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Pedhepat: B pabote nccnegoBaHo BNMsiHWe anbryHata HaTpUst Ha XW3HECTNOCOOHOCTb M KMHETUKY pa3oBbIX MpeBpaLleHni B
CycreH3nmu kneTok Saccharomyces cerevisiae B npoLecce KpMokoHcepBupoBaHus. OnpeaeneHbl onTUMarbHble YCIOBUSA KPYOKOH-
CepBMPOBaHNS OPOXKEBBIX KNETOK: CKOPOCTb oxnaxaeHus 1 rpaa/mMviH B anbrmHatcogepallumx KprosalmnTHbIX cpedax (KnsHecno-
cobHocTb kneTok (90,79 + 2,01)% — B pacTtBope 1%-ro anesruHata Hatpusa u (88,11 + 1,75)% — B komOuHauum 5%-ro AMMeTUnICynb-
dokenpa (AMCO) n 1%-ro anbrmHaTta Hatpus). MeTogoM KPMOMMKPOCKOMUM MOKa3aHo, YTO MPUCYTCTBME B KPUO3ALLMTHOW cpeae
anbryHata HaTpus U3MEeHsIeT XxapaKkTep Kpuctannusauum n cmellaeT 30Hy asoBbiX NepexodoB B obnacTte 6ornee HU3KUX Temnepa-
Typ. Hauyano ¢asoBbix npeBpalleHunin B obpasLax, 3amopoxkeHHbIX B 5%-m pactsope OMCO, pernctpupoBanock npu Temneparype
—-8,5°C, B obpasuax, cogepxawimx 1% anbruHat Hatpus, — npu —16°C, B TPEXKOMMNOHEHTHON CUCTEME, coaepKallein kKoMmbuHauuo
1% anbruHarta Hatpus u 5% OMCO, — npu —15°C.

KnioyeBble cnoBa: KpMOKOHCEPBMPOBaHWE, APOXOKU, anbrMHaT HaTpKs, XXU3HECNOCOBHOCTb, KPUOMUKPOCKOMMS.

Pedbepart: Y poboTi gocnigkeHo BNNvB anbriHaTy HaTPilo Ha XUTTE3AATHICTb i KIHETUKY (Da30BMX NEpPEeTBOPEHb Yy CYCMeHsii Kni-
TUH Saccharomyces cerevisiae B npoLecCi KpiOKOHCepBYBaHHA. BusHayeHo onTMManbHi YMOBM KPiOKOHCEPBYBAHHSA OpPiKOXKO-
BUX KNITUH: LIBWAKICTb OXOMOMXEHHS 1 rpag/XxB y Kpio3axmCHUX CepefoBMLLax, WO MICTATb anbriHaT HaTpilo (KUTTE3QATHICTb
KnituH (90,79 + 2,01)% — y po3unHi 1%-ro anbriaty HaTtpito Ta (88,11 + 1,75)% — y kombiHauii 5%-ro gumetuncynbdokcnay
(OMCO) ta 1%-ro anbriHaTy HaTpito). MeTogom Kpiomikpockonii Moka3aHo, Lo MPUCYTHICTb Yy KPiO3axMCHOMY CepeaoBULLI anbri-
HaTy HaTpilo 3MIHIOE xapakTep KpucTanisauii Ta 3millye da3oBi nepexoan y 30Hy Binbll HU3bKMX Temnepatyp. [MovaTok dha3oBux
nepeTBOpeHb Yy 3paskax, 3amopoxeHux B 5%-my posumHi IMCO, peectpyBaBcs npu Temnepatypi —8,5°C, y 3paskax, Wwo MicTATb
1% anbriHaty HaTpito, — npu —16°C, y TPUKOMMOHEHTHIN CUCTEMI, Aka MICTUTb KOMBiHaLito 1% anbriHaTy HaTpito i 5% JAMCO, — npn —15°C.

Knto4yoBi crnoBa: KpiokOHCEepBYBaHHS, APDKIKI, anbriHaT HaTPIlo, XUTTE3AATHICTb, KPIOMIKPOCKOTIS.

Abstract: The effect of sodium alginate on the viability and kinetics of phase transformations of Saccharomyces cerevisiae
cells during cryopreservation was investigated. There were determined the optimal conditions for yeast cell cryopreservation
such as: the cooling rate of 1 deg/min in alginate-containing cryoprotective media (cell viability of (90.79 + 2.01)% and (88.11 %
+ 1.75)% in solution of 1% sodium alginate and in combination of 5% dimethyl sulfoxide (DMSQO) and 1% sodium alginate, respec-
tively). Using cryomicroscopy, the presence of sodium alginate in cryoprotective medium was shown to change the crystallization
performance and to shift the phase transition zone towards lower temperatures. The beginning of phase transformations in
the specimens, cooled in 5% DMSO solution was recorded at —8.5°C, in those, containing 1% sodium alginate and in a three-
component system, comprising the combination of 1% sodium alginate and 5% DMSO, it was found at —16 and —15°C, respectively.

Key words: cryopreservation, yeast, sodium alginate, viability, cryomicroscopy.

B nacrosiiee Bpems pa3padoTaHO MHOKECTBO Pas-
JMYHBIX METOJOB JOJITOCPOYHOTO XPAHEHUS MHUKPO-
OPraHU3MOB, 00ECIIEUHBAIOIINX COXPAHCHHUE UX JKU3-
HECITIOCOOHOCTH, TEHETHYECKONH M (DEHOTUITHIECKOI
cTabunbpHOCTH. Bee cymecTByrolye Ha JaHHBINH MO-
MCHT MCTOAbI KOHCCPBHUPOBaHNA OCHOBAHLI Ha IIC€PE-
BOJI€ KJIETOK B COCTOSIHME aHaOuo03a, IMpU KOTOPOM
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To date there are many different methods for
long-term storage of microorganisms, ensuring the
preservation of their viability, genetic and phenotypic
stability. All the existing preservation techniques
are based on cell transition into anabiosis, when the
viability and biological properties of microorganisms
are preserved due to inhibiting metabolic and

physiological processes. The cryopreservation of
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CBOICTBA MHUKPOOPIaHM3MOB 33 CYET TOPMOXKCHUS
METa0O0IMYECKUX W (PU3UOJOTHUSCKUX MPOIECCOB.
[Ipu KpHOKOHCEPBUPOBAHUH MUKPOOPTAHHU3MOB
OOBIYHO HWCITONB3YIOT Cpely KyJIbTHBUPOBAaHUS C
MO0AaBICHNEM pa3JIMYHBIX KPHOTPOTEKTOPOB, BIIH-
SFOINMX Ha KPUCTAJUTM3AIIMOHHBIE MPOIECCHl M CTa-
OWIM3UPYIONTUX ITUTOTUIA3MATHICCKYI0 MEMOpPaHy U
KJIETOYHYIO CTEHKY [3, 4]. OnnHako, HECMOTps Ha Oec-
CHOPHYIO TMPAKTHYECKYI0 3HAYMMOCTH TPaJUIHOH-
HBIX METOJIOB KPUO3AIIMTHI, [10 HAILIEMY MHEHHUIO, OHU
HUMEIOT Psijl OTPAaHUYCHU. DTO CBSI3aHO, MPEXK]IC BCE-
ro, C TeM, YTO MUKPOOPTaHU3MbI ITUPOKO HCIIOJb3Y-
IOTCsI B OMOTEXHOJIOTUYECKUX IMPOLIECCax, MUIMICBON
u ¢dapMareBTHYSCKON TPOMBIIIICHHOCTH. [IpucyT-
CTBHUE K€ KPHOIPOTEKTOPOB C JIOCTATOYHO BBICOKON
KPUO3aIIUTHOW aKTUBHOCTHIO, HEOOXOAUMOU s
MpEeIOTBpAIlEHUs] HETaTUBHBIX MOCIEACTBUN (ha3o-
BbIX IEPEXOJIOB «BOAA—>JIEA—>BOAA» IIPU OXJaXK-
JIEHUHU-OTOTPEBE KIIETOK, HEIeIecooOpa3Ho u3-3a
TOKCHUYHOCTH WJIM HEBO3MOXKHOCTH Y/IAJICHUS B KOH-
[Ie TEXHOJOrHYeCcKoro nukia. [loatomy ocolyro ak-
TyaJbHOCTh Ha COBPEMEHHOM 3Talle MPUOOPETaroT
HU3KOTEMITEPATyPHbIE TEXHOJIOTHH 0€3 MCIIOJIb30Ba-
HUSI TPAJIUIIMOHHBIX KPUOIIPOTEKTOPHBIX CPEJT MU pa3-
paboTKa CrIocOOOB CHWKEHUSI KOHIICHTPALUH TOKCH-
YECKUX KPUOMPOTEKTOPOB ITyTEM BBEICHUSI B CPEIIbI
MOJIMCaxapu0B MPUPOIHOTo npoucxoxkaenus [1, 20].
Oco0oe BHUMaHHE CpPeIu TaKoro Pojia BEHIECTB 3a-
CIIy’)KWBaeT ajbIWHAT HATpHUs Onaromaps CBOUM
YHHUKQJIBHBIM cBoiicTBaM [11, 12], ogHUM U3 KOTO-
PBIX SIBISIETCS] CTOCOOHOCTH 00Pa30BHIBATE MTPH HU3-
KMX KOHIICHTPAIUAX BBICOKOBS3KHE KOJIJIOUIHBIC
pacTBOpbl. Bo3pacraHue NpPUBEIACHHON BSI3KOCTU
npu pa30aBiICHUH PACTBOpA MOJIUIICKTPOJIUTA BbI-
3BAaHO TaK HAa3bIBAEMBIM ITOJIUAJICKTPOJIUTHBIM Ha-
OyXaHUeM, T. €. YBSJIIMYCHHEM O0beMa M COOTBET-
CTBEHHO JIMHEHHBIX Pa3MEPOB MaKpPOMOJIEKYISPHBIX
KIIyOKOB W3-3a2 YBEIMUYEHHS AIIEKTPOCTATHYSCKOTO
OTTAJIKUBaHMs OJHOMMEHHO 3apsDKEHHBIX 3BEHBEB
uenu [5]. AnbruHar HaTpusl MMOJBEpKeH Omojerpa-
A, HETOKCHYEH, He o0JajaeT aHTUTEHHBIMHU
CBOMCTBaMH, HE OKa3bIBAaET HETaTUBHOTO BIHSHUS
Ha OMOIIEHO3BI YelloBeKa M YKMBOTHBIX. MIMMOOMITH-
30BaHHBIC B I'CJIEBBIX HOCHUTEISX MHKPOOPTaHU3MBI,
B YAaCTHOCTH APOXKKH Saccharomyces cerevisiae, u-
POKO HCIOJIB3YIOTCS B MEAMIIMHE, BETEPUHAPHHU, a
TaKKe JUIS PEIICHUs KOJIOTHYeCKUX mpodiiem [16].
OHOBPEMEHHO JPOXOKH — YIOOHAsT MOJIENb ISl HC-
CJICJIOBaHUN B KPUOOHMOJIOTHH, MOCKOJIBKY, OHU SIB-
TSSICh HU3IIMMU DYKapUOTaMH, YAOOHBI U TIPOCTHI IS
KyJBTHBHPOBAaHUS W TPOBEACHUS SKCIEPUMEHTOB.
Bo03MOXHOCTh WCIIONIB30BaHUS PAacTBOpa albruHarTa
HaTpusi JUIA TIOBBIIICHUS YCTOWYMBOCTH KIIETOK
MHUKPOOPTaHU3MOB K XOJOZOBBIM BO3IEHCTBHSIM K
HACTOSIIIEMY BPEMEHH HCCIIeJ0BaHa HEJOCTATOYHO.
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microorganisms is usually performed in the culture
medium, supplemented with different cryoprotec-
tants, affecting the crystallization processes and sta-
bilizing cytoplasmic membrane and cell wall [3, 4].
However, in spite of an indisputable practical signi-
ficance of the standard cryoprotective methods, we
believe they have some limitations. First of all, this
is due to a wide use of microorganisms in biotech-
nological processes, food and pharmaceutical indust-
ries. The presence in the medium of cryoprotectants
with a high cryoprotective activity, being necessary
to prevent negative consequences of the 'water—>
ice—>water' phase transitions during cell cooling-
warming, is inexpedient because of either toxicity or
impossible removal after completing technological
cycle. In this context, either low temperature techno-
logies free of the standard cryoprotective media or
finding the ways to reduce the concentration of toxic
cryoprotectants via introducing polysaccharides of
natural origin into the media, are topical in current
cryobiology [1, 18]. Among these substances of spe-
cial attention is sodium alginate due to its unique
properties [19, 20], one of which is the capability
to form the high-viscosity colloidal solutions at low
concentrations. A rise of the normalized viscosity
when diluting the polyelectrolyte solution is caused
by so-called polyelectrolyte swelling, i. e. an increase
in the volume and, correspondingly, the linear di-
mensions of macromolecular coils due to enhan-
cement of electrostatic repulsion of the like-charged
chain links [6]. It is known that sodium alginate
is biodegradable and non-toxic substance, having nei-
ther antigen properties, nor negative effect on human
and animal biocenoses. The microorganisms, immo-
bilized in gel carriers, particularly the yeast S. cere-
visiae are widely used in medicine, veterinary, as
well as in environmental protection [11]. Herewith
the yeast cells are convenient model to study in cryo-
biology, since as the lowest eukaryotes, they are easy-
to-use for culture and experiments. The possibility
to use the sodium alginate solution for increasing
the microbial cell resistance to cold exposures has
been poorly studied to date.

The research aim was to study the kinetics of
phase transformations during cooling-warming of
the yeast Saccharomyces cerevisiae cells in cryopro-
tective media, containing sodium alginate and dimet-
hyl sulfoxide.

Materials and methods

The research object were the yeast S. cerevisiae
cells, strain LO-2, obtained from the R&D Institute
of Bakery Industry (St. Petersburg, Russia). The
yeast cells were cultured according to the standard
technique in unhopped beer wort (8°B) at 30°C with
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Lenb paboTbl — CpaBHUTEIBHOE M3yUYCHUE KHHE-
TUKU (Da30BBIX MpPEBpAILCHUH B IpoLecce OXJIaxK-
JCHUA-0TOTPEBa KIETOK Jpoxked Saccharomyces
cerevisiae B KPHUO3ALIUTHBIX Cpelax, COAEPIKaIINX
aJIBIMHAT HATPUS U KPUOIIPOTEKTOP AMMETHIICYJIb-
(hoxcu.

MarepuaJibl 1 METOIbI

OOBEKTOM HCCIIEOBAHNS CITYKUIIN KISTKH APOXK-
ket S. cerevisiae, mramm JIO-2, moTydeHHBIA U3
PHHUU xneGonekaproii npombiiuieHHOCTH (T. CaHKT-
[TetepOypr, Poccust). JIpoxoku KylnbTHBHPOBAIN T10
CTaH/IAPTHOM METOIUKE B HEOXMEJICHHOM ITHBHOM
cycie (8°b) mpu 30°C c¢ adpanumeit no Havama
crauuoHapHoil ¢asel pocra [7]. B kauectBe
Cpel CyCIIEHAMPOBAHUS JJISl KIIETOK WCIIOIH30BaJIH:
rpynma | — IUCTHIUTMPOBAaHHYIO BOAY; Tpymnma 2 —
1%-1i pacTBOp anmbruHaTa HaTpus; rpymma 3 — 5%-i
pactBop gumeTwicyabdokcuna (AMCO); tpym-
na 4 — AByXKOMITOHEHTHBIN pacTBOP, COAEp KaITUi
1% anprunara varpus u 5% JAMCO. Bo Bcex Bapu-
aHTax SKCIEPUMEHTOB PACTBOPHI allbIMHATA HATPHS
(«FarmaSinoy», Kurait) u JIMCO («/luasM», Poc-
CHsl) TOTOBWJIM Ha JUCTUIUIMPOBaHHOW Boje. Koneu-
Has koHneHtpauus JIMCO coorercTBOBasna 5%,
ansrunara Harpus — 1%. KoHuenTtpanus cycrneH3uu
KJIETOK BO BCex oOpasiax cocrapisiia 2,5x 108 ki/m.

OO0pasubl B KpHOTMPOOWpPKAX IMIMHAPUIECKOM
(hopmsr ¢ pabounm oobemom 1,8 mut («Nuncy, CLIA)
OXJTAKIAIH co ckopocTsmu 1; 5; 10 m 15 rpan/mun mo
—40°C ¢ mocnaenyomuM IepeHOCOM B KHUAKUHN a30T,
a TaKkKe METOIOM IPSIMOIO MOTPY)KEHUSI B SKUIKUN
a30T C HEKOHTPOINPYEMOH CKOPOCTHIO OXJIAXKICHUSI.
OO0pasibl OTOrpeBalid Ha BOJSHOW OaHe NpU TeMIIe-
patype 37°C.

JKusHecriocoOHOCT ApoXken S. cerevisiae olie-
HUBAJIU 1O CIIOCOOHOCTH 0Opa30BBIBATH MaKPOKO-
JIOHWW Ha TIOBEPXHOCTH arapu3oBaHHBIX cpen («4a-
meuHslin» Metox Koxa). KonTposem ciyxunu kineTku
S. cerevisiae, He TIOIBEPTHYTHIE OXJIAXKIEHUIO-OTOT-
peBy.

MeTtonoM KpHOMHUKPOCKOIIHH [9] B cpaBHUTEIH-
HOM acleKTe OBIITH U3yYEeHBI 0COOEHHOCTH (ha30BOTO
repexoqa «Boma—>JIea—Boma» U (popMupyromeics
KPUCTAJJIMYECKOW CTPYKTYPhI B YETHIPEX TIpyIIax
oOpa3ioB: rpymmna 1 — 1%-it pacTBop ajbruHara Ha-
TpHst 03 KIIETOK JIpOXIKeit S. cerevisiae, rpynisl 2, 3
1 4 COOTBETCTBOBAJIM ITPUBEICHHBIM BBIIIIE.

OO0pasubl B BUJIC KAalld HAHOCWIU Ha MPEIMET-
HOE CTEKJIO pabouell KaMephl KpUOIPHCTaBKH. 3a-
TeM 0o0pa3sel] MOKPHIBATH MOKPOBHBIM CTEKIIOM IS
WCKITIOYEHUS BBICBIXaHHUS W TONYyYEHHUS TOHKOCIIOH-
HOTO TIpemnapara, TO3BOJIIONIET0 MOJYYUTh YeTKOe
n300pakeHre Ha TMpocBeT. OOpa3isl  OXJIaKIalH
co ckopocThio | Tpam/mMuH mo temmeparypsl —40°C
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aeration till the stationary growth phase onset [7].
As the suspension media for cells we used the fol-
lowing solutions: distilled water for group 1; 1%
sodium alginate solution for group 2; 5% dimethyl
sulfoxide (DMSO) for group 3; two-component so-
lution, containing 1% sodium alginate and 5% DMSO
for group 4. In all the experiment variants the so-
dium alginate solutions (FarmaSino, China) and
DMSO (Dia-M, Russia) were prepared with distilled
water. The final concentration of DMSO and sodium
alginate was 5 and 1%, respectively. The concent-
ration of cell suspension in all the samples was
2.5x10® cells/ml.

Samples in 1.8 ml cryogenic vials (Nunc, USA)
were cooled with 1; 5; 10 and 15 deg/min rates down
to —40°C, followed by transfer into liquid nitrogen,
as well as by a direct immersion into liquid nitrogen
with uncontrolled cooling rate. The samples were
warmed in water bath at 37°C.

The viability of yeast S. cerevisiae was assessed
by the capability to form macrocolonies on sur-
face of agarized media (Koch plating method). The
S. cerevisiae cells, not subjected to cooling-warming,
served as the control.

The cryomicroscopy [14] was used to compara-
tively study the features of the 'water—ice—>water'
phase transition and forming crystal structure in 4
groups of samples: group 1 — 1% sodium alginate
solution free of yeast S. cerevisiae cells; groups 2, 3
and 4 corresponded to the mentioned above.

Drop-sized samples were applied to a slide of
the working chamber of a cryodevice. The sample
was then coated with a cover glass to prevent drying
and obtain a thin layer, which made it possible to
obtain a clear image in trassmitted light. The samples
were cooled with 1 deg/min rate down to —40°C
till observing the visible changes in crystal structure
and then warmed with 1 deg/min rate. In order to
record the phase transition, kinetics of crystallization
and melting processes in the samples, the DCM-300
eyepiece camera was used in photo and frame-by-
frame video mode, recording with either 1 frame per
5 seconds or 1 frame per 3 seconds rate, herewith
each subsequent frame corresponded to a decrease
(increase) of temperature in the working chamber of
cryomicroscope by 0.08 or 0.05°C.

The findings were statistically processed with the
Student method using the Excel software (Microsoft,
USA).

Results and discussion

In terms of chemical composition, the alginates
are polysaccharide polymers from the interconnected
residues of -D-mannuronic and a-L-guluronic acids.
During gel formation, the polysaccharide chains are
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70 3aBEepLICHUS] BUAMMBIX HM3MEHEHHH KpUCTaJUIU-
YECKOU CTPYKTYPBI M 3aTEM OTOIPEBAIIH CO CKOPOCTHIO
1 rpag/muH. Peructpanuio ¢azoBoro nepexona, KuHe-
THUKHU TIpolecca KPUCTAJUIM3ALUUK U IUIaBIeHHUS 00-
Pa3LoB OCYLIECTBISUIN C MCIIOIb30BAaHUEM BHJICOKA-
Mepbi-okysipa DCM-300 (Kuraii) B pexxume ¢oto-
1 MOKAaJPOBOH BUAEOCHEMKH CO CKOPOCThIO 1 Kazp
yepe3 5 ¢ WM co cKopocThio 1 Kamp vepes 3 ¢, mpu
9TOM KaXKJIBIA MMOCIIEAYIONNI KaJp COOTBETCTBOBA
CHIKCHHIO (TTOBBIMICHUIO) TEMIIEpaTyphl B pabodeit
kamepe kpuoMmukpockona Ha 0,08 win 0,05°C.
[Tony4eHHbIE pe3ybTaThl CTATUCTHYECKH 00paba-
ThIBaJIM 10 MeToay CThIOEHTa C TPUMEHEHNEM KOM-
neroTepHoil mporpamMmel «Excel» (Microsoft, CILIA).

Pe3yabTarnl M 00cyxaeHHe

XWMUYECKH aJIbTMHATHI MPEICTABISIFOT COOOM TI0-
JUcaxapuHble TOJIMMEpHl U3 ocTatkoB [B-D-man-
HYpOBOM M 0-L-TyllypoHOBOM KHCJIOT, COEIUHEH-
HBIX MeXay coboil. Ilpn oOpazoBanum remnst cHadana
MOJTUCaXapyuIHbIE IIETIOYKH COCTUHSIOTCS MEXAY
co00if BOJIOPOJHBIMH MOCTHMKaMH, a 3aTeM 3TH Iie-
MOYKH, CBS3BIBASCH C MOHAMH METaJIOB, 00pa3yioT
SYEHCTYIO CTPYKTypy. DopmupoBaHHe MOJ0OHOI
CTPYKTYPBI MPOUCXOIUT 32 CUET 0Opa3oBaHMs HOH-
HO-KOOP/IMHAIIMOHHBIX CBSI3€H MEXAy KapOOKCHIIb-
HBIMU U TUJIPOKCUIBHBIMHU TpyHIamMu MUPAHO3HBIX
LUKIIOB 0-L-TyTypOHOBOM KHCIIOTBI, COCETHUX MOJIU-
MEpHBIX Llened U ero MoHOB Metaya. Ilockonbky
aJIbIMHAT HATPUsl SIBISLICH TETEPONOIHCAXaPUAOM,
a €ro CBOMCTBA ONPENEISIOTCS, IPEXKIE BCEro, COOT-
HOIIIEHUEM TIOJIMMEPHBIX Iierel octarkoB B-D-man-
HypoBOW KuCIOTH (M-0110K) U OoCcTarkoB o-L-ryiy-
ponoBoii kucioThl (G-0510k). CopepkaHue U OTHOCH-
TenpHas umHa (G-0JIOKOB SIBIASIOTCS BaXKHEUIIMMU
KpUTEpHAMH Haubojee LEHHOTO CBOWMCTBA allb-
THHATOB — CIIOCOOHOCTH K reyieo0pazoBanuto. biou-
HBIM COCTaB ONpEAEseT U JAPYrHe XapaKTepUCTH-
K{ aJbI'MHATOB, BKJIFOYAsi OMOJIOTHYECKYIO aKTUBHOCTD
U CIOCOOHOCTh K KOMILIEKCOOOPA30BaHUIO C TIPO-
THUBOTIOJIOKHO 3apsDKeHHBIMH OnononuMepamu. c-
MTOJIb30BaHME AJIbIMHATOB B KPHOOMOJIOTHH OCHOBA-
HO Ha TOM, YTO aJIbTHHATHBIN Telb TePMHYECKA HE00-
paTtuM, BBIIEPKUBACT OXJIAXKICHUE, 3aMOPAKUBAHNE
Y COXpaHSET CBOM CBOICTBA MTPHU OTOTPEBE.

Hcxons m3 BBIIIEU3I0KEHHOTO Ha MEPBOM 3Tare
paboThl OBUIO TPOBEACHO CPABHUTEIBHOE M3YUYCHHUE
BIMSHUSI KpPUO3AIUTHBIX CpEJl, B COCTaBe KOTOPBIX
COIEpPKUTCS aJbTMHAT HATpUs M KPUONPOTEKTOP
AMCO, a Takke CKOPOCTEeH OXJIaKICHUSI HA KU3HE-
CIIOCOOHOCTB KIIETOK S. cerevisiae TOCIe JEKOHCEP-
BupoBaHus. IlonydyeHHbIE pe3yabTaTbl MPUBEACHBI
Ha puc. 1.

YcTaHOBIIEHO, YTO JKU3HECTIOCOOHOCTD JIEKOHCEP-
BHPOBAaHHBIX KJIETOK S. cerevisiae IPU OXJIXKACHUN
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Puc. 1. )KnsHecnocobHoCTb KNETOK S. cerevisiae nocre ox-
naxaeHus ¢ pasnuMyHbIMU CKOPOCTAMM B cpeaax, Coaepxa-
wmx 1% anbruHata Hatpusa n 5% OMCO, nocneaytowero
oTorpesa: 00 — AUCTUNMPOBaHHas Boga; M — 1% anbruHaTa
HaTpus; = — 5% OMCO; m — 1% anbruHarta Hatpusa u 5%
OMCO; * — pasnuumsi cTaTUCTUYECKN 3HAYNUMbI MO OTHOLLIE-
HUIO K OPYTMM CKOPOCTSAM OXNaxkaeHus; # — No OTHOLUEHWIO
k rpynne 3 (p < 0,05).

Fig. 1. Viability of S. cerevisiae cells after cooling with dif-
ferent rates in the media, containing 1% sodium alginate
and 5% dimethyl sulfoxide and subsequent warming: O —
distilled water; m — 1% sodium alginate; = — 5% DMSO;
B — 1% sodium alginate and 5% DMSO; * — differences
are statistically significant with respect to other cooling
rates; # — in respect to group 3 (p < 0.05).

first joined together by hydrogen bridges, then these
chains bind metal ions and form a cellular structure
due to the appearance of ion-coordination bonds
between carboxyl and hydroxyl groups of pyranose
cycles of a-L-guluronic acid of neighbouring poly-
mer chains and metal ions. Since the sodium al-
ginate refers to heteropolysaccharides, its properties
are primarily determined by the ratio of polymer
chains of the residues of B-D-mannuronic acid (M-
block) and those a-L-guluronic acid (G-block). The
content and a relative length of G-blocks are the
most important criteria for the most valuable pro-
perty of alginates, i. e. the capability to gel forma-
tion. Block composition determines many other cha-
racteristics of alginates, including biological activity
and capability to complex formation with the op-
positely charged biopolymers as well. The use of
alginates in cryobiology is based on the stability of
alginate gel to cooling, freezing and preservation
of its properties during thawing.

Proceeding from the mentioned above, at the
first stage we comparatively studied the effect of
cryoprotective media, containing sodium alginate
and cryoprotectant DMSO, as well as cooling rates

215



€O CKopocTsAMHU | U 5 rpag/mMuH B 3aIIMTHOH cpene,
copepxkameit 1% anprunara Hartpust (rpynma 2),
3HAaYMMO HE OTIMYACTCS OT MXU3HECIOCOOHOCTH
KJIETOK B oOpasuax, copepxamux 5% JMCO (rpyn-
na 3). Ilpu oxnaxneHun oOpasLOB CO CKOPOCTHIO
10 rpan/MuH mOKa3aTenu )KU3HECITOCOOHOCTH IEKOH-
CEPBUPOBAHHBIX KJIETOK CYIIECTBEHHO CHIDKAKOTCS
B rpynmax 2 (1% ansrunara varpus) u 4 (1% anpru-
Hata Hatpus U 5% JIMCO), ogHako OHU BBIIIE, YEM
B rpymme 3 (5% JAMCO). [Ipu oxnaxxaeHnn obpas-
LIOB CO CKOPOCTBIO 15 Tpaji/MUH KU3HECITOCOOHOCTh
JNEKOHCEPBUPOBAHHBIX KJIETOK BO BCEX YETHIPEX
rpynmnax pgocruraer 3HadeHud Hmxke 20%. Takum
o0pa3zoM, Hamboyiee BBICOKME TIIOKa3aTesid >KU3HE-
CIOCOOHOCTH JIEKOHCEPBUPOBAHHBIX KIETOK IOJY-
YeHbl NpPU OXJAXKAECHUH OOPa3LOB CO CKOPOCTHIO
1 rpag/MuH B rpynmnax, coAepiKalux B KpHO3aIINT-
HOW cpene anmpruHaT Hartpus: rpymma 2 — (90,79 +
+ 2,01)%, rpynna 4 — (88,11 + 1,75)% [10]. IIpo-
BCJICHHBIN aHaIM3 pe3ylbTaTOB TO3BOJIMII CJIENATh
BBIBOJI O TOM, YTO PacTBOp aJbI'MHATAa HATPHS CaMm
o cebe 00yaaeT BHICOKUMH KPHOTIPOTEKTOPHBIMH
CBOMCTBaMU.

Jiist BBIACHEHHSI BO3MOKHBIX MEXaHHU3MOB KpHO-
MIPOTEKTOPHOTO ICHCTBUS albI’MHATa HATPHsI Ha BTO-
poM sTare ObUI0 HE0OXOIUMO ONpEeAETUTh 0COOCH-
HOCTH (ha30BOTO MEpexofa «Boxa—>Jeq—>BOAa» B
AJIBIMHATCOACPKALIMX KPUOMPOTEKTOPHBIX CPeaax.
W3BecTHO, 9TO TIpH pa3paboTKe A(P(HEKTUBHBIX CITO-
CcO00OB KPHUOKOHCEPBUPOBAHMUS HEOOXOAMMO YUWTHI-
BaTh, NPEXAE BCEr0, IPOLECCH], CBA3aHHbIE C (a-
30BBIMH TPEBPAICHUSMHU, MPOUCXOMANUMU TPH
3aMOpaXMBAHUKM B KPHOIPOTEKTOPHBIX PACTBOPAX.
B wactHOCTH, 3TO (hOpMHpOBaHHE KaHAJIOB M BKIIIO-
YEHUH C BBICOKOKOHIICHTPUPOBAHHBIMHU IKHJIKUMH
(dpakuusMH, B KOTOPbIC BBITECHSIOTCS KICTKH IPH
MPOIBMKEHHH (DPOHTA POCTa KPUCTAIIIOB Jibjaa [0,
14, 15, 18, 19].

MeTonoM KpUOMUKPOCKONIMHM HaMH Oblia H3yye-
Ha KHHETHKa (a3oBBIX MpEBpallleHUH B mpouecce
OXJIAKICHUSA-0TOTPEBA CYCIEH3UN APOXKIKEBBIX KJle-
TOK B MCCJIEyEMbIX KPHO3AIUTHBIX cpenax. JlaHHbIi
METOJl MO3BOJIMJ BU3yaJbHO OLIEHUTh OCOOEHHOCTH
(hopmupyromencs KpUCTAIIMYECKOW CTPYKTYpHI, a
TaKKe KHHETHKY pOCTa KPUCTAIUIOB JIbJa, dKCIIEPH-
MEHTAaJIbHO YCTAaHOBHTH M 00OCHOBATH ONITUMAJIbHBIE
yCIIOBUSI, 00eCneYnBalOINe MaKCUMAaIIbHYIO COXpaH-
HOCTh U3y4aeMOro OHoJiornyeckoro oobekra [13, 17].

Ha puc. 2 npeacraBieH npouecc OXJIaKACHUS U
otorpesa 1%-ro pactBopa anbruHara Harpus. B me-
JSX WACHTU(UKALMK TOJISl 3pCHUS] B JaHHBIA pac-
TBOP OBUIM BHECEHBI KPUCTAIMKK HOAUCTOTO cepe-
Opa (AgJ). B cBs3u ¢ 3THM BU3yalIbHO B TOJIE 3PEHUS
oOpazer] ObUT ycessH KpucTaluimkamu Agl pasHoro
pasmepa. Ilpu oxmaxnennn 1%-ro pacTBOpa anbru-
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on the viability of post-cryo S. cerevisiae cells. The
findings are shown in the Fig. 1.

The viability index of post-cryo S. cerevisiae
cells during cooling with 1 and 5 deg/min rates in a
protective medium, containing 1% sodium alginate
(group 2), was established as not significantly dif-
fering from that in the samples with 5% DMSO
(group 3). In case of cooling the samples with 10 deg/
min rate, the viability indices of post-cryo cells were
significantly reduced in groups 2 (1% sodium algi-
nate) and 4 (1% sodium alginate and 5% DMSO),
but they were higher than in group 3 (5% DMSO).
When the samples were cooled with 15 deg/min
rate, the viability of post-cryo cells in all four groups
reached the values below 20%. Thus, the highest via-
bility indices of post-cryo cells were obtained using
cooling with 1 deg/min rate in the groups, containing
sodium alginate in cryoprotective medium, i. e.:
group 2 —(90.79 +2.01)%; group 4 — (88.11 £ 1.75)%
[17]. The analysis of the findings enabled conclu-
ding that the sodium alginate solution itself posses-
sed high cryoprotective properties.

At the second stage, in order to elucidate the pos-
sible mechanisms of a cryoprotective action of sodium
alginate, it was necessary to determine the features
of the 'water—>ice—>water' phase transition in the
alginate-containing cryoprotective media. It is known
that when designing the efficient methods of cryo-
preservation, first of all it is necessary to consider
the processes, associated with phase transforma-
tions, occurring during freezing in cryoprotective solu-
tions. In particular, one of these processes is a forma-
tion of channels and inclusions filled with highly
concentrated liquid fractions, whereto the cells are
displaced when the growing front of ice crystals mo-
ves [8-10, 15, 16].

Using cryomicroscopy we studied the kinetics of
phase transformations for cooling-warming of the
yeast cell suspension in the studied cryoprotective
media. This method enabled a visual assessment of
the features of emerging crystal structure, as well as
the kinetics of ice crystal growth, to experimentally
establish and substantiate the optimal conditions,
ensuring the maximum preservation of the biological
object under study [5, 12].

The Fig. 2 shows cooling and warming of 1%
sodium alginate solution. Small crystals of silver
iodide (AgJ) were introduced into this solution to
identify the field of view. Thus the field of view of
the sample was covered with AgJ crystals of diffe-
rent sizes. When 1% sodium alginate solution was
cooled, the suspended AgJ particles were in motion,
which made obstacles to record a clear picture down
to —6.0°C (Fig. 2A), when the gel formation process
in the sample was apparently completed. Within the
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Puc 2 I'Ipouecc OXJ'Ia>KAeHVIF| OTorpeBa 1% ro paCTBopa

Av‘\'

anbruHarta Hatpus: A — KOHTpOJ‘Ib B-|T=

.

~9.2°C; C -

|T=-22°C; D -|T=-40°C; E- 1 T=-15°C; F— 1 T=-7.5°C; G— 1 T=—4°C; H— 1 T= 20°C, 200 MKM.
Fig. 2. Cooling-warming of 1% sodium alginate solution: A — control; B— | T=-9.2°C; C —|T=-22°C; D —|T= —40°C;
E-1T=-15°C;F-1T=-7.5°C; G- 1 T=-4°C; H -1 T= 20°C, scale bar, 200pum.

HaTa HaTpHs B3BEIICHHBIC B HEM 4YacTUIlbl AgJ Ha-
XOJIMJIUCh B JIBUKCHUH, YTO 3aTPYJAHSIIO PETUCTpPa-
[UI0 YETKOHW KapTHHBI, BILIOTh JO TEMIIEPATypPhl
—6,0°C(puc. 2, A), npu KOTOpOH, MO-BUINMOMY, 3a-
BEpLIMJICS TIpoLiecc TeneodpazoBanusi B obpasue. B
unTepBaie temneparyp —6,0...—9,0°C none 3peHus
ocTaBasioch cTadbmibHBIM. [Ipu Temmneparype —9,2°C
(puc. 2, B) nabmromancs (a3oBbIif TIEpexoq B BHJIES
MT'HOBEHHOTO «BBICHITIAHHS MEJTKOKPUCTAIUTHYECKON
CTPYKTYpPHI, CTpPOEHHE KOTOPOW MMEJIO BHUJ CBOE0O-
pasHOW aXypHOW CETKH, OOpa30BaHHON TOHKUMHU
HUTHSIMH KaHAJIOB.,

I'enu mommuMepoB MpencTaBIgioT co0o nucnepce-
HBIC CCTEMBI C SKUKOM JUCTIEPCHOHOM cpeoi (Bofa),
B KOTOPO# YaCTHIIbI JIUCIICPCHOHOM (ha3bl (IoImumep)
00pa3yloT HEIPEPHIBHYIO TPEXMEPHYI0 MaKpOMOJIe-
KYJSIPHYIO CETKY, BBITIOJHSIIONIYIO pOJIb Kapkaca,
B KOTOPOM ITyCTOTHI 3allOJIHEHBI JMCIIEPCHOHHON
cpenoil. B MecTtax KOHTaKTa 4acTHULIBI AUCIEPCHOM
(ha3bl COETMHEHBI MEXIy COOOW HEMOCPEICTBEHHO
CHUJIAMHA MEKMOJIEKYJIIPHOTO B3aUMOJICHCTBHS WIIN
yepe3 TOHKYIO MPOCIOWKY AucriepcuoHon cpepl. Kax
MPaBHJIO, TAKKE T'EIM BO3HUKAIOT MPH MOHUKCHUU
temneparypbsl. OOpa3oBaHuEe MEIKOKPHCTAJUINYEC-
KOTO JibJia Tipu (hazoBoM repexone B 1%, pactBope
aNbrUHAaTa HaTPUsI MOXKET ObITh 00YCIOBIEHO MMEH-
HO (OPMHUPOBAHHEM IPHU TIelico0pPa30BaHUU TAKOU
TPEXMEPHON MaKpPOMOJICKYJISIPHOW CETKH, KOTOpas
(parMeHTHPYET BOAHYIO (DPAKIUIO U OrPaHUYHUBACT
JIOCTYT MOJICKYJ BOJIbI JUISI aKTUBHOTO pa3pacTaHus
KPUCTAIIJIOB JIBJIA.

[Ipu nanpHelIEM OXJTaXKACHUN Ha (OHE TIEPBHY-
HO 00pa3zoBaBIICHCS KPUCTAIUITMYECKOW CTPYKTYPHI
TOSIBJSTACH TeMHBIE 0OpaszoBanus (puc. 2, C), pas-
Mep KOTOPBIX 110 MEPEe CHUKEHHUS TEMIICPATyphbl YBE-
JIMYUBAJICS, YTO OJTHO3HAYHO MTO3BOJISIIIO OTIIMYHTH UX
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temperature range of —6.0 ...—9.0°C the picture re-
mained stable in the field of view. At -9.2°C (Fig. 2
B) there was observed a phase transition in the form
of an instant «spilling» of a specific fine-crystalline
structure, the structure of which was a kind of mesh
made of thin strand like channels. This is probably
due to the peculiarities of a spatial structure of sodium
alginate molecule, consisting of the residues of two
uronic acids, being in pyranose form and joined
together by 1,4-glycosidic bonds.

The polymer gels are disperse systems with a
liquid disperse medium (water), where the particles
of dispersed phase (polymer) form a continuous
three-dimensional macromolecular network, acting
as a scaffold, the hollows in which are filled with
a dispersion medium. At the points of contact, the
particles of dispersed phase are connected by inter-
molecular forces directly or via a thin interlayer of
dispersed medium. As a rule, these gels are formed
with temperature decrease. The formation of fine-
grained ice during phase transition in 1% sodium
alginate solution may be stipulated right by forming
a three-dimensional macromolecular network du-
ring gel formation, which fragments an aqueous
fraction and limits the water molecule access for ac-
tive growth of ice crystals.

With further cooling, at the background of
the primary formed crystalline structure the dark
formations appeared (Fig. 2C), the size of which in-
creased with decreasing temperature, that enabled
to distinguish them from AgJ crystals. When the
temperature reached —40°C (Fig. 2D), a crystal struc-
ture generally preserved its morphology, and grains
acquired distinct boundaries, that testified to a con-
tinuous freezing of water fraction during sample’s
cooling. The appeared inclusions were of different
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ot kpuctamnukoB Agl. [Ipu noctrxkennn reMnepary-
pst —40°C (puc. 2, D) kpucrammueckas CTpyKTypa,
B 1IEJIOM COXpaHsisi CBOIO MOP(OJIOTrHIo, mprodperaa
YEeTKHE TPaHUIBI 3€PEH, YTO CBUIETEIHCTBOBAJIO O
HENPEPHIBHOM BBIMOPA)XKMBAaHUM BOAHOW (hpakuuu B
mporecce oxjiaxaeHus oopasua. BozHukime BKIO-
YeHUs UMeNH paznuuHylo (opmy u pasmep. Mel
rojlaraeM, 4To HaOJIoaeMble pa3iIndHOl (OpPMBI U
pa3Mepa BKITIOYEHHUS TPEACTABISIIOT CcO00# BhITEC-
HEHHBII pacTBOp ajbrUHATa HATPHUs C O0JIee BHICOKOH
KOHLIEHTpAIUEH.

Ha srtane ororpesa B MHTEpBajie TeMIEpaTyp OT
—40°C nmo —7,5°C cymiecTBeHHbIE U3MEHEHUSI KPUC-
TAJJIMYECKOH CTPYKTYpBI HE oTMevanuch (puc. 2, E u
F). B unrepsane remneparyp —7,5...—4,0°C (puc. 2,
G) Habmromancsi NpoLEcC NEePecTPOWKH KpHUCTa-
JIMYECKOH CTPYKTYpbI, 0OYCJIOBJICHHBIH pEeKpUCTal-
JIU3alMe, a Takke NPOCBETICHHE U chepyisuus
BKJIIOUEHHMH, OOpa30BaBIIMXCA Ha 3Tale OXJaxie-
Hud. [lpu panpHelneM MOBBILIEHUM TEMIIEpaTypbl
HaOJI0aIMCh NHTEHCUBHOE TUIABJICHHE KPUCTAIIOB
JbJa M PacTBOpEHHE BKIIOUEHHUI, O KOTOPOM CBH-
JIETEIbCTBOBAJIO YMEHBIIEHHE HUX KOJMYECTBa B
nonie 3penust. Ilpu Temmneparype 20°C BusyaiabHOE
cocTosiHue o0pas3na OblI0 MACHTHYHO HCXOAHOMY
(puc. 2, H).

Ha puc. 3 nmpencrasieH nmpouecc oxJaxaeHus u
OTOTpeBa CYyCIIEH3UH KIIETOK APOXoKel S. cerevisiae,
conepsxaiei 1%-i anpruHar HaTpusl.

Ilpu oxnaxjaeHWu KIETOYHOW CYCIEH3UH H3Me-
HSUIOCH T10JI€ 3PEHUSI B PE3yJIbTaTe ABUKCHUS KIETOK
BILJIOTH /10 Temrieparyp Hroke —10°C, 94To cBUAETEb-
CTBOBAJIO O €€ JKUIKOM COCTOSHUH. B oOmactu tem-
niepatypbl —13°C Bu3yaspHasi KapTUHa CTaOMIM3UPO-
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Puc. 3. MNMpouecc oxnaxaeHnsa-otorpesa CycneH3nn knetok S. cerevisiae B 1%-m pactBope anbruHarta

shapes and sizes. We believe that the observed inclu-
sions represent a displaced sodium alginate solution
with a higher concentration.

During warming within temperature range from
—40...—7.5°C no significant changes in crystal struc-
ture were observed (Fig. 2E, F). The rearrangement
of crystal structure, caused by recrystallization, as
well as the enlightenment and spherulation of inclu-
sions, formed during cooling, was observed at —7.5...
4.0°C (Fig. 2G). Further temperature increase caused
an intensive melting of ice crystals and dissolution
of inclusions, evidenced by their decreased number
in the field of view. At 20°C an appearance of the
sample was identical to the initial one (Fig. 2H).

The Fig. 3 demonstrates the phenomena occurred
during cooling-warming of the yeast S. cerevisiae cell
suspension, containing 1% sodium alginate.

During cooling of cell suspension the field of
view changed due to cell movement down to the
temperatures below —10°C, that testified to its liquid
state. Within the temperature range of —13°C, a
picture remained stable, which was probably due to
the gel formation process (Fig. 3A).

At —16°C (Fig. 3B) we observed a simultaneous
progress of several crystallization fronts from the
periphery of the field of view, which were occluded
at —18°C and formed the network of channels. As a
result of phase transition, the sample became a fine
grid, divided into the areas, bounded by the channels
(Fig. 3C). Further temperature decrease was entailed
by narrowing of channels and formation of liquid
inclusions along them, possibly displaced from the
channels. The structural grid was preserved. When
reaching the stabilization temperature of —40°C, the

HaTpusa: A —

KOHTponb; B — | T= -16°C; C — | T= -18°C; D — | T= —40°C; E — 1 T= =15°C; F— 1 T= =7°C; G — 1 T= -4,7°C, H —

1 T=20°C, 200 MKkm.

Fig. 3. Cooling-warming of S. cerevisiae cell suspension in 1% sodium alginate solution: A — control; B— | T=-16°C;
C-|T=-18°C;D- | T=-40°C;E—-1T=-15°C; F—-1 T=-7°C; G- 1 T=-4,7°C, H—- 1 T= 20°C, 200um.

218

npo6nemu kpiobionorii i kpiomeauLMHN

problems of cryobiology and cryomedicine
Tom/volume 28, Ne/issue 3, 2018



Bajach CTaOWJIBHOW, YTO, BO3MOXKHO, OOYCIIOBJICHO
poleccoM reseoopaszoBanus (puc. 3, A).

[Ipu temneparype —16°C (puc. 3, B) u3 nepu-
(depun monst 3peHUs HaOIIOOANOCh IPOIBIXKEHHE
OZHOBPEMEHHO HECKOJIBKHMX KPHUCTAJUIM3ALUOHHBIX
(pOHTOB, KOTOPbIE COMKHYJIHChH IPH TEMIIEpaType
—18°C, obpa3ys ceth kaHanmoB. B pe3ymprare (azo-
BOTO Iepexoja 00paser CTaj MpPeACTaBIsATh COOOH
MEJIKYIO CETKY, pa3/IeJIeHHYI0 Ha OOJlacTH, OTpaHu-
yeHHbIe KaHanamu (puc. 3, C). JlanpHeimee moHu-
KEHUE TeMIIepaTyphbl MPUBOAMIO K CYKCHHIO KaHa-
JIOB U 00pa30BaHMIO BAOJIb HUX JKUJIKUX BKIIOUCHHH,
BO3MOJKHO, BRITECHEHHBIX M3 KaHajoB. CTpyKTypHas
ceTKa coxpansiiach. [Ipu JOCTHKEeHNN TeMIlepaTypsbl
crabummzaru —40°C oOpaserr mpeacTaBisil coO0n
KPUCTAJNTMYECKYI0 CTPYKTYPY C TOHKHMH HHTSIMH
KaHAJIOB MEXy 36pHAMHU H >KUAKUMHU BKIIOUCHUSIMH
passoii hopmsl (puc. 3, D).

Ha stane ororpesa B HHTEpBaje OT TEMIIEPATYPbI
crabmmsarun —40°C mo temmepatypsl —15°C cyte-
CTBEHHBIX U3MECHECHHM B 00pa3Iie He 0TMEJanock. 1o
Mepe MOBBIIIeHNs TeMIieparypsl B 30He —15...—7,0°C
(puc. 3, E) yBenuuuBanuch pa3mepbl U U3MEHsIAaCh
(dopma BKIIIOYCHHH KaK B CTPYKType JibJa, TaKk U B
KaHaJlaX, 00pa30BaBLIMXCS HAa PAaHHUIE MEKAY KpH-
CTaJUIMYECKMMHU 3€pHAMH, OJHAKO HIMPHHA T'PaHU-
1Bl (KaHAJIOB) HE yBenuuuBanach. [Ipu Temneparype
—7,0°C enBa paznuuumasi CeTKa nepecTana Bu3yaiu-
supoBarkcs (puc. 3, F). TemmeparypHbslii HHTEpBaI
MHTCHCUBHOTO IUIABJICHHS KPUCTAJIOB Jibaa —6,5...
—4,7°C xapaKTeph30BajCsl yBEIMUECHHEM OOBeMa
KUAKOH hpakium, chepynsiueil BKIIIOYeHNH B KaHa-
Jlax, a TaKkKe MOSBICHUEM JKUJIKOW (pakiuu B 3aM-
KHYTBIX BKJIFOYCHHUSIX B CTPYKTYpE JIbJia, B KOTOPBIX
OKa3aJiich KIETKU MpH (a30BOM Iepexojie Ha JTare
oxnaxaeHus. [Ipu ganpHEWIEeM IOBBIIIEHUH TEM-
nepaTypsl OCTETNIEHHO YMEHbLIAJCs pa3Mep cepu-
YEeCKHUX BKJIIOYCHUH B *KHIKOH Qpakuun. [lnaBienue
KPHUCTAJJIOB JIbJIa B IIOJIC 3PEHUSI 3aBEPILMIIOCH MIPH
temieparype —3,5°C, OIHAKO >KHUJKHE BKIIIOUCHUS
MIPOJIOJDKAIN PACTBOPSITHCS M IOJHOCTBIO PACTBO-
PWIUCH JUIIH TpH Temmeparype —2,5°C (puc. 3, G).
[locne 3aBepiIeHUS LUKIA «OXJIAKICHUE-OTOTPEBY
mpu 20°C KIIETKH APOXKKEH BOCCTAHOBHIIHM TIEPBO-
HaYallbHBIA 00bEM M MOP(OIOTHYECKH OCTABAIUCH
coxpanHbiMu (puc. 3, H).

Ha puc. 4 npencrasieH mporecc oxJaxJIeHUus U
OTOTpeBa CYCIEH3UH KIIETOK JpOACKel S. cerevisiae,
conepaxkaeit 5% JAMCO. Mcxoanas cycrieH3us npe-
CTaBJsla COOOW TEeTEPOTEHHYIO CHUCTEMY, KOTOpas
COCTOSIa KaK M3 OTHENbHBIX KIETOK Pa3IHYHBIX
pasmepoB (B mpenenax ot 5 go 10 MkM), Tak U KOH-
TAaKTUPYIOLIMX KIJIETOK B BHJE TPYyNIl WIH JIUHEH-
HBIX 1eriouek (puc. 4, A). B cury mManbsix pazmMepos
KJIETKH APOXKeH CBOOOJHO MEpeMEIaIuCh B I10JIe
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sample was of crystalline structure with thin fila-
ments of channels between grains and liquid inclu-
sions of different shapes (Fig. 3D).

During warming no significant changes in the
sample were observed within the range from stabili-
zation temperature of —40°C up to —15°C. With
temperature rise within the range of —15...—7.0°C
(Fig. 3E) the sizes augmented and the shape of in-
clusions changed both inside ice bulk and the chan-
nels, formed at the boundary between crystalline
grains, nevertheless the width of boundary (channels)
remained not increased. A mild grid disapeared at
—7.0°C (Fig. 3F). The temperature range of intense
melting of ice crystals (—6.5...—4.7°C) was characte-
rized by an increased volume of liquid fraction, the
spherulation of inclusions in channels, as well as the
appearance of a liquid fraction in closed inclusions
inside ice, where cells were observed during phase
transition at cooling stage. With further temperature
rise, the size of spherical inclusions in liquid fraction
decreased gradually. Melting of ice crystals in the
field of view was completed at —3.5°C, but the liquid
inclusions continued to dissolve and were comple-
tely dissolved only at —2.5°C (Fig. 3G). After comple-
ting the 'cooling-warming' cycle at 20°C, the yeast
cells restored their initial volume and appeared as
intact ones (Fig. 3H).

The Fig. 4 demonstrates the cooling and warming
processes of the yeast S. cerevisiae cell suspension,
containing 5% DMSO. The initial suspension was a
heterogeneous system, consisting of both individual
cells of different sizes (5—10 pwm) and the cells with
contacts forming groups or linear chains (Fig. 4A).
Having a small size, the yeast cells moved freely in
he field of view, therefore during cooling the picture
was slightly changed. The phase transition in the
sample was observed at —8.5°C from a supercooled
state, as evidenced by an instantaneous filling of field
of view with ice crystals and formation of a branched
network of channels (Fig. 4B).

From a thermodynamic point of view, the state
of polycrystalline structure with a large extent of
boundaries is energetically unprofitable, and there-
fore unstable. In this context, an active process of
recrystallization occurred in the sample (Fig. 4C).
Further growth of extracellular ice crystals proceeded
due to the water fraction incoming from the mother
liquor in channels. The width of channels was noti-
ceably reduced, and DMSO concentration increa-
sed as a matter of course (Fig. 4D). During rearran-
gement of extracellular structure, the yeast cells
occurred in closed liquid inclusions inside ice struc-
ture or were pushed into the channels as well.

During warming the melting of ice crystals
was observed at —25°C, the boundary between the
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Puc. 4. MNpouecc oxnaxaeHns-otorpesa CycneHsumu knetok S. cerevisiae B 5%-m pactsope JMCO: A — KOHTpOnb;
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200 MKMm.

Fig. 4. Cooling-warming of S. cerevisiae cell suspension in 5% solution of DMSO: A — control; B - | T= -8,5°C; C —
1 T=-12°C; D - | T= -40°C; E— 1 T= -25°C; F - 1 T=-15°C; G — 1 T= —-4,6°C; H — 1 T= 20°C, 200um.

3pEHHs, TOITOMY B MPOIIECCE OXJIAXKIICHHS BH3Yallb-
Has KapTHHA HECKOJIbKO MeHsutach. Da3oBblil mepe-
X0l B 00pasiie HaOImonascs pu temreparype —8,5°C
U3 TIEPEOXJIAXIEHHOTO COCTOSHHS, O 4YeM CBHUJe-
TEJILCTBOBAJIM MIHOBEHHOE 3allOTHEHUE MOJISI3PEHHS
KpUCTaJJIlaMH JibJla U (DOPMHUPOBAHHE PA3BETBICH-
HO¥ cetu kaHanoB (puc. 4, B).

C TepMOAMHAMHMYECKON TOYKM 3pPEHHS COCTOS-
HHUE TOJUKPUCTAJUIMYECKON CTPYKTYpbI, UMEIOIIEH
OOJIBIIYI0 MPOTSKEHHOCTh I'PAHHUL, HEPreTUUYECKH
HEBBITOJTHO, & MOTOMY HecTaOWIbHO. B CBsI3U ¢ 3THM
B 00pa3siie npoles akTUBHBIN MPOIIeCcC PEKPUCTAIUIN-
3aruu (puc. 4, C). I[locneayromuii pocT BHEKJIETOU-
HBIX KPHUCTAJIOB JIbJla OCYIIECTBIISJICS 3a CUeT Io-
CTYIUICHHSI BOAHOW ()paKiK U3 MAaTOYHOTO PACTBOPA
B kaHanax. lllupuHa KaHANIOB 3aMETHO yMEHBIIA-
Jach ¥ B HUX 3aKOHOMEPHO MOBBIIIANACH KOHLCHT-
pauusa IMCO (puc. 4, D). B npouecce nepectpoiiku
BHEKJIETOYHOM CTPYKTYpBl KJIETKH IPOXKEH OKa-
3bIBAJIUCh KaK B 3aMKHYTBIX JKHJIKHX BKJIIOYCHHUSX
B CTPYKTYpE JIbJla, TAK 1 OTTECHEHHBIMHU B KaHAJIBL.

Ha srame ororpeBa mpouecc MIaBI€HUS KpUC-
TaJIJIOB JIb/Ia oTMedascs B oomacti —25°C nipu pUKCH-
POBAaHHMHM MCUEC3HOBEHUSI TPAHUIIBI MEXKIy ONHM3KO pac-
MIOJIOKEHHBIMH KaHAJIAMH U UX chusiaueM (puc. 4, E).
JlanpHeillee NOBBILIEHUE TEMIIEPATYPHI COIPOBOXK-
JIaNIoCch yBEJIMUYCHUEM obnacTei skuaKoi ppakuuu. B
00J1aCTH MHTEHCHBHOTO TIIaBJICHUS (MHTEpBaJl TeMIle-
paryp —15,0...-5,0°C) xopomo BHAHO, YTO OCHOB-
Has Macca KJIETOK pacrojarajach B KaHajlaX U B pe-
3yJbTare 00E3BOKMBAHMS MX pa3Mep CYIIECTBEHHO
ymenbmwics (puc. 4, F). Knetku, kotopsie nipu da-
30BOM I1E€PEXO0JIC OKA3AINCh B 3aMKHYTHIX BKJIIOUCHU-
X B KPUCTAITIMYECKOH CTPYKTYpE JibJla, OCTABAJIUCh
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close channels disappeared and their fusion occured
(Fig. 4E). Further temperature rise was accompa-
nied by an increase of liquid fraction areas. Within
the intense melting range (temperature interval
—15.0...-5.0°C) the most cells were seen in the
channels, and as a result of dehydration, their size
decreased significantly (Fig. 4F). The cells, which
occurred during phase transition in closed inclusions
inside an ice crystal, remained in such a state up to
—5.6°C, when the appearance of liquid fraction was
noted in the inclusions. At —4.6°C (Fig. 4G) the
ice crystals virtually disappeared from the field
of view. After completing the 'cooling-warming'
program at 20°C (Fig. 4H), the cell volume was
restored, and no signs of morphological disorders
were present, indicating thereby the yeast survival.

The Fig. 5A demonstrates the cooling and war-
ming of a three-component system, containing the
yeast S. cerevisiae cells, 5% DMSO and 1% sodium
alginate. In this sample, the cell movement in the
field of view was noted down to —15°C (Fig. 5B).
At this temperature, the field of view instantaneous-
ly got a dotted structure as a result of phase transi-
tion, and the yeast cells were larger than these dots.
Next, the process of ice crystal development and
channel network formation followed (Fig. 5C). As
the fronts of growing ice crystal moved forward,
the point formations were displaced into the local
areas (Fig. 5D).

During warming within the range from stabili-
zation temperature of —40°C up to —25°C no visible
changes in the formed structure were noted. But
starting from —23°C (Fig. 5E), the process of disso-
lution of point formations began, which almost en-
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B TaKOM COCTOSIHUH BIUIOTH 0 Temmeparypsl —5,6°C,
IIpH KOTOPOM BO BKJIFOUEHMSIX OTMEUaNOCh MOsBIIE-
Hue >kuakor ¢pakuuu. Ilpu temmeparype —4,6°C
(puc. 4, G) KpUCTAIIIBI JIbJ]A MIPAKTHYECKH UCUE3a-
mn w3 nonsg 3peHus. [locie 3aBeprneHus 3amaHHON
MIPOTPaMMBI «OXJIKICHHUS-0TOTPEBA» TPU TeMIIepa-
type 20°C (puc. 4, H) o0beM KJIETOK BOCCTaHaB-
JUBAJICA, a MPHU3HAKH MOPQOIOTHUECKUX Hapylle-
HUH OTCYTCTBOBAJIM, YTO CBHJICTEIHCTBOBAJIO O CO-
XPAHHOCTH JPOXIKEH.

Ha puc. 5, A mpencraBieH mporecc OXJIaxICHUs
1 OTOTPEBa TPEXKOMIIOHEHTHON CHCTEMBI, CojiepxkKa-
mel KiIeTku Apoxkeit S. cerevisiae, 5% JIAMCO u
1% anerunara Hatpusi. B tannom oOpasue nBmxeHune
KJIETOK B I0JI€ 3pEHUS OTMEUaIoCh BILIOTh A0 —15°C
(puc. 5, B). Ilpu nmanHOW Temrieparype B pe3yib-
Tate (ha30BOTO TepexoAa Moje 3PEHHs] MTHOBEHHO
MIPHOOPETANI0 TOYEUHYIO CTPYKTYpY, Ha (oHE Ko-
TOPOH KJIETKH OPOXKEH MMenn OONBIION pasMep.
Janee crmemoBanu mpoIecCHl Pa3BUTHA KPUCTAIIOB
apia U popMupoBaHus cetd kaHaioB (puc. 5, C).
[To mepe mpoaBrkeHuss GPOHTOB pPOCTa KpUCTAI-
JIOB JIbJia HAOMIOAAIOCh BBHITECHEHHE TOYEYHBIX 00-
pa3oBaHMii B JIoKalbHBIE oOnacTu (puc. 5, D).

Ha sTane otorpeBa B MHTEpBasie OT TEMIEPATYPHI
crabunmzanuu —40°C no remneparypsl —25°C Buau-
MBIX M3MEHEHUH B C(OPMUPOBABIICHCS CTPYKType
oTMedeHo He Obu10. Ho yke HaumHas ¢ TeMriepary-
pet —23°C (puc. 5, E) Hauancs mporecc pacTBope-
HHS TOYCYHBIX 00pa30BaHMMA, KOTOPBIA MPAKTHICCKH
3aBepmuIcs mpu temmeparype —15°C (puc. 5, F). [1a-
paienbHO HaOMIOaNCs TakKe MPOIECC TUIABICHUS
KpPYTHBIX KPHUCTAJUIOB JIbAA, O Y€M CBHIETEIHCTBO-
BaJIM TOSBJICHUE XHUIKOH (DpaKIUU MEXIy TpaHU-
LlaMU KPUCTAJUINYECKUX 3epEeH U MOCIIEAyIolIee YBe-
andeHne ee oobema. O61aCTh MHTCHCHUBHOTO TIAB-
JIEHWsI KPUCTAJIJIOB JIbJla COOTBETCTBOBAJIa TEMIIEpa-
TypHOMY HHTepBainy —5,0...—3,5°C (puc. 5, G). [locne
otorpeBa obOpasua npu temmeparype 20°C kineTku
JIPOXOKEH BBITISAACTH COXPAHHBIMH. XapaKTEPHBIX
00pa30BaHWH JKUJIKAX BKJIIOYEHUH TPH pPa3BUTHU
KpUCTAIJIOB JIbJla B JIaHHOW cHWcTeMe He HaOIro-
nmanoch (puc. 5, H).

CormacHo IpeacTaBIeHUSIM KIIACCHIECKOM TeOpUH
(ha30BBIX ITEpPEX0/10B B KOHJCHCUPOBAHHBIX CHCTEMAaX
pacmajg MeTacTaOMIIBHOTO COCTOSIHUSA <GKUIKOCTh—
KpHUCTaJ/D» OOYCIIOBJICH HAJTMUUEM 3apOJIbIIel Kpu-
TUYECKOTO pa3Mepa, BO3HUKHOBEHHE KOTOPBIX HO-
CUT BEpOSTHOCTHBIM XapakTep M 3aBUCHT OT JIBH-
KYIIEH CHIbl Tporiecca nepeoxinaxkacHus kak 1/AT.
OKCHEpUMEHTAIFHO MOKa3aHO, YTO CKOPOCThH 3apo-
JIBIIIIE00pa3oBaHus SBISETCS JAEUCTBUTENBHO (DYHK-
nuell TepeoXTaXACHUS W MMEET MaKCHUMyM TIpH
HEKOTOPOW OIPENIETICHHON ISl KaKJ0ro pacTBopa
Temmeparype [8].
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Puc. 5. MNpouecc oxnaxaeHnsa-otorpesa CycrneH3umn Kne-
Tok S. cerevisiae B OBYXKOMMOHEHTHOM KPMO3aLlUTHOM
pactBope 1% anbruHata HaTpusa n 5% OMCO: A — KOHT-
ponb; B—| T=-15°C; C - | T=-17,4°C; D - | T= -40°C;
E -1t T=-23°C; F -t T= -15°C; G — 1 T= -5°C;
H -1 T=20°C, 200 mkm.

Fig. 5. Cooling-warming of S. cerevisiae cell suspension
in a two-component cryoprotective solution of 1% so-
dium alginate and 5% DMSO: A - control; B— | T=-15°C;
C-|T=-17,4°C; D - | T= -40°C; E- 1 T= -23°C; F -
1 T=-15°C; G- 1 T=-5°C; H-1 T= 20°C, 200pum.

ded at —15°C (Fig. 5F). The melting of large ice crys-
tals was observed simultaneously, as evidenced by
the appearance of liquid fraction between the boun-
daries of crystalline grains and a subsequent increase
in its volume. The area of intensive melting of ice
crystals corresponded to the temperature interval
of —5.0...-3.5°C (Fig. 5G). After sample warming
up to 20°C, the yeast cells appeared intact. No cha-
racteristic liquid inclusions were observed during
ice crystal development in this system (Fig. SH).
According to the notions of the classical theory
of phase transitions in the condensed systems, the
disruption of metastable «liquid-crystal» state is cau-
sed by the presence of critical-size nuclei, the oc-
currence of which is probabilistic and depends
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Crnenyer OTMETUTB, UTO B TPEXKOMIIOHEHTHOH CHC-
teme (knetku + 5% JIMCO + 1% anprunara Hat-
pusi) B TOM ke oObeMe o0OpasunoB (1 M) BomHOM
(bpakuu ObLIIO MEHBINIE, YeM B TIPEIBIAYIINX JABYX-
KOMITOHEHTHBIX CHCTeMax. B CBsI3M ¢ 3apofbIieo0-
pazoBanueM npu Temreparype —15°C B TpexkoM-
ITOHEHTHOW CHCTEME OJHOBPEMEHHO DPE3KO BO3pac-
Tajla KOHIIEHTPAIUs MaTOYHOTO pacTBopa. He mckimo-
YeHO, YTO KOHIICHTpAIlWs aJbIMHATA HATPUS TIPU
ATOM JOCTUTATA KPUTUICCKOU TOUKHU, U OH BBIMAIAJl
B Buje rpanyi. [lpu ororpee (pakiuu rpanysibi
MIOCTENIEHHO PACTBOPSUINCh M TPAKTHUYECKH HCUe-
3aJii B TeMIlepaTypHoi 30He okoino (—15°C).

Takum 00pa3oM, TIOTYYCHHBIE PE3yIIBTaThl CBHJIC-
TENBCTBYIOT 00 U3MEHEHUN KPHUCTAJUTMYECKOW CTPYK-
TYypel B 00pa3lax, 3aMOpPOKEHHBIX B aJbIHHATCO-
JepKaIuX KPUO3AIIUTHBIX Cpefax, 0 CPABHEHHUIO C
obpasmamu mox 3ammuroit JIMCO. Ob6pa3oBanue re-
7 anbTUHATA HaTpus, HaOIromaeMoe mpH OXJaXKie-
HHW, MOTJIO MPOUCXOAUTH 32 CUET HEOOJBIIION MpH-
MECH COJICH TOJINBAJICHTHBIX METAJUIOB B MOJINMEPE
C HEBBICOKOH CTEMEHbIO YUCTOTHI. BelieacTeue Kpuo-
KOHIICHTPUPOBAHUS U MOJUMEPA, U TAKUX UOHOB
MOXKET OBITh JOCTUTHYTa KPUTHUYECKas KOHIICHTpa-
1us rexeoopazoBanus [2].

BriBOaBI

[IpucyTcTBHE B KPHO3ALIUTHON Cpefe allbI'MHa-
Ta HATpPHUA U3MEHSET XapakTep KPUCTALTU3AIUN U
cMerIaeT 30Hy (Pa3oBBIX MEPEX0J0B B 001aCTh OoIee
HU3KHX Temreparyp. Hadano ¢a3oBbIx mpeBparie-
HUH B oOpasiax, 3aMOpPOXKEHHBIX B 5%-M pacTBOpe
JMCO, nab6mronanock npu Temmeparype —8,5°C, a
B 00pasuax, cogepkaumx 1% anbruHar HaTpusi, — IpH
—16°C, B TpeXKOMIIOHEHTHOU CHCTEME, CollepKalien
koMOuHanmoo 1% anerunara Harpus u 5% JIMCO, —
npu —15°C. IlpuHMMas BO BHHMaHHE MOIYYEH-
HbIC AKCIICPUMEHTAIILHBIC JaHHBIC, MOXXHO C/eJaTh
BBIBOJl O TOM, YTO KOJUIOHMJIHBIC PAacTBOPHI U TEllb
aNpruHaTa HaTpHus OOpa3yloT MpH 3aMOpaXKMBaHUHU
BBICOKOBSI3KYIO MEXKJIETOYHYIO Cpefy, KOTopas BbI-
moyHseT (YHKINI0O MEXaHWYeCKOro Oapbepa, Ipe-
JOXPAHSIONIETO KIETKH OT MOBPEXIEHUIN KpHUCTal-
JIAMH JIbJIA.

INutepartypa

1. AkceHoBa l1B, AiibazoB AMM, n3obpetartenu; locyaapcTeeH-
Hoe HayyHoe yupexzaeHune CTaBpOonosbCKUn Hay4YHo-UCCrneno-
BaTENbCKUNA MHCTUTYT XMBOTHOBOACTBA Y KOPMOMPOW3BOACTBA
Poccuinckon akagemmmn cenbCKOX03ANCTBEHHbIX HAYK, MaTeHTo-
obnapatens. Cpefa KOHCEpBMPOBaHUS criepMbl Ko3nos. [la-
TeHT Poccum Ne 2010118373A. 05.06.2010.

2. banesuH CA, Epodree BB, MNMono6aes HW. OcHoBbl onsmyec-
Kou u konnougHon xummn. Mocksa: Mpoceelyenne; 1975. 398 c.
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on the driving force of supercooling as 1/AT. It
was experimentally demonstrated that the rate of
nucleation was really the function of supercooling
and had the maximum at the certain temperature, de-
termined for each solution [13].

It should be noted that in three-component sys-
tem (cells + 5% DMSO + 1% sodium alginate) in
the same volume of samples (1 ml) the water fraction
was less than in previous two-component systems.
Due to the nucleation at —15°C, the concentration of
the mother liquor increased simultaneously sharply
in a three-component system. It is possible that the
concentration of sodium alginate reached a critical
point in this case, and it precipitated in the form
of granules. When the fraction was warmed, the
granules were gradually dissolved and virtually disap-
peared at temperature around —15°C.

Thus, our findings testify to a change in crystal
structure in the samples, frozen in alginate-containing
cryoprotective media, if compared to samples under
DMSO protection. The sodium alginate gel forma-
tion, observed during cooling, could occur due to a
small admixture of polyvalent metal salts inside the
polymer with a low degree of purity.

Conclusions

The presence of sodium alginate in cryoprotec-
tive medium alters the crystallization character and
shifts the phase transition area towards lower tem-
peratures. The onset of phase transformations in the
samples, frozen in 5% DMSO solution was noted
at —8.5°C, and in those containing 1% sodium al-
ginate and in a three-component system, containing
a combination of 1% sodium alginate and 5% DMSO
it occurred at —16 and —15°C, respectively. Taking
into account the experimental findings, we may conc-
lude that the colloidal solutions and sodium al-
ginate gel form a highly viscous intercellular me-
dium during freezing, which acts as a mechanical
barrier, protecting cells against damages by ice crys-
tals.
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