 (T)) — mpenen Teky4ecTn 3aMOPOKEHHOTO
obpasua npu temneparype T,; S — nmuomans
MIOTNIEPEYHOTO CEUCHUS 00pasIia B INTOCKOCTH CJIBHTA.
[Tocne mpunoxkenus x obpasuy cunbl F, ero
TEMIIEPATYPY YBENNYUBAIOT C HEKOTOPOM IIOCTOSHHOM
ckopoctero T, nexamieir B mpenenax 1...5°C/muH.
[Ipu 3TOoM ¢ momoIbio audhepeHIInanbHO BKI0-
YEHHOI'0 JJaTYMKa MAJIbIX TMHEWUHBIX IEPEMELIEHUN 5
n3mMepsiercs nedopmarus capura oopasiia €, KoTopas
¢buKcupyeTcs perucTpupymoueid cucremMoi 6 B
KoOpauHarax jaedopManus — TeMIeparypa,
Al
£="p (2)

rne Al — BepTHKAIbHOE CMEIIEHUE MOIBHXHOTO
3axBara 3, paBHOE CMEIEHHUIO CepAeUHNKa JaTINKa
MaJIBIX TIEPEMELIEHHII OTHOCUTENBHO €0 KOpIyca; fi—
WUpUHa 00NacTH CIBHUTa, paBHAsl 3a30py MEXKIY
3axBaTaMH.

Tunuunelit Bug nonydaembix KpuBbix £=&(T),
KOTOPBIE MBI Ha3bIBAEM TEPMOIIACTUUECKUMH,
MoKa3aH Ha puc. 2. JlaHHOe Ha3BaHUE OTPaXKaeT TOT
(axt, yTo nedopmanus obpasmma BHI3BIBAETCS HE
YBETMYEHHUEM IPUIIOKEHHOTO K HEMY HaIIPSHKEHUSL, KaK
B KJIACCHUYECKUX SKCIIEPUMEHTAX 110 (PU3HKE MIacTHY-
HOCTH, a UCKITIOUUTENBHO YBETMUEHUEM TEMIIEPATY Pl
obpasra.

CormacHO TepMoILIaCTHYECKO KpuBoil (puc. 2)
njacTuueckas gegopmanusi oOpas3la B MHTEpBaje
Temneparyp T,...T, oTcyTCTByeT u kpuBas coBIa-

. 77

<

A, 7

Puc.1. Cxema medopmaliiiid 3aMOPOKEHHOT'O KPHOIPO-
TEKTOPHOTO PACTBOPA B PEIKUME C/IBHUTA.

Fig.1. Deformation scheme of frozen cryoprotective solu-
tion in shift regimen.
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short linear displacements 5 the deformation of
sample’s shift €, recorded with the system 6 in
deformation-temperature coordinates is measured:

Al
£=" 2)

where Al is a vertical shift of mobile grip 3, equal to
the shift of detector core for small linear displacements
inrespect of its body; h is the shear range width, equal
to a gap between grips.

Type of the obtained curves £€=¢T), which we
define as thermoplastic ones is shown in Fig. 2. This
definition reflects the fact, that the sample’s
deformation is caused not by an increase in applied to
it tension as in classic experiments on plasticity physics,
but only when increasing the temperature of a sample.

According to thermoplastic curve (Fig. 2) a plastic
deformation of sample in T ... T temperature intervals
is absent and the curve coincides with the B-B base
line, stipulated by heat widening of sample and device
elements. When achieving T temperature in sample

. gL . .
the process of fraction G devitrification begins, resulting
in a sharp change in mechanism of its plastic
deformation. Plastic flow of a sample at T>T, is
realised not because of plastic shifts in ice crystals, as
typical for T<T  temperatures, but due to ice crystal
shift in respect of each other on viscous liquid interlayers
G. In this case the rate of a sample’s plastic flow is:

T 3)

where 1 is dynamical viscosity; o is deforming shift
tensions in the area of viscous flow with 4 width.

‘€
‘é':;
|
|
|
|
B . B
— 7, & L
T
|
: : 1 I Temnepatypa T
H H 1 E Temperature T
T T t -
| 1 ]
: T, Tg | T, : T,
BpeM;ﬁ
t1 t2 t3 Timet

Puc.2. Tunuguelif BUJ TEPMOIUIACTHYECKON KPHUBOM
3aMOPOXKEHHOT'O KPUOMIPOTEKTOPHOI'O PacTBOpa.
Fig.2. Typical picture of thermoplastic curve of frozen cryo-
protective solution.
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nmaeT ¢ 6a3oBoi nuHHEH B-B, o0ycrmoBieHHON Tem-
JIOBBIM PacIIMPEHHEM oOpaslia U 3JIEMEHTOB yCTa-
HoBKH. [Ipu nocTuxenny Temneparypst T, B oOpasue
HAUMHAETCs MPOLIECC PACCTEKIIOBAHMS (bpalcul/m G,B
pe3yabpTare KOTOPOTO PE3KO0 MEHSETCA MEXaHHU3M €To
actuaeckor neopmanuu. [Inactuueckoe reueHne
o0pasua npu T>T, peanusyercs He u3-3a IIACTHYEC-
KHX CABUTOB B KpHUCTaJJIaX JbJa, KaK 3TO XapaKTepHO
IUI TEMIIEPATYP T<Tg, a 3a CYET CMEUICHHUs KpHuC-
TaJUIOB JIbJIa JPYT OTHOCHUTEIHHO APYra MO BSI3KUM
KUIKAM TipociioiikaM G. B 3ToM cirydae CKOpPOCTh
IJTACTUYECKOTO TEUSHUS 00pasIa:

rae N — IMHaMU4YecKasl BI3KOCTh, O— aedop-
MHUPYIOHIUE CABUTOBBIC HAMIPS)KCHHA B 30HC BA3KOI'O
TEUCHHS LIUPUHOU /1.

B cBoro ouepecib NTUHAMUYCCKAs BA3KOCTD:

- Q 4
n—AOexpEl- T @: “)

rre Q — 3Heprus aKTUBAITUHN BI3KOCTH; K — IMOCTOSTHHAS
Bonbumana; A~ HOpMUPOBOYHBINA KOO(PHHUIHEHT.

[oxacraBnss Beipakenns (3) u (4) B BeIpakeHUE
(2) nns cKOpPOCTH BSAZKOTO IJIACTUYECKOTO TCUEHHS
£ , TIOJTy4aeM ypaBHEHHUE THIIa AppeHuyca:

8——expB- Q H (5)
A, O kT

CornacHo BbIpaxeHHUIO (5) CKOPOCTH MJIACTH-
YeCKOro TeueHHusl obpasna 1 CHIIBHO 3aBUCHUT OT
TEMIIEPATYPbI, IKCIIOHEHITNAIBHO YBEIHIUBASCH C €€
pocToM. DTO HArilsJHO OTpa)kaeTcs Ha BHIE
TepMorutactiyeckoit kpuoit £=&(T), mpecTaBieHHON
Ha puc.2. HabGmonaemoe peskoe yBeluueHue € B
JHara30HE TeMIIepaTyp T>Tg W CBSI3aHHOE C O3TUM
otkioneHue kpuBoit €=¢(T) ot 6a3oBoit nuHuu B-B
MO3BOJIAET ONpeNeNaATh TeMIepaTypy Hadaja
paccrekioBanus ppaknuii G ¢ BHICOKOH TOUHOCTHIO,
KOTOpasi 3HaYUTEIbHO IIPEBOCXOANT TOYHOCTH U3BECT-
HBIX JKCIIEpUMEHTAIbHBIX METOAOB. bonee Toro,
HCIONB3Ys NOTy4aeMbIe TEPMOILIACTUYECKUE KPUBBIE,
MOXXHO JIETKO PacCYMTaTh dHEPTUI0 aKTH-BallMU
Bsi3KoCcTH Q, mepecTpamBas TEPMOILIACTH-YECKHUE
KpHBbIC B KOOpIUHATaX £=&(t), rae t — BpeMs Harpesa
obpazua. Torga, ompenenss rpa(bnqecxn CKOPOCTH
ITACTUYECKOTO TeUYCHUsI 00pasuoB &, W & IpH
temneparypax T, u T, cooreTcTBEHHO (pHC. 2), MIst
SHEPTUY aKTUBALMU BA3KOCTH MOIYYaeM:

LT 1,6 6)
T3 - Tz &

Q:
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In its turn the dynamical viscosity is

0 =A0expg+%§, @)

where Q is energy of viscosity activation; k is
Boltzmann constant; A is normalisation coefficient.

If substituting expressions (3) and (4) into
expression (2) for viscous plastic flow rate € we obtain
the Arrhenius type equation:

8——expB— Q B (5)
A, 0 kT

According to expression (5) the rate of sample 1
plastic flow strongly depends on temperature and it is
exponentially increased with temperature growth.

It is visually reflected on type of thermoplastic
curve (T), presented in the Fig. 2. Observed sharp
increase of € within the range of temperatures T>T,
and related to this deviation of curve €=¢(T) from a
base B-B line enables the determining of temperature
of devitrification beginning of G fractions with a high
accuracy, which significantly surpasses the accuracy
for the known experimental methods. In addition, when
using the obtained thermoplastic curves, we can easily
calculate the activation energy of viscosity Q, by
rebuilding thermoplastic curves in coordinates £=&(T),
where t is time of sample heating. Then, when
graphlcally determmmg the rates of plastic flow of
sample & and €&at T, and T, temperatures,
correspondingly, (Fig. 2) for VISCOSIty activation energy
we have as follows:

kT, xT, In &,

: (6)
T,-T, &

Q =
Determination of Q value and its dependencies on
temperature, solution concentration and type of
cryoprotective substance provides the possibility to
analyse not only kinetics of the observed viscous flow,
but the mechanisms of different processes, occurring
in amorphous fraction G after devitrification.
Principal scheme of the device for thermoplastic
deformation of frozen solutions of cryoprotectants and
biological objects, which one modification is described
in the paper [5], is presented in the Fig. 3. It consists
of plunger deformation adapter, system of loading, sys-
tem for temperature scanning and a block for thermo-
plastic curves recording. Stainless steel plunger defor-
mation adapter comprises the fixed on a pillar support
1 an immobile piston rod 2 and gliding on it internal 3,
middle 4 and external 5 plunger plugs. At the same
time an internal plug 3 with screw 6 and internal sup-
porting fluoroplastic ring 7 is fixedly mounted in respect
ofrod 2. Moving middle plug 4 by means of hold-down
luminaire 8 and external supporting fluoroplastic ring 9
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Omnpenenenve BenuuHbl (Q M €€ 3aBHCHMOCTEH
OT TeMIepaTyphl, KOHLEHTPAIlMH PacTBOpa M TUIA
KPHOIPOTEKTOPHOI'O BEILIECTBA JAaE€T BO3MOXKHOCTH
aHaJIM3UPOBaTh HE TOJBKO KMHETHKY HAOII0IaeMOoro
BSI3KOT'O TE€YEHHUS, HO U MEXAHHU3MBbI Pa3JIUYHBIX
MpPOLECCOB, KOTOPbIe MPOUCXOAAT B aMOp(HOM
¢pakunu G nocie pacCTeKIOBaHHUS.

[IpuHuMnuansHas cxeMa ycTpoWCcTBa Ul TEPMO-
TUTACTUYECKON Jie(hopMaIiui 3aMOPOKEHHBIX PACTBO-
POB KPUOMIPOTEKTOPOB U OMOJIOTUIECKUX OOBEKTOB,
omHa M3 MoIM(UKAIIUA KOTOPOro ommcaHa B [5],
mokaszana Ha puc. 3. OHO COCTOWT W3 IUTYH)KEPHOU
nedopMannoHHON TPUCTABKH, CUCTEMBI HATPYKESHUS,
CHCTEMBbI CKaHHUPOBAHHS TeMIlIepaTypsl U OJoKa
perucTpauyuu TePMOIUIACTHYECKUX KpuBbIX. [lmyH-
XepHas AeopMalOHHAs IPUCTABKA, BBITOJIHEHHAS U3
HEp)KaBEIOLIEH CTally, BKJIIOYAET 3aKpEIUICHHBIN Ha
OIOPHO KOJIOHHE | HEMOABHKHBIH IUTYyH)KEPHBIH IIITOK 2
1 CKOJIB3SIIIHE [0 HEMY BHYTPEHHIONO 3, CpefHIoo 4 1
BHEWTHIOKO 5 IITyHXepHbIe BTYNKH. [Ipr 5ToM BHyTpeH-
HSAA BTYJKa 3 TPH MTOMOIIH Taiiku 6 ¥ BHYTPEHHETO
ONOpPHOTO (PTOPOTIIACTOBOTO KONbIA 7 yCTaHaB-
JIUBAETCSI HEMOJBUKHO OTHOCUTENHHO MITOKA 2.
[omBkHas cpeHsAs BTY/IKA 4 C TIOMOIIBIO TPHYKIMHOTO
(doHapst 8 ¥ BHEIIHETO OMOPHOI0 (hTOPOILJIACTOBOIO
KOJIbIIa 9 yCTaHaBIMBAETCS BO BHEIIHEW BTYIKE 5.
[Ipwxumuoit honaps 8 cunoBoit Tsaroi 10 cBs3aH
MEXaHU3MOM HarpyXeHHs, 00ecneynBaluIuM
NPHJIOKEHUE K 3aMOPOKEHHOMY HCCIEyeMOMY
o0pasny MOCTOSIHHONH BO BpeMeHHM Harpy3ku F B
IIMPOKOM Juamna3oHe 3HaueHuiu. IIpm xomHaTHOMN
TEeMIIepaType HccieqyeMble KUAKUE pacTBOphI 11
3aJIMBAIOT B CHELHAJbHYIO (opmy, 00pa3oBaHHYIO
TOHKOI CHJINKOHOBOW MeMOpaHo# 12, HaTAHyTOH Ha
omopuble Kosbla 7 u 9. Temneparypa obpasna 11 B
MIPOLIECCE IKCIIEPUMEHTA N3MEPSAETCS TEPMOMETPOM
cornpoTuBieHus 13, koHQUTYpalus KOTOPOro Moa00-
paHa Tak, 9To0bI 00ECTIEYNTh ONITUMATFHBIHN TETUIOBOU
KOHTAaKT C UCCIIEAYEMBIM 00pa3IioM.

CucrteMa CKaHMPOBAHUS TEMIIEPATyPbl CONEPKHUT
HarpeBarenu 14, GJIOK MOJAaYM K MCCIEAYEMOMY
o0pasiy mapoB KHIKOTO a30Ta 15 W CBSI3aHHBIN C
TepMoMeTpOM 13 aBTOMaTUYECKH PETyIsITOp TeMIIe-
parypsl 16. [Ins usmepenus ruiactudeckon nedop-
MAaIMH HUCCIEIYEMBIX 00pa3LoB YCTPOMCTBO CHa0Xe-
HO nuddepeHInaIbHBIM TaTIUKOM Iepe-CIIeHUsI,
YCTaHOBJIEHHBIM TaK, 4TO €ro Kopmyc 17 cBsizaH ¢ cu-
noBo# Taroit 10, a cepaeunuk 18 ¢ Tonkarenem 19,
YCTaHOBJICHHBIM Ha IUTYHXepHOM IITOKe 2. CUTHAIIBI
OT JIaT4YHKa MEPEMEIICHHS U PeTyasaTopa TemIepa-
Typbl 16 (UKCHPYIOTCS KOMIIBIOTEPHON PErHCTpPH-
pytoiei cuctemoit 20.

3anuBalTCA HCcleayeMble pacTBOPHL B aedop-
MAalMOHHYIO IPUCTaBKy IIPH KOMHATHOW TeMIeparype,
IIOCJIE YEero OHa MoMelaeTcsl B Kpuoctar 21 1 oxmax-
JaeTcsi BMECTE C MCCIIEAYEeMbIM PacTBOPOM [0 3a-
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is mounted in external plug 5. Hold-down luminaire 8
by means of force draught 10 is connected to loading
mechanisms, providing the application of a constant in
time load F to frozen studied sample within a wide
range of values. At room temperature the studied liquid
solutions 11 are placed into a special form, formed by
a thin silicon membrane 12, strained on support rings 7
and 9. Temperature of sample 11 during experiment is
measured with resistance thermometer 13, which
configuration is chosen by such a way to provide the
optimal heat contact with the studied sample.

System for temperature scanning contains heaters
14, block of liquid nitrogen vapours supply to studied
sample 15 and connected to thermometer 13 automatic
temperature regulator 16. In order to measure plastic
deformation of studied samples the device is supplied
with a differential sensor of displacement, mounted in
such a way that its body 17 is connected with a force
draught 10, and the core 18 is done with the pusher 19,
mounted on piston rod 2. Signals from the displacement
sensor and temperature regulator 16 are recorded by
computer registering system 20.

Studied solutions are poured into a deformation
device at room temperature, afterwards it is placed

20
10\7 A7F
JJ\§__
E A
APT
16

1 & i D 2

Puc. 3. IlpuHuunuansHas cxema yCTpONCTBA AJISl TEPMO-
IUIACTUYECKOH nedopMalii 3aMOPOKEHHBIX PaCTBOPOB
KPHOIIPOTEKTOPOB 1 ONOJIOTHUECKUX CHCTEM.

Fig. 3. Principal scheme of device for thermoplastic defor-
mation of frozen solutions of cryoprotectants and biologi-
cal systems.
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JIAaHHOH TemriepaTypel T, B Manasoxe T =T 2-196°C.
IIpu 3TOM CKOpOCTH oxnamz{em/m TaKKe 3az[aeTc>1
perynstopoM 16 u MOXET U3MEHAThCA B Ipenenax
1...10°C/musn. Ilocae oxnaxkaeHus obpasma a0
TemnepaTypbl T 1 BBIIEPKKH €ro IMPU 3TOH TeM-
nepatype B TeueHue 20-30 MHH IKCHEPUMEHT IO
ONPE/ICICHHUIO TeMIepaTyphl paccTexnoBanns T,
MPOBOJUTCS MO YKa3aHHOW cxeMme. OcHOBHBIE
reoMeTpuYecKre mapameTpsl 00pa3mnos, nedop-
MHUPYEMBIX C MTOMOIIBI0 ONMHCAHHOTO YCTPOWCTBA,
MIPUBEICHBI Ha pUC. 4.

Pe3yAbTaThl M 00CyXXAeHHe

Ha puc.5 mpencraBneHsl THIIMYHBIE TEPMOILIAC-
THYECKUE KPUBBIE 3aMOPOKEHHBIX KPHOTIPOTEKTOPHBIX
BOJHBIX pacTBOpoB Ha ocHOBe JIMCO, runepuHa u
I[120-1500, conepxkaiiue OAMH U TOT K€ BECOBOH
MIPOLIEHT KPUOIIPOTEKTOPHOTO BelecTBa. Bee kpuBble
MOJIYYeHBI TIPH OJITMHAKOBOM 3HAYEHWUHW BHEIIHETO
nedopmupyromero Hanpsxenus 0,=400 r/mm’. B
mpolecce 3KCIepuMeHTa KXuAKo(pa3Hble 00pa3Ibl
OXJIXKAAJIMCh OT KOMHATHOH TeMmeparypsl 10 —150°C
co ckopocteio V =4°C/mMuH, a 3aTeM IOCIE
TPHJIOKEHHUS 33/IAHHOTO HATIPSHKEHUSA 0, OTOTPEBATUCH
CO CKOpOCThIO V —1°C/MI/IH Ha mpencraBneHHbIx
KPHUBBIX OTYETIHBO ¢buxkcupyercs TeMmmeparypa
Havaa paccreknosanns T, amMopdHoO# ppakuu mo
MOMEHTY OTKIIOHEHUS KpI/IBOI/I &=¢&(T) ot nuHEiHOM
0a30Boii TMHUH. XOPOILO BUJHO, YTO OCTIE TEMIIEpa-
Typsl T, HaYMHACTCS PE3KOe HAPACTAHHE CKOPOCTH
M1aCTHYECKOTO TEUEHHs oOpasma, TeMmmeparypa
KOTOPOT'O YBEINYUBAETCS TIPOTIOPIIHOHAEHO BPEMEHH.
Ot1o olOycnoBineHo Aedopmanueii oopasmna myrem
CIOBUra B 00JaCTH PacCTEKIOBABIIUXCS BI3KHX
amMop¢HBIX (HpaKIHii TPH YCIOBUH, YTO UX CTPYKTypa
HE M3MEHSETCS C MOBBINICHUEM TEeMIepaTyphl.
OTMeTuM, YTO COIIaCHO BBIpaKEHHIO (4) CKOpOCTH
IJIACTUYECKOTO TeUeHHs o0pasna 3aBHCHT OT

h=0,2..0,4 r=6

12
18

Puc. 4. ®opma mccaemyemoro odpasma B IpoIiecce ero
TEpMOIUIACTHYECKOH Aedopmarun.

Fig. 4. Shape of studied sample during its thermoplastic
deformation.
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into a cryostat 21 and cooled together with the studied
solution down to fixed temperature T, within the range
of T 2T, 2-196°C. At the same tlme the cooling rate
is also ﬁxed by regulator 16 and can be changed within
the limits of 1...10°C/min. After cooling the sample
down to the temperature T, and its exposure at this
temperature for 20-30 min the experiment on
determining the devitrification temperature T_ is
. . . g
carried-out by the mentioned scheme. Main geometrical
parameters of the samples, being deformed using
described device, are given in Fig. 4.

Results and discussion

Fig. 5 shows typical thermoplastic curves of frozen
cryoprotective aqueous solutions, based on DMSO,
glycerol and PEO-1500, containing the same weight
percentage of cryoprotective substance. All curves
were obtained at an equal value for external deforming
tension of 0,=400g/mm?. During experiment liquid-
phase samples were cooled from room temperature
down to —150°C with the rate of V_ =4°C/min, and
then after applying fixed tension o, were thawed with
V= 1°C/min rate. The T, temperature of devitri-
fication beginning for amorphous fraction by the
moment of curve &=£(T) deviation from a linear base
line is distinctly fixed in the presented curves. It is well
seen that after T | temperature there is the beginning
of a sharp rate augmentatlon of plastic flow of the
sample, which temperature increase is time-
proportional. This is stipulated by the sample
deformation via a shift in the area of devitrified viscous
amorphous fractions when their structure does not
change with a temperature increase. Of note is that

250

200 -

g,um

150 -

0
-160 -140 -120 -100 -80 —60

Temneparypa, °C Temperature, °C

Puc. 5. TunuuHble TEPMOIIACTUYECKHUE KPUBBIE 3aMOPO-
JKCHHBIX KPHOIIPOTEKTOPHBIX PACTBOPOB MPH OJUHAKOBBIX
Harpyskax (0,=400r/mm?): 1 — 30%-it pacteop IMCO;
2 —30%-# pactBop mmmtepuHa; 3 — 30%-i pactBop I120-1500.
Fig. 5. Typical thermoplastic curves of frozen cryoprotec-
tive solutions under equal loads (0,=400g/mm?). 1 —30%
DMSO; 2-30% glycerol; 3 —30% PEO-1500.
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BETMYHMHBI IPUIIOKEHHOTO CABUIOBOTO HANIPSIKEHNUS O.
[Ipn ManbIX 3HaYEHHSIX O 3TO MOXKET NPUBECTU K
OIMOKaM B OTIpEICTICHUH 3HAYCHUI Tg. [Toaromy miist
Ka)K/I0TO THIIa KPUOTIPOTEKTOPOB B HACTOSIIEH paboTe
YCTAaHABJIMBAJIOCH ONTHMAJbHOE C TOYKHU 3PECHUSA
TOYHOTO ONpejielneHus Bennuunbl T 3HaueHHe
CABUTOBBIX HampspkeHuil 0. [lomydeHHble KpUBBIE
Tg=Tg(0) JUISL Pa3HBIX KPUOIPOTEKTOPHBIX BELIECTB
roKa3aHbl Ha puc.6. M3 KpUBBIX XOPOILIO BUIHO, YTO
JUISL UCCIIENYEMBIX KPHUONPOTEKTOPHBIX PAacTBOPOB
OKCIICPUMEHTANBHO OmnpeaenseMbie 3HadeHus T,
YMEHBIIAIOTCS C MOBBIMIEHHEM IMPHUIOKEHHBIX
HaIpsOKEHUH O, BBIXOJS Ha HEKOTOPHIE ITOCTOSHHBIE
3HA4YEHUs IpPU 02300r/MM2=Up. DTO MO3BOJISIET
CIenaTh BBIBOJ, YTO NPH MaJbIX 3HAYEHUSIX O
BemumHa T, onpesiessemast 0 MOMEHTY HapacTaHUs
CKOPOCTH TEPMOIIACTUYECKOr0 TeUEHUs (CM. puc.5),
3aBUCUT OT OCOOCHHOCTEH CTPYKTYpHl 00pa3ua u
paspemaromieii crocobroctu nmpudopa. [losTomy mst
ONpeIEICHUS] UCTUHHBIX 3HAYCHUI Tg HCIIOIb30BAIN
HanpsDKeHNs 020 . [TomyyeHHbIe IPH THX 3HAYCHHUAX
3aBHCUMOCTHU Tg=Tg(CKp) MOKa3aHbl Ha puc.7. Bugxa
3HAYMTENbHAS PAa3HAIA B 3HAYCHUAX T JUIs pasHbIX
KpPHOTPOTEKTOPOB. Tak, ecim oxiaxkgaeMblie KpHOIIPO-
TEKTOpHBIE pacTBOpBl Ha ocHOBe [1D0-1500 crek-
nyroTes yxe npu remnepatype —80°C, To Ha OcHOBe
JMCO — mmxe —130°C. DTa cyniecTBeHHAs pa3HHIIA
JUIIHANA pa3 MOAYEPKUBAET BAXHOCTH ONPEIEIECHUS
sHauenuit T, npu pa3paboTKe W ONTUMH3ALUU
TEXHOJOTHH KPUOKOHCEPBUPOBAaHHsI OMOOOBEKTOB C

_150 1 1 1 1 1

0 100 200 300 400 500 600
o, r/mm? g g/mm?

Puc. 6. 3aBUCUMOCTH TeMIIEpaTypHl PACCTEKIOBAHUS
Pa3JIMYHBIX TUIOB KPUOMPOTEKTOPHBIX PACTBOPOB OT
BEJIMYMHBI BHENTHEH nedopmupytomei Harpysku: 1 —30%-i
pactBop IIMCO; 2 — 30%-i1 pacTBOp uniepuna; 3 — 30%-it
pactBop [120-1500.
Fig. 6. Dependency of devitrification temperature of differ-
ent types of cryoprotective solutions on value of external
deforming load. 1 —30% DMSO; 2 —30% glycerol; 3 —30%
PEO-1500.
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according to the expression (4) the rate of sample
plastic flow depends on the value of applied shift
tension y. At low y values this can result in errors when
determining Tg values. Therefore for each type of
cryoprotectant the optimal value of shift tensions y to
precisely determinate the T, value was established in
this work. The obtained T =T (0) curves for different
cryoprotective substances are shown in Fig. 6. They
demonstrate that for studied cryoprotective substances
experimentally determined Tg values decrease with an
increase in applied tensions y, by approaching certain
constant values at 0=2400g/mm?>=g . This enables to
conclude that under low y values the Ji"g one, determined
by the moment of thermoplastic flow rate growth (see
Fig. 5) depends on the peculiarities of sample structure
and device resolution ability. Therefore the 0=0
tension was used to determine T real values. Obtaine
at these values T =T, (C.,) dependencies are shown
in Fig. 7. Considerable difference in T, values is seen
for various cryoprotectants. So, if cooled down
PEO-1500-based cryoprotective solutions are vitrified
even at —80°C, for DMSO-based ones it occurs under
—130°C. Such a significant difference emphasises once
again the importance for T, values determination when
elaborating and optimising technologies for bioobject
cryopreservation with different cryoprotectants. As
shown in Fig. 7, considering the dependencies of
devitrification temperature of amorphous fractions on
a content in initial solution of cryoprotective substance
we can underline four characteristic sites, represented

-30 +

-50 H

-70 +

-90

-110

-130

50 L
0 10 20 30 40 50 60 70 80 90 100
KoHueHTpaumsa,% Concentration,%
Puc.7. 3aBUCHMOCTB TEMIIEPATyphl PACCTEKIOBAHHS KPHO-
MPOTEKTOPHBIX PACTBOPOB OT KOHIIEHTPALIUH ITPH MOCTOSH-
HoOl BHemHell Harpyske 0,=400 r/mm*: 1 — JIMCO; 2 —
mmuepus; 3 —I11230-1500.
Fig. 7. Dependency of devitrification temperature of cryo-
protective solutions on concentration at a constant exter-
nal load 0,=400g/mm?*. 1-DMSO; 2 —glycerol; 3 — PEO-
1500.
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pasHbIMU KpuonpoTekTopamu. CornacHO JaHHBIM
puc. 7 Ha 3aBUCHUMOCTSIX TEMIEPaTyphl pacCTEKIIO-
BaHUs aMOp$HBIX GPaKLUH OT COAEpKaHHUS B HCXO-
HOM pacTBOpE KPHOIPOTEKTOPHOTO BEMIECTBA MOYKHO
BBIZICNIUTh YETHIPE XapaKTEPHBIX y4acTKa, KOTOpHIE
CXeMaTH4YeCcKH M300pakeHbI Ha pHC. 8. YdacTok [ B
nuanasone xkonuentpauui 0...C =15% xapakrepu-
3yeTcsl pe3KUM MOBBIIIEHUEM 3HAYEHUM Tg C YMEHb-
IIEHUEM KOHIEHTPAUN Ckp. Ha yuacrke II, cooTBeT-
crByromeM kKornentpauusam C,...C =60%, sHaueHuns
Tg He 3aBucat ot C_. Ha yuacrtke III B nnanasone
konuentpaumii C,...C,=70% B 3aBUCUMOCTH OT yCJIO-
BHMH OXJIaXKJICHUS U HarpeBa pacTBopa, a TakkKe THIa
KPHOIIPOTEKTOpa MOXKET HaOMoAaTbCs CKaukooopas-
HOC YMEHBIICHHE BETHYMHEL T, ¢ mocieyomum ee
BOCCTaHoB/IeHUeM J10 3Hadenuid T . Ha yyactke IV
B iuana3one konuenrpanui C,...100% nabdmonaercs
MOHOTOHHOE IIOBBIIICHNE 3HAYE€HU I Tg C pOCTOM KOH-
nenrpanuu C . Kaxnas n3 nepevncieHHbIx 0Co0eH-
HOCTEH KpUBOI Tg=Tg(CKp) MMEeT ACHYIO PU3HUECKYIO
MHTEPIIPETALNIO, UTO AETAET ITH KPUBBIE BEChMa MH-
(hopMaTUBHBIMH TSI KPHOOMOIOTHUECKUX HCCIIEI0BA-
HUH.

Taxk, peskoe yenuueHne sHaqennii T npu MasbIx
KOHIEHTPaUUsAX KPHONPOTEKTOPHOIO BEIIECTBA
CBSI3aHO C U3MEHEHHMEM CTPYKTYpPBI HUCCIEAYEMBIX
00pa3uoB, koraa amophHas Gpaxkus yxe He COCTaB-
JISIeT CKBO3HBIX MPOCIIOEK, @ HAXOAUTCS B 00pasie B
BUJIE 3aMKHYTBIX BKJIOUEeHUH. B pesynbprare 3TOTO
IacTudeckasi aedopmarist oopasiia onpeaesieTcs
HE BA3KUM TEUEHHEM IO JKHIKUM TPOCIOiKaMm, a
CBSI3aHa C JUCIOKAIMOHHOH TNTACTUYHOCTHIO KPUCTAI-
710B J161a. Kpome Toro, mpy 3aMKHYTBIX BKITFOUEHHSIX
PE3KO MOBBIMIAETCS MIIOLAAb MOBEPXHOCTHU pa3jiena
IByX (a3 (KpuCTaJuIMYEeCKOH 1 KUAKOH amopdHON),
YTO 3HEPI€TUYECKU HEBBITOJHO U IPUBOJUT K MOBBI-
LIEHHIO BEPOATHOCTH CTEKJIOBAHHS X COOTBETCTBEHHO
paccrekioBaHus Ipu 0osiee BHICOKUX TeMIIEpaTypax.

ITepexon ot yuactka II x ydactky I npu ymeHs-
[IEHWW KOHIICHTPAllU KPHOTIPOTEKTOPHOTO BEIIECTBA
WHTEPIIPETUPYETCS HAMHU KaK Mepexof K 3aMKHYTHIM
aMOp(HBIM BKIIIOUEHUsM B oOpasie. Tak kak mpu
3TOM MEHSETCS MEXaHHW3M MOBpEXIeHHs Ouo-
00BEKTOB, PETUCTPAIIHA 3TOTO IEepeXoaa HeoOxonuma
TUTS| ONTHMHI3AIIIH TEXHOJIOT U KPUOKOHCEPBUPOBAHHSL.
[TocTosHCTBO 3HaYeHMM T, na yvacrke Il o3Hauaer,
YTO B JAHHOM MHTEpBaJIe KOHLIEHTPAIMi Ka9YeCTBEHHO
HE U3MEHSETCA CTPYKTYpa 00pasia u OCTaeTcs Heu3-
MEHHBIM XMMUYECKHH cocTaB ero aMmopdHbIX (pax-
uuil. OgHako Ha yvactke III aTo ycnoBue moxker
HapylaTbcs MPH UCIONBb30BaHUH BEICOKHX CKOPOCTEN
oxJaxJeHus. B 3ToM cirydae oObIdHAs KpHUCTATH3a-
LIMS1 BOJIBI 3aKaHYMBAETCS TIPU JOCTHKEHUH KOHIIECHT-
panuii C,<C,. ITo3TOMYy B OBICTPO OXJIaXJEHHBIX
pacTBOpax ¢ HadaJbHOM KOHLEHTpalHell Kpuompo-
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as schemes in Fig. 8. Site I within the concentration
range of 0...C =15% is characterised by a sharp
increase in T, values with a decrease in C
concentration. In site II, corresponded to the
C,...C;=60% concentrations, the Tg values do not
depend on C_. In site I1I within the concentration range
of C,...C,=70% depending on the solution’s cooling
and heating conditions, as well as on a cryoprotectant
type, astep-like decreasein T value with its following
recovery up to T, values can be observed. In the site
IV within concentration range of C,...100% a
monotonous increase in T_ values with an increase in
C,, concentration is observed. Every mentioned
peculiarity of Tg=Tg(Ccr) curve has a distinct physical
interpretation, by making these curves to be quite
informative for cryobiological research.

Thus, a sharp increase in T, values at low
concentration of cryoprotective substance is related
to a change in structure of the studied samples, when
an amorphous fraction does not even comprise through
interlayers, but is in a sample in the form of close
inclusions. As a result a plastic deformation of the
sample is determined not by a viscous flow on liquid
interlayers, but is related to a dislocation plasticity of
ice crystals. In addition, at close inclusions there is a
sharp increase in interface area of two phases
(crystal and liquid amorphous ones), that is energy-
disadvantageous and results in the augmentation of
vitrification probability and devitrification under higher
temperatures, correspondingly.

We interpret the transfer from site II to site [ at a
decrease in concentration of cryoprotective substance
as a transfer to close amorphous inclusion in a sample.
Since a change in the mechanism of bioobject
damaging occurs at this time, it is necessary to record
this transfer for optimising cryopreservation technolo-
gies. The permanence of T, values on site IT means
that in this interval of concentrations there is no
qualitative change in sample’s structure and chemical
compositions of its amorphous fractions remains
unchanged. However on site 111 this condition can be
broken when using high cooling rates. In this case the
usual water crystallisation ends when achieving
C,<C, concentrations. Therefore in the solutions,
cooled down rapidly with the initial concentration of
cryoprotective substance within the range of C,...C,
no ice crystals are formed and solutions are vitrified in
a metastable state, that results in a decrease in their
vitrification temperature. The evidence of this
statement can be easily proved by thawing such samples
with slower rates V, <V__up to T’_, temperatures.
Vitrification in them begins after crossing the G-G line
(Fig. 8) and during following heating ice macrocrystals
will be formed after crossing the L-L line. If heating
rate corresponds to the following conditions:
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TEKTOpHOTrO BemecTBa B auanasone C,...C, He
00pa3yroTCst KPUCTAJUIBI JIBJIA U PACTBOPHI CTEKITYIOT-
sl B METacTabMIBLHOM COCTOSIHUH, YTO U IPUBOIUT K
MIOHIKEHUIO UX TEMIIepaTyp cTeknoBaHus. CripaBen-
JUBOCTh ATOTO YTBEPXKIEHHUS JIETKO J0Ka3arh,
MIPOBOJISL OTOIPEB TaKMX 00pasLoB ¢ Oojee MelIeH-
HBIMU CKOPOCTSIMH VHarp<Voxn no temmneparyp T ..
B Hux paccrexiioBaHNe HauMHAeTCs MOCIE Iepece-
yenus muaIA G—G (purc.8) v pu fanbHeIeM HarpeBe
OyIryT 00pa30BBIBATHCSI MAKPOKPHUCTAILIBI JIJIA TTOCITE
nepecedyeHus auHuu L-L. Eciu ckopocTs Harpesa
COOTBETCTBYET yCIOBHIO:

Vmin =

— min
VHarp ~ Vharp Voxn

; (7

nporecc 00pa3oBaHMs KPUCTAJUIOB JIbJa MPOTEKAeT
B unTepsane remneparyp T,,... T, 10 nocrmwkenus
koHuentparuu C,. I[Ipy NOBTOPHOM OXJIXKIAEHUH OT
Temneparypbl T° ) Takoi 0Opasen 3aCTEKIyeTCs yxkKe
npu Temiepatype T . OTOT QaKT IKCIIEPUMEHTATIBHO
Obu1 moaTBepkaeH B [1]. EcrecTBenHO, uTO 1pu
yenosun V=V yuactok Il ncuesaer u 3HaueHHS
TeMIIePaTyphl paccTeKIoBaHus OyayT pasHbl T,
BIUIOTh /10 KOHueHTpauuu C,. YKa3aHHbIH apdext
HaIIATHO IEMOHCTPUPYET KpHUBas Ha pUc.7, MOTy4YeH-
Hasi Uil BOOHEIX pacTBopoB JIMCO, xotopast cor-
Jacyercs ¢ JaHHbIMU [3]. B 5TOM Cityyae cKOpOCTb
oxnaxaeHus V_ nexut Bommsu V' u ydactok 11
ncyesaeT. YyacTok IV xapakrepusyercss MOHOTOH-
HBIM TOBBIIIIEHUEM TEMIIEPATYPhl PACCTEKIOBAHHSA C
POCTOM KOHLIEHTpallii KPHOIIPOTEKTOPHOT'O BEIIECTBA.
310T 3(hheKT JIeTKO OOBSACHAETCS TEM, YTO XUMHIECKUHA
coctaB amopdHoi ¢a3el Ha yyacTke IV Takxke
MOHOTOHHO H3MEHSETCS B CBSI3U C YMEHBIICHUEM
cootHomenus Ny, o/N,,, rie Ny, o # N, — KomnuecTBo
MOJIEKYJl BOABl U KPHUOMPOTEKTOPHOTO BEIIECTBA
COOTBETCTBEHHO. TakuM 00pa3oM, NMpeacTaBICHHBIE
na puc.7 3apucumoctu T,=T,(C,,) 00ycrosneHs Tem,
YTO B MHTEPBaIC KOHIIEHTPAIIUHA 0%...C2 B HCCIIe-
IyeMbIX o0Opasliax yMeHbIIaeTcs o0muii o0beM
KpUCTAJIJIOB JIbJA, HO OCTA€TCAd HEU3MEHHOM CTPYK-
Typa amop¢HOii Pppakuum, B TO BpeMs Kak B UHTEpBaJie
koHuenrpanuit C,...100% HENpepLIBHO HU3MEHSAETCS
CTPYKTypa camoii amop(hHOH (pakuu B CBA3MU C
YMEHBIIEHUEM KOJIMYECTBA MOJIEKYJT BOJBI B UCXOJ-
HOM pacTBOpE.

Tot dakr, 4o MokazaHHkIe HA PUC. 7 3aBUCIMOCTH
Tg=Tg(CKp) XOPOIIIO COTIIACYIOTCS C MPEACTaBICHHOM
Ha pHC. § CXEMOil, yKa3pIBaeT Ha OOITHOCTH PacCMOT-
PEHHBIX 3aKOHOMEPHOCTEW JI BOJHBIX KPHUOIIPO-
TEKTOPHBIX PaCTBOPOB.

BbiBOABI

OnucanHbpIil B pab0oTe METOM ONPEICICHUS TEM-
Iepatyp pacCTeKJIOBaHUSI PACTBOPOB KPUOMPOTEK-
TOPOB UMEET Psill MPEUMYIIECTB Mepe]] U3BECTHBIMU
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Puc.8. Cxemarnueckoe n300pakeHre CTaAUHHOCTY KOHIICHT-
PalMOHHON 3aBUCUMOCTH TEMIIEPATYPBl PACCTEKIOBAHUS
KPHOMPOTEKTOPHBIX PACTBOPOB.

Fig. 8. Schematic picture of staging of concentration de-
pendency of devitrification temperature of cryoprotective
solutions.

Vi = Vo = |V - ()
the process of ice crystal formation proceeds within
temperate interval of T_,... T’ , up to the con-
centration C, achieving. During repeated cooling down
from T’ temperature such a sample is vitrified even
at T, temperature. This fact was experimentally
confirmed in the paper [1]. Naturally, under the
V_.,= Vo condition the site ITT disappears and the
values of devitrification temperature will be equal to
TgII up to C,.concentration. The mentioned effect is
demo-nstrated by curve in Fig. 7, obtained for aqueous
DMSO solutions, correlated with the data [3]. In this
case the cooling rate V, is near V| and the site
IIT disappears. The site IV is characterised by
monotonous increase in devitrification temperature with
the growth of cryoprotective substance concentration.
This effect is easy to explain by the fact, that the
chemical composition of amorphous phase in site [V
monotonously changes as well due to a decrease in
NH20/N - Where Nio and N, are the number of water
and cryoprotective substance molecules, cor-
respondingly. Thus, the dependencies T,=T,(C,,)
shown in Fig. 7 are stipulated by the fact that within
the concentration interval of 0% ...C, in the studied
samples there is a decrease in total volume of ice
crystals, but the structure of amorphous fraction
remains unchanged, meanwhile within the interval of
C,...100% concentrations there is a continuos change
in the structure of amorphous structure itself due to a
reduction of water molecule number in the initial

solution.
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JKCIIEpUMEHTANbHBIMU Toaxonamu. [Ipexnae Bcero
ATO OTHOCHUTCS K BBICOKOW pa3pelraromieii crmocoo-
HOCTH METO/a, CBA3aHHOM C TE€M, YTO MOIYIH YIpy-
TOCTH WJIM CABHUTra aMOP(HOTO BEIIECTBA IIPH €0 pac-
CTEKJIOBAaHUH U3MEHSIOTCS Ha HECKOJIBKO TIOPSIIKOB, B
TO BpeMs KaK TEIJIOEMKOCTb WJIM 00bEM HU3MEHSETCS
He Ooiee, ueM Ha 10—-15%. D10 00CTOATENLCTBO
MO3BOJISIET TOYHO (PUKCHPOBAThH HAYAJI0 IpolLecca pac-
CTEKJIOBaHMS M PETUCTPUPOBATH KHHETHUKY €T0 IpOTe-
KaHHS Jaxe NMPU HEe3HAYHUTENbHBIX KOJWYECTBaX
KPHOIIPOTEKTOPHBIX BetecTB. OTHOBPEMEHHO I10 Tep-
MOTUIACTHYECKUM KPUBBIM MOKHO OIPEIEIUTh H3Me-
HEHWE IJIACTUYECKUX CBOMCTB KaK 3aMOPOKEHHBIX
KPUOTIPOTEKTOPHBIX PacTBOPOB, TaK U KPHUOKOHCEP-
BHPYEMBIX OMOJOTHYECKHX CHUCTEM, YTO BAXKHO IS
WCCIICIOBAHUSI MEXaHU3MOB WX TIOBPEXKICHHSI BOJTU3U
T . B paboTe BmepBbie MOJYYEHB 3aBUCUMOCTH
Tg=Tg(CKp) B JIMana30HE BECOBBIX KOHILIEHTpaLUil
KpUONPOTEKTOpHBIX BemiecTB 5...100% u ycTaHOB-
JICHBI 3aKOHOMEPHOCTH 3THX 3aBHcuMocTel. [lomyuen-
HBIE pe3yNbTaThl UMEIOT HE TOJBKO MPaKTUYECKOe
3Ha4YEeHHE, HO JIal0T BO3MOXHOCTh IIOCTPOUTH Ooee
MIOJTHBIE, YeM CYIIECTBYIOIINE, IHArPaMMBbI COCTOS-
HUH BOJHBIX PACTBOPOB KPHOIIPOTEKTOPOB.
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The fact that the shown in Fig.7 dependencies
T=T, (C,) correlate well with the scheme presented
in Fig. 8 indicates to the common character of
considered regularities for aqueous cryoprotective
solutions.

Conclusions

The method described in this paper for determining
devitrification temperature of cryoprotective solutions
has some advantages if compared with known
experimental approaches. First of all this relates to a
high resolution ability of the method, related to the fact
that the elasticity or shift moduli of amorphous
substance during its devitrification change by some
orders, meanwhile heat capacity or volume change not
more than by 10-15%. This circumstance enables a
distinct fixing of the devitrification process beginning
and recorder of its proceeding kinetics even under
insignificant numbers of cryoprotective substances.
Simultaneously using thermoplastic curves we can find
out a change in plastic properties of both frozen
cryoprotective solutions and biological systems being
cryopreserved, that is important for investigating the
mechanisms of their damaging about T . For the first
time in the research we obtained the T =T, (Ccp)
dependencies within the range of weight concentrations
of cryoprotective substances of 5...100% and the
regularities for these dependencies were found out.
The results obtained are not only of practical value but
provide the possibility to build more complete diagrams
than current ones of cryoprotectant aqueous solutions
states.
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