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Application of Plastic Strain Method to Determine Threshold
Concentrations for Cryoprotective Substances

During Saccharomyces cerevisiae Yeast

Cell Cryopreservation

V3y4any miacTHYecKy o e OpMaIiio 3aMOPOXKEHHBIX BOJHBIX pacTBOpoB mniepuHa u II30-1500, ycTaHOBUIIN H3MEHEHHE UX
IUIACTHYECKUX XapaKTEPUCTUK MPU JOCTHIKCHUH OINpPEIEICHHBIX (IIOPOrOBBIX) KOHIEHTPALMI KPHOMPOTEKTOPHBIX BEIIECTB. DTO
H3MEHEHHE CBSI3bIBACTCS C IIEPEXOI0M JIOKAJIBHBIX 3aMKHY THIX KUIKO(A3HBIX BKITIOYCHHI B CKBO3HBIC )KHIKHUE IPOCIOUKH, YTO HCKITFOYaeT
pa3BUTHE BHYTPCHHHX JABJICHHUIT U COOTBETCTBYIOINE MEXaHNUECKUE OBPEKIACHHUS KPHOKOHCEPBHPYEMBIX OMOIOIHYECKUX OOBEKTOB.
JlaHHBIil BBIBO/I ITOJTBEPIKAACTCS SKCIIEPHMEHTAMH 110 KDHOKOHCEPBHUPOBAHUIO POXKOKEBBIX KIIETOK Saccharomyces cerevisiae.

Kntouesnle cnosa: mnactideckas aeopMariust, Ipeielt TEKy4eCTH, KPUBBIC HaNpshkeHue-aedopmarys, nmuepus, JIMCO, I190-1500,
Saccharomyces cerevisiae.

Bupdanu rutactTuyny e opMariiro 3aMOpOKEHIX BOAHUX po3uuHiB miinepuny i [IEO-1500 Ta BcTaHOBWIIM 3MiHY IXHIX TUNIACTUYHUX
XapaKTepPUCTHK [PH JOCATHEHHI IIEBHUX (IOPOTOBHX ) KOHIICHTPALIiH KPIOIPOTEKTOPHUX pedoBHH. L5 3MiHa OB SI3y€THCS 3 HEPEXOJ0M
JIOKAJIFHUX 3aMKHYTHX PiJKUX BKJIIOYEHB Y HACKPi3HI PiAKi MPOIIAPKH, IO BHKIOYAE PO3BUTOK BHYTPIMIHIX THCKIB 1 BiAMOBiAHI
MEXaHIYHI YIIKOJPKEHHS NPU KPiOKOHCEPBYBaHHI 0i0NOTiYHUX 00’€KTiB. [laHWH BHCHOBOK IMiATBEPAXKYETHCS EKCIIEPHMEHTAMH 3
KpIOKOHCEPBYBaHHSI P HKOBUX KIITUH Saccharomyces cerevisiae.

Kntwuosi cnosa: nnacruuna nedopmanis, Mexa TEKy4oCTi, KpuBi Hampyra-gedopmamis, rainepun, JMCO, ITEO-1500,
Saccharomyces cerevisiae.

Plastic strain of glycerol and PEO-1500 frozen aqueous solutions has been studied and an alteration in their plastic characteristics
when achieving certain (threshold) concentrations of cryoprotective substances has been established. This change is associated to local
closed liquid phase inclusion transition into the through liquid interlayers, that excludes an internal pressure development and
corresponding mechanical damages in biological objects being under cryopreservation. This conclusion is confirmed by the experi-
ments on Saccharomyces cerevisiae yeast cell cryopreservation.

Key-words: plastic strain, fluidity threshold, stress-strain curves, glycerol, DMSO, PEO-1500, Saccharomyces cerevisiae.

OMIHUpHYEecKoe pelleHre npodieMsl noadopa
KOHLEHTpAIMK KPHOIIPOTEKTOPHOTO BELIECTBA, KOTO-
poe Obl o0ecrieunBaio HauOOJBIIYI0 COXPAHHOCTD
KJIETOK NMPH KPUOKOHCEPBHPOBAHHH C HAUMEHBLINM
TOKCHUYECKHM JIeHCTBUEM, He Bcerga 3¢ (eKTUBHO.
VYuuThIBas MIMPOKOE MPHUMEHEHHE B KPHOOHMOJIOTHH
MHOTOKOMITOHCHTHBIX KPHO3AaIIUTHBIX CPE€a, HaMU
pa3paboTaHbl HOBBIH MOIXO/ K PEIIEHUIO 3TOH Mpoo-
JIEMBI 1 METOJI JUIA €T0 peann3anud [6]. IToT MeTon
MO3BOJIACT OHNPEACIIATE IMOPOTOBBIE KOHUCHTpPALIUU
KpUOTPOTEKTOPHBIX BEIIECTB, 00€CIIEUNBAIOIINX HH-
rHOMPOBaHHE MEXaHUUECKIX TTOBPEXKICHUH KPUOKOH-
CepBUPYEMBIX OMOJIOTHUECKHX OOBEKTOB B AUATIA30HE
KOHIIEHTpalUil ¢ HE3HAYUTENIbHBIM, TOKCUIECKIM
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Using an empirical way to solve the problem of
selecting cryoprotective substance concentration,
which could provide the highest cell integrity under
cryopreservation with the least toxic effect is not
always efficient. Taking into account a wide application
of polycomponent cryoprotective media in cryobiology,
we have designed a new approach to solve this problem
and the method for its realisation [6]. This method
enables determining the threshold concentrations of
cryoprotective substances, providing inhibition of me-
chanical damages in biological objects under cryopre-
servation within the concentration range with a slight
toxic cryoprotective effect, i. e. namely in the area
with the highest practical interest for cryobiology
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JeCTBUEM KPUOIIPOTEKTOPA, T. €. HIMEHHO B TOW 00-
JIACTH, KOTOpasi MPE/ICTABISIET HAUOOIBIHIA TPAKTH-
yeckuil uuTepec 11 kpuooduoioruu (0...15%). Bnep-
BbI€ JUIS peau3aly TOr0 METOAa OBbLIM IPOBEACHBI
HCCIICAOBAHMS TUIACTHYECKUX CBOMCTB 3aMOPOXKEH-
HBIX BOJHBIX PacTBOPOB AMMETHIICYIb(POKCUIA
(AMCO) B unTepBaine koHuenTpawuii 0...15% [6], uto
CTaJI0O OCHOBAHHEM ISl U3yUEHHS IPYTHX KPHOIPO-
TEKTOPOB.

Lenb paboThl — COBEPIICHCTBOBAHHE TEXHOJIOTHI
KPHUOKOHCEPBHPOBaHUsI OMOOOBEKTOB B pe3yjbTaTe
HOBOTO TIOIX0J1a K OTIPEJICIICHUIO ONITUMAIILHBIX KOH-
HEHTpaNUi KPHOTIPOTEKTOPHBIX BEIIECTB.

Marepuarbl M meTtoabl

UccnenoBanu mnactudyeckyro aedopManuio 3a-
MOPOXKEHHBIX BOJHBIX PACTBOPOB INHMIEPUHA U
[130-1500 B o6nactu konuentpamui 0. ..30%. O6pas-
LBl OXJIAXKJANIN CO CKOpOocThbio 4°C/MHH 10 TeMmepa-
Typsl Ha 30°C BbIlIE TeMIEPATyphbl CTEKIOBaHUS,
CTaOMUIM3NPOBAJIH MPH 3TOH TEMIIEpaType B TeUEHUE
10 MuH, 3aTeM OCYLIECTBIISUIN UX IIACTUYECKYIO JIe-
(hopmanmro. Perncrpanmro 1eopMamoOHHBIX KPUBBIX
00pa3roB MPOBOANIIH IIPY OCTOSTHHOM TeMIIepaType,
KOTOpast COCTaBMIIA JJIs1 BOAHBIX PaCTBOPOB IIIMIIEPHHA
—70°C, a a1 [130-1500 -50°C. dedopmariuio oOpas-
LOB OCYIIECTBIJISIIM C TIOMOIIBIO e(OpMaLnOHHOM
MPUCTABKU KOMIUIEKCA Ul TEPMOIIACTUYECKHUX HC-
cnenoBanui [2, 5]. I[Ipu mocTpoeHn KpUBBIX Halps-
xeHue — aedopmanus A neopMannOHHON Tpu-
CTaBKH ObLiIa CHIELMAJIbHO pa3paboTaHa METOHKA I10-
CJIeI0BATENbHBIX NOIPY30K, MNPUKIAABIBAEMBIX K
00pa3iry Yepes CTpOro 3aJaHHbIE IPOMEKYTKU BpeMe-
HU, OIpeaesieMble yCIOBUAMH JKCIIEpUMEHTa [6].
BenniriHa BHETHUX HANPSDKEHMUH, BBI3BIBAEMbIX 3THMHU
Jorpy3Kamu, Haxonuiaach B uHrepsane 0...0 , rae

Tek’

0, — TIPEJIEN TEKYYECTH 3aMOPOKEHHBIX 00pa3IIoB.

JannbIil MeTOA OB MPUMEHEH JUIA OTIpee/IeHUs
[TOPOTOBBIX KOHIEHTPAINHA KPHUOMPOTEKTOPHBIX Be-
mectB IMCO, munepuna u I130-1500 npu kprokoH-
CEPBHUPOBAHUH JAPOXIKEBBIX KIETOK Saccharomyces
cerevisiae (paca 608, momyuena u3 Poccutickoro HUM
xyebonexkapckoil npombinuieHHoctH, Cankt-Ilerep-
oypr).

[IpenBapuTensHO MPOBENEHBI UCCIENOBAHUS 10
M3y4YEHHUIO BO3MOXHOTO TOKCHYECKOTO NEHCTBUSA
pasauuyHbeiX KoHUeHTpanuid AMCO, runepruna u
II50-1500 na xnerku Saccharomyces cerevisiae.
Br110 ycTaHOBIIEHO, YTO 3TH KPUOIIPOTEKTOPHEIE Be-
IIECTBA B UCCIIETyeMOM KOHIIEHTPAIIHOHHOM HHTEpBa-
JIC HE OKa3bIBAIOT (DYHIMIIMIHOTO JACHCTBUS Ha TAaHHBIN
THUII KJIETOK.

JposKeBble KIETKU BBIPAIMBAIN B TeUeHUE 48 1
npu 30°C Ha arapuzoBanHOi cpene Calypo, 3atem
MoZIpaIlMBaiy B kUKo cpene Calypo B TeueHue 24 u
C a’panueit, ocaxaanu HeHTpUu(yrupoBaHUEM U pe-
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(0...15%). For the first time for realising this method
the plastic properties of frozen aqueous dimethyl sul-
foxide (DMSO) solutions within 0...15% concentration
range were investigated [6], that became the base for
studying other cryoprotectants.

The research was targeted to mastering the techno-
logies for bioobject cryopreservation as a result of a
new approach to determine optimal concentrations of
cryoprotective substances.

Materials and methods

A plastic strain of glycerol and PEO-1500 frozen
aqueous solutions within 0...30% concentration range
has been studied. Samples were cooled with 4°C/min
rate down to the temperature of 30°C higher than
vitrification one, stabilised under this temperature for
10 min with following plastic strain. The samples’ strain
curves were recorded at constant temperature of —70
and —50°C for glycerol and PEO-1500 aqueous solu-
tions, correspondingly. Sample strain was done using
a strain device to thermoplastic research complex [2,
5]. The method of successive uploads, applied to a
sample via strictly fixed time intervals, determined by
experiment conditions, was especially designed for
strain device when plotting stress-strain curves [6].
The value of external tensions, caused by these uploads
was within 0...0, interval, where g, is fluidity limit
for frozen samples.

This method was applied to detect the threshold
concentrations for DMSO, glycerol and PEO-1500
cryoprotective substances under Saccharomyces cere-
visiae yeast cells (608 strain, obtained from Production
Association of Russian R&D Institute of Baking In-
dustry, St. Petersburg) cryopreservation.

A possible toxic effect of differently concentrated
DMSO, glycerol and PEO-1500 on Saccharomyces
cerevisiae cells was preliminarily investigated. These
cryoprotective substances in studied concentration
range were established not to cause an anti-fungal ef-
fect on this cell type.

Yeast cells were cultivated within 48 hrs at 30°C
on an agarised Sabouraud’s medium, grown up in a
liquid Sabouraud’s medium for 24 hrs with aeration,
then precipitated with centrifugation and resuspended
in preservation media: DMSO (chemically pure grade),
glycerol (chemically pure grade) and PEO-1500
(chemically pure grade) aqueous solutions with 3, 5,
6, 7 and 10% concentrations. Yeast cell viability was
determined using the Koch dish method [4] by the
amount of macrocolonies, formed on agarised media.
Serial dilutions of cell suspensions were done in 9%
NaCl aqueous solution. Unfrozen cell suspensions in
corresponding preservation media were taken as the
control. Yeast cells were cryopreserved with program-
mable freezer “Cryoson” (Germany) in 2 ml plastic
“Nunc” cryovials (Germany). Yeast cell suspension was
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CYCIEHIUPOBAJIH B Cpejax KOHCEPBUPOBAHMS: BOAHBIX
pactBopax JIMCO (xu), rmuuepuna (x4) u [190-1500
(x49) ¢ koHEeHTpanuaMu 3, 5, 6, 7 u 10%. XKuznecno-
COOHOCTB JPOMCKEBBIX KJIETOK ONpENeNsIf yYaried-
HbIM MeTozioM Koxa [4] o konuyecTBy MakpOKOJIOHHIM,
chOopMHPOBABLIMXCS Ha arapu30BaHHbIX cpenax. Ce-
pUiHBIE Pa3BEACHUS KJIETOYHBIX CYCHEH3UN MpPOBO-
1w B 0,9%-m BonHoM pactBope NaCl. {1 koHTpons
Opanu He MOABEPraBIINECS 3aMOPAXUBAHHUIO CYC-
TIEH3WUHU KJIETOK B COOTBETCTBYIOIINX CPEAax KOHCEP-
BHPOBAHUSL.

KpuokxoncepBupoBanu Apox:KeBbIe KIETKH Ha
mporpaMMHOM 3amopaxkuBarene “Cryoson” (I'epma-
HUS) B IDTACTHKOBBIX KpUOTIpoOupkax Gpupmsl “Nunc”
(I'epmanns) o6bemom 2 mit. CyCrieH3UI0 IPOXKKEBBIX
KJIETOK BHOCHJIM B KPHOTIPOOUPKH 1O 1 MII M OXJIax-
Janu co ckopocTsio 1°C/MuH, KOTOpasi peKOMEH Ty eT-
cs I TaHHOTO BUa KieTok [9], no —40°C ¢ mocne-
OYIOIIUM MOTPYKEHHUEM B JKUAKUH a30T. OOpasisl
0TOrpeBajy Ha BoasiHOM Oane mpu 37°C 10 ucuesHo-
BeHUs TBepaoil daspl. CTaTHCTHYECKYI0 00paboTKy
MOJIyYE€HHBIX PE3yJbTaTOB MPOBOJUIN IO METONY
CroeronenTa [3]. JIocTOBEpHOCTH pacieToOB COCTaBUIIA
95%.

Pe3yAbTaTbl M 00CYyXxAeHHe

Kpussle HanpspkeHue — nedopmarius a71s 3aMopo-
YKEHHBIX BOJHBIX pacTBOpoB ImuuepuHa u [190-1500
(puc. 1, a, 0) cTpouIH MO 3KCIEPUMEHTAIBHBIM
3aBHCUMOCTSIM, KOTOpBIE OBUIM MOITY4YE€HBl METOAOM
MOCTIeI0BATENbHBIX 10TPy30K. M3 MOMydYeHHBIX KpH-
BBIX ONpPENENAIN NPele TEKy4eCTu O,  3aMOpo-
XKEHHBIX 00pa3loB U CyMMapHOE MpHUpALICHUE UX
neopmManuu monsydectu AE, MEXKIy MOCIEI0BA-
TEJILHBIMU JOTPY3KaMH B 3aBUCHMOCTH OT KOHIICH-
Tpaluu KPHUOMPOTEKTOPHBIX BemiecTB (puc. 2, 3).
JlaHHBIE Pe3yNbTaTHl MOXKHO HCIIONB30BAaTh JIJIsI OIpe-
JIeTICHHS TOPOTOBBIX KOHIICHTPAIUI KPUOTIPOTEKTOP-
HBIX BEIIECTB, TaK KakK IUiacTHyeckas jaedopMarivs
3aMOPOXKEHHBIX KPUOIIPOTEKTOPHBIX PaCTBOPOB OIIpe-
JensieTcs UX CTPYKTYpol u (a3oBeIM cocTaBoM [§].

PaccmaTpuBast 3aBHCHMOCTD MJIACTHYECKON e-
(hopmanuy 3aMOPO’KEHHBIX BOAHBIX PACTBOPOB KPHO-
MIPOTEKTOPOB OT MX KOHIIEHTPALUHU IIPH TEMIIEpaTypax
BBIILIE TEMIIEPATYPhl CTEKIOBAHMS KPHOIPOTEKTOPa,
MOYKHO BBIJICTITh TPU 00JIACTH, OTBEYAIOIIIE PA3IHY-
HBIM TUTACTHYECKHM XapaKTePUCTUKAM HCCIIeyEeMbIX
06pasroB (puc. 4). B obmacTu, re KOHIEHTPAIUS
KPHUOMPOTEKTOPHOTO BEIECTBA JEXKHUT B Mpeenax
0...C, (C, — moporogasi KOHUEHTpPALKS KPHOIPOTEK-
TOPHOT'O BEMIECTBA), B 00pa3iie 00pa3yroTCs KUIKUE
3aMKHYTBIE BKIIIOUCHUS, pacloararoIinecs 1o rpaHu-
LaM KpHCTaJJIoB Jibaa (puc. 4, a). B aToit obnactu no
Mepe YBEIMUYEHHUS KOHLEHTPALUU KPUOIPOTEKTOpa
o0beM cTexiyromeiicst gassl pacTeT, YTO MPUBOIUT
K CMBIKaHHUIO XHUIKUX MUKpo(da3 u 0Opa3oBaHUIO Ha
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introduced into cryovials by 1 ml and cooled with the
recommended for this cell type 1°C/min rate [9] down to
—40°C with following immersion into liquid nitrogen.
Samples were thawed on 37°C water bath up to a
solid phase disappearance. The results obtained were
statistically processed with Student’s method [3]. Statis-
tical significance of calculations made 95%.

Results and discussion

Stress-strain curves for glycerol and PEO-1500
frozen aqueous solutions (Fig. 1 a, b) were plotted by
the experimental dependencies, obtained by the method
of successive additional loadings. Proceeding from the
curves obtained there was determined the o, fluidity
threshold of frozen samples and a total increment of
their A creep strain between successive uploads
depending on cryoprotective substance concentration
(Fig. 2, 3). These results may be used to find-out the
threshold concentrations of cryoprotective substances,
because a plastic strain of frozen cryoprotective so-
lutions is determined by their structure and phase com-
position [8].

When considering the plastic strain dependency of
frozen aqueous cryoprotective solutions on their
concentration under temperatures higher than cryo-
protectant vitrification one we can emphasise three
ranges, corresponding to different plastic charac-
teristics of studied samples (Fig. 4). In the range, where
cryoprotective substance concentration is within the
0...C, limits (C, is a threshold concentration of
cryoprotective substance), the fluid closed inclusions,
located on ice crystal interface are formed (Fig. 4, a).
In this range with an increase in cryoprotective concen-
tration there is the augmentation of vitrifying phase
volume, resulting in the liquid microphase closing and
thin liquid interlayer formation on grain interface under
C, threshold concentration. Following growth of
cryoprotective concentration within the range of C....C,
values (C, is the viscous flow concentration) results in
the liquid interlayers extension between ice crystals
(Fig. 4,b). Under concentration values higher than C,
the ice crystals of different form and value will be
suspended in a non-vitrified liquid solution (Fig. 4, c).

It is reasonable that the nature of plastic strain of
frozen samples, being in the described states, will
significantly differ. Thus, in the range of up to threshold
0...C, concentrations (Fig. 4, a) the frozen sample’s
strain is mostly determined by mechanical properties
ofice crystals. In this case the strain curves of studied
samples are characterised with the presence of plastic
strain stage, highly manifested fluidity limit and strain
strengthening stage, that corresponds to a classic strain
curve image for solid bodies [1]. Therefore under 0<o,
stress the uploads will cause only elastic strain, descri-
bed by the expression: Ae  _=A0/G, where G is the
elasticity modulus. In their turn the A0 stresses are
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Puc. 1. Kpusble HanpsbkeHHe - e opMalins 3aMOPOKEHHBIX BOIHBIX pacTBOPOB mniieprHa (a) u [120-1500 (6) paznuyaHoii
KOHIIEHTpaluu: | — qucTuiumpoBanHas Bojaa; 2 — 3%-ro BomHoro pactBopa rurepuna u [130-1500; 3 — 5%-ro; 4 — 6%-t0;
5—=T7%-r0; 6 — 10%-10; 7— 15%-10; 8 — 20%-10; 9 — 30%-TO.

Fig. 1. Stress-strain curves of differently concentrated glycerol (a) and PEO-1500 (b) frozen aqueous solutions: 1 — distilled

water; 2 — 3% glycerol and PEO-1500 aqueous solution; 3 — 5%; 4 — 5%; 5 — 7%; 6 — 10%; 7— 15%; 8 —20%; 9 — 30%.

IpaHMIaX 3epPeH TOHKHUX KUAKHX POCIIOEK MPH MOPO-
rogoii kKonuentpauuu C . JlanbHelmmi pocT KOHIEH-
TpaluK KpHONPOTEKTOpa B 00nacty 3navennii C ...C,
(CT — KOHIIEHTpPAITUS BSI3KOTO TEUCHUS) MPUBOAUT K
PacCIIMPEHHIO KUIKUX IPOCIOEK MEXKAY KPUCTAIIAMH
nbaa (puc. 4, 6). [lpu 3HaUEHUAX KOHLIEHTPALIMA BhIIIE
C, XpuCTaIbl JIbJIa Pa3aIM4HON (POPMBI ¥ BETHYHMHBI
OyoyT B3BELIEHBI B HE3aCTEKJIOBABLIEMCS KHIKOM
pactBope (puc. 4, B).

EcrectBenHo, 4To npupozaa miactTuueckoi aedop-
MaIui 3aMOPOXKEHHBIX 00pa3IloB, HAXOASIIUXCS B
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Fluidity limit, kg/cm?
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Glycerol concentration, %

related to uploads by the ratio: AG=AP/S, where AP is
the upload value; S is the cross-section area in shift
plane. The creep strain, i.e. that after applying AP
uploads and proceeding in time under constant external
stresses is practically equal to zero. In this case the
effect of liquid closed microphases on separate ice
crystal boundary is actually reduced to a decrease in
sample’s efficient cross-section area in shear plane
that results in fluidity limit reduction. This increase in
the given range is insignificant due to a low value of
closed inclusions, but it should be taken into account
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Puc. 2. 3aBUCHMOCTD Tpesena TeKy4ecTH 3aMOpPOKEHHBIX BOIHBIX pacTBOpoB riumepuHa (a) u [130-1500 (6) or

KOHIICHTPAIMU KPHOTIPOTEKTOPA.

Fig. 2. Dependency of fluidity limit of glycerol (a) and PEO-1500 (b) frozen aqueous solutions on cryoprotectant concen-

tration.
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Puc. 3. 3aBruCHMOCTE CyMMapHOTO MPHUPAIEHHs MIacTuIecKoi nedopmanun A€, 00pa3LoOB MEXTY OCIIEI0BATEILHBIMU
JIOTpy3KaMH 3aMOPO’KEHHBIX BOJTHBIX PacTBOpoB ruiepuna (a) u I190-1500 (0) OT KOHIEHTpauy KPHOTIPOTEKTOPA.

Fig. 3. Dependency of total increment of plastic A€  strain of samples between gradual uploads of glycerol (a) and
PEO-1500 (b) frozen aqueous solutions on cryoprotectant concentration.

OTHMCAHHBIX COCTOSHUAX, OyIET CYLIECTBEHHO OTIIH-
yarbcs. Tak, B 00:1aCTH 10 TOPOTOBBIX KOHIIEHTPALMIA
0...C, (puc. 4, a) neopmanus 3aMOpOKEHHBIX 00pa3-
[IOB B OCHOBHOM OTIPENIEINISETCS] MEXaHMUECKUMHE CBOM-
CTBaMH{ KpUCTAJIOB JbAa. B aTOM ciryuae nedopma-
LMOHHBIE KPUBBIE UCCIIEAYEMBbIX 00pa3oB XapaKTe-
PU3YIOTCS HATMYMEM CTaJMH YIPYroi nedopMaiuy,
SPKO BBIPAKEHHOTO Mpejieia TEKy4YeCTH U CTaIiH
neOpMaIMOHHOTO YIPOYHEHHUSI, YTO COOTBETCTBYET
KJIacCHYEeCKOMY BUAY J1e(OpMaMoHHOM KpUBOii TBEp-
apix ten [1]. [losromy npu HanpsoKeHUsx 0<0,
JIOTPY3KU OyAYT BBI3BIBATH TOJBKO yNPYTyto nedop-
Mall{Io, OMHCHIBAEMYIO BBIPAKCHHEM: Asynp=AO/G,
rae G — Mmonynb caBura. B cBoro ouepens Hampsike-
HUsg AOC cBsi3aHBI C AOTPY3KaMU COOTHOIIECHUEM:
AOC=AP/S, tne AP — BenmnurHa A0TPy3KH; S — M0 b
MTOTIEPEYHOTO CeYeHNs 00pa3a B MIIOCKOCTH CABUTA.
Hedopmanus monszydecty, T.e. nedopManus mocie

when performing experiment and analysing the results
obtained.

Ice crystal shifts relative to each other on the formed
along their interface liquid interlayers will much more
affect the frozen samples’ plastic strain under 0<0,
external tensions when transferring into the range,
corresponding to the C,...C, (Fig. 4, b). In this case
the ¢ rate of plastic strain is determined either by
solution viscosity in liquid interlayers or value and form
of shearing ice crystals:

- — ¢ (¢ A0
e=¢ nm

where ¢ is the coefficient, considering ice crystal form
in a shear plane; 0 — is a value of applied external
stress; [A[]— is an average thickens of liquid interlayer
between crystals; 4 — is width of sample’s shear area;
3 is a dynamic viscosity.

a a B C
fATITENN
) T B 1
E— 5 ]
| | | | | i | >
0 c, C C, C

KoHueHTpauus kpuonpoTtekTopa, %

Cryoprotectant concentration, %

Puc. 4. Cxemarnueckoe n300pakeHHe N3MEHEHHUS CTPYKTYPbI 3aMOPOXKEHHBIX BOJHBIX PACTBOPOB C POCTOM KOHIIEHTPAIHN

KPHOIPOTEKTOPHOTO BEII[ECTRA.

Fig. 4. Scheme of change in frozen aqueous solution structure with concentration growth of cryoprotective substance.

NMPOBJIEMbI
KPUOBMOJIOIUM
T. 17, 2007, Ne1

PROBLEMS
OF CRYOBIOLOGY
Vol. 17, 2007, Ne1l



IPIIIOKEeHHS oTpy3ku AP 1 mpoTekarorasi BO BpeMe-
HU TIPH MIOCTOSIHHBIX BHEITHUX HATIPSDKCHISIX, IPAKTH-
YECKHU paBHA HYMI0. B 1aHHOM cily4yae BIUsHUE KU~
KHX 3aMKHYTBIX MUKpO}a3 Ha IPaHUIAX OTACIbHBIX
KPHUCTAIIJIOB JIbJ1a (PAKTHYECKH CBOJUTCS K YMEHBIIIE-
HUto 3 ()EeKTHBHON TIIOIAIN MOIEPEYHOTO CEUCHUS
o0pa3iia B INIOCKOCTH C/IBUTA, YTO ITPUBOJIUT K YMEHb-
LICHUIO MPEJIENa TeKy4YeCTU. DTO YMEHBUICHUE B IaH-
HOM WHTEPBAJIC HE3HAYUTEIILHO U3-32 MAJIOW BETTMIMHEI
3aMKHYTBIX BKIFOUEHUH, HO €T0 CIIETyeT YUUTHIBATh
TP IPOBEACHUH SKCTIEPUMEHTOB F aHATTN3E TTOJTydae-
MBIX PE3yJIbTaTOB.

[Ipu nepexoae B 001aCTh, COOTBETCTBYIOIIYIO
C,...C, (puc. 4, 6), Ha MIACTUYECKYIO AePOPMALHIO
3aMOPOKEHHBIX 00pa3II0B P BHEITHUX HAMTPSHKEHUSIX
0<0,  Bce Oosblice BIusHHE OyAyT OKa3bIBaTh
CIBUTH KPUCTAJUIOB JIbJIa IPYT OTHOCUTEIBHO Apyra
Mo 00pa30BaBIIMMCS BJAOJb MX T'PAHHI] KUIKUM
npocioiikam. B 3ToM ciayyae CKOpocTh MIIACTUYECKON
nehopMaluK € ONPENEISIETCS KaK BA3KOCTHIO PacT-
BOpa B JKUJKHX MPOCIOWKAaX, TAaK U BEJIUUYUHOU U
(hopmoii cMETAIMHUXCS KPUCTAIIIOB JI/A:

. — ¢ (¢ 140
e=¢ N

riae ¢ — k03hGUIKEHT, yIUTBIBAIOIIUH HOpMY KpHUC-
TaJUIOB JIbJa B IUIOCKOCTH CABUTA; O — BEIUYMHA
NPUIIOKEHHbIX BHEITHUX Hanpsokernit; [ cpemmsist
TOJIMHA XUIKOH MPOCIONKN MEKAY KPHCTaJIIaMH;
h — mmpuHa obnactu caBura odpasua; f— TUHAMHU-
YecKasi BSI3KOCTb.

B pesynbprare BO3HHUKAIOIIMX MOA AEHCTBHEM
BHEIIHUX HamNpsHDKEHUH MUKPOCABHUIOB IO KUAKHM
MIPOCTIOWKaM B TaHHOW 001acTH KOHIIEHTpaIuii OyayT
HAOTIONATHCS OTIIMYHASL OT HYJS U BO3PACTAIOIIAs C
POCTOM KOHIIEHTPAIMH KPHOTIPOTEKTOPa feopMariust
MOJ3YYECTH, a TAKXKe Pe3Koe YMEHbBIICHHE TIpejiera
TEKY4ECTH.

B oOmactu BSI3KOTO TedeHWUsl, T. €. P KOHIICHT-
pauusx Beine C (puc.4, B), miactudeckas aedop-
Malus HCCIENYEMBIX 00pa3IoB OmpeaesieTcs
BSA3KOCTBIO KHUIKOH (pa3bl, a CKOPOCTb MIIACTHYECKOH
nehopManuu:

e=¢'17
n

rae ¢' — ko3¢ dumnueHT, yautsiBaromuii GopMy u
pa3Mep KpUCTAI0B, B3BELICHHBIX B HE3aCTEKJIO-
BaBIIEKCS )KUIKOCTH C JUHAMUYECKON BSI3KOCTHIO 1.
st aTOM 00TacTH XapakTepHa CyIIeCTBEHHAS 3aBHU-
CUMOCTH Je(hOpMAaITIH TOJI3YUYECTH OT TEMIIEPaTyPhI
Y KOHIIEHTPAIMU XKHUIKON (ha3bl.

Takue oTIUYHA B IPUPO/IE IIACTHYECKOM Jedop-
MaIUH 3aMOPOXKEHHBIX KPUOPOTEKTOPHBIX PACTBOPOB
B BBIJICJICHHBIX KOHIIEHTPAIIMOHHBIX O0JIACTSIX MO3BO-
JISIOT UICHTU(UIIMPOBATH 3T HHTEPBAIEI C [IOMOIIBIO
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As a result of microshears on liquid interlayers
within this concentration range, occurred under ex-
ternal stress effect, a creep strain other than zero and
increasing with cryoprotectant concentration growth,
as well as a sharp reduction of fluidity limit will be
observed.

Within the viscous flow area, i.e. under concent-
rations higher than C (Fig. 4, ¢) a plastic strain of studied
samples is determined by the liquid phase viscosity but
the rate of plastic strain is:

i=¢' T
n

where ¢' is the coefficient, considering form and
dimension of crystals, suspended in a non-vitrified
liquid with 1) dynamic viscosity. Significant dependency
of creep strain on the liquid phase temperature and
concentration is typical for this area.

These differences in plastic strain nature of frozen
cryoprotective solutions in isolated concentration
ranges enable to identify these intervals using plastic
strain experiments. It is much more important that in
each range the own specific damage mechanisms of
cooled bioobject act.

Within the range of up to 0...C, threshold concen-
trations (Fig. 4, a) the damage mechanisms of biological
objects under temperatures higher than vitrification one

100

R

g § 40 -
> 3 7 10

KoHueHTpauusa kpuonpoTektopa, %
Cryoprotectant concentration, %

Puc. 5. XKuznecnocoOHOCT OPOXIKEBBIX KIETOK Saccha-
romyces cerevisiae (% OT KOHTPOJIST) TIOCIIC 3aMOPaKHBAHHS
M OTOTPEBa B 3aBUCHMOCTH OT KOHIIEHTPAIIUU BOJHOTO
pactBopa IMCO. M- 3%-ro; &AA— 5%-ro; @— 7%-ro; M—
10%-ro. IIpencTaBiieHbl CpeHUE 3HAUEHUS C yUETOM
CTaHAAPTHBIX OTKIIOHEHHI, BBIYMCICHHBIX U3 6 HE3aBUCUMBIX
onpeesieHu .

Fig. 5. Saccharomyces cerevisiae yeast cells viability (%
of the control) after freeze-thawing depending on DMSO
aqueous solution concentration. ll— 3%;E— 5%; @ - 7%;
[0 — 10%. Average values taking into account the standard
deviations, calculated from 6 independent determinations
are represented.
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3KCIIEPUMEHTOB 10 TUIACTUYECKOH nedopMaliuu. I1o
TeM OoJiee BaXKHO, YTO B KaX/10i1 00macTu IeHCTBYIOT
CBOM CrenU(PUUECKNEe MEXaHU3MBI MOBPEKICHUS
OXJIKJAEMBIX OMOOOBEKTOB.

B o6nactu 10 moporoebix konuenTpanuii 0...C,
(puc. 4, a) MexaHU3MBI TOBPEXKIEHUS OMOJIOTUIECKIX
00BEKTOB TIPU TEMIIEpaTypax BBIINIE TEMIIEPATypPhl
CTEKJIOBaHUs 00YCIIOBJICHEI, C OJJHOW CTOPOHBI, TLTac-
TUYECKOH pelakcalueil TepMOynpyTruxX HaIpsKEHUH,
KOTOpPBIC BEI3BaHBI HEPABHOMEPHOCTRIO TEMITEpaTyp-
HOTO 1107151 B 00BeMe 00pa3iia Mpu HarpeBe MIId OXJIakK-
JNCHUW W aHWU3O0TPONMHUEH TEIJIOBOTO PACUIUPECHHUS
KPHUCTAJIOB Jbnaa [7], ¢ ApYrod — mracTH4ecKoi
pernakcaiuei qaBjIeHI, BOSHUKAIOIINX B 3aMKHY THIX
XKUAKO(DA3HBIX BKIIOUEHUSX B ITPOIIECCE IBTEKTUIEC-
KOT'0 pacclioeHus pacteopa [6].

B o6nactu xonuenrpaumii C ...C_(puc. 4, 0)
MTOBPEKACHUS MOTYT BO3HUKATh TOJIHKO IIPH peaKca-
AU TEPMOYNPYTUX HANPSKEHUH B OTHOCHUTEIHHO
KPYIIHBIX KpUCTauiax jbaa. [Ipu Menkokpucra-
JIMYECKON CTPYKTypE JIbJa MEXaHHMYECKUE TTOBPEK-
JCHUS TIPAKTUYECKU HE Pa3BUBAIOTCA.

B o6nactn xonuenrpauuii Beimre C (puc.4, B)
MEXaHHUYECKUE MOBPESKICHHUS MPAKTHUESCKH HCKITIO-
yeHbl. [Ipy MaHHBIX KOHIICHTPAILMSAX OHH MOTYT
HAaOIIONATHCS TOJNBKO TIPH TEMIIEpaTypax HUKE TEM-
reparypbl CTEKJIOBAHUS IPU BHICOKUX CKOPOCTSIX OX-
JIAXKICHUS] — HarpeBa, MPUBOISIINX K BOSHUKHOBEHHUIO
Y TJIACTHYECKOU pellakCalliy TePMOYTPYTUX HaIpsi-
JKEHUI.

Taxkum oOpa3zoM, HIeHTHPUKAUSI OTMEYCHHBIX
KOHIICHTPAIIMOHHBIX O0JIACTEH TTO3BOJISIET ONTHMH3H-
POBaTh TEXHOJIOTHH KPHOKOHCEPBUPOBAHUS OMOOOBEK-

YXnsHecnocobHocTtb, %
Viability, %

|
3 5 6 7 10

a KoHueHTpaunsa KpuonpoTtekTopa a
Cryoprotectant concentration, %

are stipulated by plastic relaxation of thermoelastic
stress, caused by the temperature field non-uniformity
in a sample volume under heating or cooling and
anisotropy of heat extension of ice crystals, on one
hand [7] and by plastic relaxation of stresses, appearing
in closed liquid-phase inclusions during euteutic stra-
tification of the solution, on another hand [6].

Within C....C, (Fig. 4, b) concentration range the
damages may occur only under thermoelastic stress
relaxation in relatively large ice crystals. Under fine-
crystal ice structure the mechanical damages do not
practically develop.

Within the concentrations range higher than C,
(Fig. 4, c¢) the mechanical damages are practically
excluded. Under these concentrations they may be
observed only under temperatures lower than the
vitrification one under high rates of cooling-heating,
resulting in appearance of thermoelastic stress plastic
relaxation as well.

Thus, the identification of the noted concentration
ranges enables to optimise technologies for bioobject
cryopreservation, that is confirmed by experiment
results on studying the effect of differently concent-
rated cryoprotective substances on Saccharomyces
cerevisiae yeast cell viability under cryopreservation.
There was an uneven increase in cell viability after
freeze-thawing in DMSO, PEO-1500 and glycerol
presence when achieving their threshold 5, 6 and 7%
concentrations, correspondingly (Fig. 5, 6). This fact
may be explained by bioobject damage due to a plastic
relaxation of tensions, occurring in closed liquid-phase
inclusion. At the same time if the main part of damages
was determined by osmotic or chemical mechanisms,

XunsHecnocobHocTb, %
Viability, %

/%

3 5 6 7 10

6 KoHueHTpaumnsa kpuonpoTtekTopa b
Cryoprotectant concentration, %

Puc. 6. )KuzHecrnocoOHOCTh IPOXKIKEBBIX KIETOK Saccharomyces cerevisiae (%o OT KOHTPOJIS) TIOCIIE 3aMOPAXUBAHUSA U
OTOTpeBa BOJHOTO pacTBopa ruieprHa (a) 1 [190-1500 (6) B 3aBUCHMOCTH OT KOHIIGHTpanuu Kprornporekropa. ll— 3%-ro;
—5%-ro; @— 6%-ro0; O— 7%-ro; B— 10%-ro0.

Fig. 6. Saccharomyces cerevisiae yeast cell viability (% of the control) after freeze-thawing of glycerol (a) and PEO-1500
(b) aqueous solutions depending on cryoprotectant concentration. ll — 3%; 21— 5%; @ — 6%; 01— 7%; B— 10%.
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TOB, YTO TIOATBEPKIAAETCS PE3YIIbTaTaMH KCTIEPUMEH-
TOB IT0 M3YYEHHIO BIUSHUS Pa3THYHBIX KOHIIEHT PN
KPHOIIPOTEKTOPHBIX BELIECTB HA )KU3HECTIOCOOHOCTD
IOPOXOKEBBIX KIETOK Saccharomyces cerevisiae nipu
KpUOKOHCEpBHpOBaHUH. JKN3HECTIOCOOHOCTH KIIETOK
[ocJIe 3aMOpaXMBaHHUs U OTOIPEBa B MPUCYTCTBUU
AMCO, II20-1500 u mMueprHa CKa4yKoOOpa3HO
MOBBILIAETCS TP JOCTHKEHUHN MX TIOPOTOBBIX KOHIICH-
Tparuit 5, 6 u 7% cooTBeTCTBeHHO (pHC. 5, 6). DTOT
(haxT MOXKHO OOBSICHUTH IOBPEXKICHHEM OMO000HEKTOB
3a CYET IIIACTHYECKOW peTaKcanny JaBIeHUH, BO3HH-
KalOIIUX B 3aMKHYTHIX >KHIKO(A3HBIX BKIIOUEHHSIX.
B 1o e Bpems, eciii Ob1 OCHOBHASI YacTh MTOBPEKIE-
HUW ONpenesuiach OCMOTHYECKHUMH MIIH XUMUYecC-
KHMHU MEXaHHW3MaMH, 00yCIIOBICHHBIMH KOHLIEHTpa-
LUOHHBIMH 3(h(eKTaMH B pe3yibTaTe KpUCTaUTU3aluH
BOJIBI, TO )KU3HECTIOCOOHOCTH KJIETOK ITOBBIIIANACH OBl
MOHOTOHHO C YBEJIMUE€HHEM KOHLIEHTPALUHU KPUOTIPO-
TEKTOPHBIX BELIECTB. JTO CBSA3aHO C TEM, UTO Macca
BOJIBI, IEPEXOISIICH B JIE, a TAKXKE BEPOSITHOCTD BO3-
HUKHOBEHHSI COOTBETCTBYIOIINX MEXaHU3MOB ITOBPEXK-
JEHUS] YMEHBIIAI0TCA TPOMOPIIHOHATIBHO POCTY KOH-
LIEHTPAIIH KPHUOIIPOTEeKTOpa. Takoe MOHOTOHHOE yBe-
JTMYEHUE KU3HECTIOCOOHOCTH KIIETOK Saccharomyces
cerevisiae Habmonaercs B npucyrctsuu JMCO B
WHTEpBajie KOHIICHTpanuii oT 5% u BeIIe (puc. 5), a
muuepuna U [190-1500 oHa BRIXOOUT Ha IJIATO B
npenenax ucclelyeMblX KOHIEHTpaLuil mocie goc-
THOKEHHSI IOPOTOBBIX 3HaYeHnH. CKaukooOpa3Hoe ke
yBEJIMYCHUE KU3HECIIOCOOHOCTH KJIETOK MOXHO
OOBACHUTH TOJIBKO KaUECTBEHHO HOBBIM COCTOSTHHEM
OXJIXKJAEMOM CUCTEMBI, KOTOPOE HACTYMAET MPHU J10-
CTH)KCHUH IOPOTOBBIX KOHIIEHTPALIMH KPHOIIPOTEKTOPa
1 00yCJIOBIEHO MEPEXOJ0M OT 3aMKHYTBIX JKHIKO-
(ha3HBIX BKIFOYEHHUH K CKBO3HBIM YKHJIKAM ITPOCIONKaM
0 TPaHUIaM 00pa3yIOUINXCs KPUCTAIIIOB JIb/IA.

BbiBOADI

BnepBbie poBesieHBl MCCIEOBaHUS TIACTH-
YECKHUX CBOMCTB 3aMOPOKEHHBIX BOJIHBIX PacTBOPOB
TaKHX KPHOIPOTEKTOPOB, Kak nepuH u [190-1500
BBILIE TEMIEPATYp CTEKJIOBAHUS U OMPEIEICHBI Xa-
paKTepHbIe KOHLIEHTPAUMOHHBIE UHTEPBAJIbI AJI1 HUX.
YcTaHOBIEHO, YTO MPU TOCTUKEHUN TOPOTOBBIX KOH-
LIEHTPALMIA KPUOIIPOTEKTOPOB U3MEHSIETCA CTPYKTYpa
3aMOPOXEHHBIX 00BEKTOB. DTO M3MEHEHHE CBI3aHO
C TIepeX0JIOM JIOKAJIBHBIX 3aMKHYTHIX KHUIKHX BKITO-
4yeHui, o0pa3yomuxcs B 00JacTH 10 TTOPOTOBBIX
KOHLICHTpaIui 0...CH, B XKUJKHE Mpocioiiku. Takoi
[IEPEXO0/T NCKITI0YaeT pa3BUTHE BHYTPEHHUX IaBIICHUN
Y MHTUOHUPYET MEXaHUYEeCKUE TIOBPEKACHUS KPHOKOH-
CepBHUPYEMbIX O0M000BeKTOB. [IpenoxeHHbIN HOBBIH
MOJIXOJ K ONPENEIICHUIO MOPOTrOBBIX KOHLEHTpAaLUH
KPUOIPOTEKTOPHBIX BELIECTB OBbLI MPUMEHEH HpPH
KPHUOKOHCEPBHPOBAHUH APOACKEBBIX KIETOK Saccha-
romyces cerevisiae. IIpu 3ToM HabIIOOATOCH CKAYKO-
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stipulated by concentration effects as a result of water
crystallisation, the cell viability would augment mono-
tonously with an increase in cryoprotective substances
concentration. This is associated to the fact that water
mass, transforming into ice, as well as the probability
for appearing the corresponding damage mechanisms
reduce in proportion to cryoprotectant concentration
growth. This monotonous augmentation of Saccha-
romyces cerevisiae yeast cell viability is observed in
DMSO presence within the concentration range for
5% and higher (Fig. 5), as for glycerol and PEO-1500
it approaches the plateau within the limits of studied
concentrations after achieving the threshold concentra-
tions. However an uneven increase in cell viability may
be explained only by qualitatively new state of cooled
system, that occurs when achieving cryoprotectant
threshold concentrations and stipulated by transition
from closed liquid-phase inclusions into the through
liquid interlayers on formed ice crystal interface.

Conclusions

For the first time there were investigated the plastic
properties for frozen aqueous solution of such cryo-
protectants as glycerol and PEO-1500 under tempe-
ratures higher than vitrification one and the typical
concentration intervals were established for them.
When achieving the threshold cryoprotectant con-
centrations the structure of frozen objects was estab-
lished to change. This alteration is associated to tran-
sition of local closed liquid inclusions, formed within
the range of up to threshold 0...C, concentrations into
liquid interlayers. This transition excludes development
of internal pressures and inhibits mechanical damages
of cryopreserved bioobjects. The proposed new ap-
proach to determine threshold concentrations for
cryoprotective substances was applied during Saccha-
romyces cerevisiae yeast cells cryopreservation. At the
same time there was an uneven augmentation of Sac-
charomyces cerevisiae cell viability after freeze-
thawing with DMSO, glycerol and PEO-1500, that
indicated to a general character of found phenomenon.
The results obtained are important from practical point
of view when optimising the cryopreservation tech-
nologies and they are of great importance for cryo-
biology in a whole.
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00pa3Hoe TMOBBINICHUE KU3HECTIOCOOHOCTH KIIETOK
Saccharomyces cerevisiae ocie 3aMOpaXHUBaHUS U
ororpesa ¢ JIMCO, rmuuepunom u I130-1500, uto
yKa3bIBaeT Ha OOIIHIA XapaKTep 00HAPYKEHHOTO SBJIE-
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JUTSI KpHOOHMOJIOTHH B IISIIOM.
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