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Effect of Cooling Rate in the Vicinity of Eutectic Temperature
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Pedepar. B paboTe n3yyeHO BRUSIHME pasnUYHbIX CKOPOCTEN OxnaxAeHust B obnactu 3aBTEKTUYECKUX TemnepaTtyp BOAHbIX
pacTBOPOB KPMOMPOTEKTOPOB (AUMETUNCYNbMOKCUA, rMULEPUH, NONUITUNEHOKCU C MonekynsapHon maccon 1500, 1,2-nponaHguon)
Ha XWM3HEeCcrnocoBHOCTb KINEeTOYHbIX CycneH3un Saccharomyces cerevisiae n Escherichia coli. B ykazaHHOM TemnepaTypHOM
MHTepBare obpasLibl KNeTOYHbIX CYCNEeH3NI oxnaxaanu ¢ KoHTponvpyembimu (1 1 25 rpag/MyH) U HEKOHTPONMPYEMBIMU (MOTPYXEHME
B XWAKUIA a30T) CKOPOCTAMM oxnaxaeHus. MNokazaHo NpevMyLLecTBO NPUMEHEHUSI KOHTPONMPYEMbIX CKOPOCTEN OXNaxAeHus B
obnacTu 3BTEKTUYECKUX TemnepaTyp UccrneayembiX pacTBOPOB KPUOMPOTEKTOPOB A MOBbILLEHWS XU3HECNOCOOHOCTU MUKPO-
opraHuM3MoB Nocre KpUMOKOHCEpPBUpPOBaHUS. Haunyulwme nokasatenu xusHecnocobHoctu S. cerevisiae n E. coli 6binv nony4veHbl
npu CKOPOCTU oxnaxaeHust 25 rpag/MuH. OTa TeHAEHUMs CoXpaHsanachb AN BCeX U3YYEeHHbIX KOHLUEHTPaLuMn KpMonpoTEeKTOPHbIX
Bewects (5, 10, 15, 20%). MNony4eHHble pesynbTaThl PEKOMEHAYETCS YYUTbIBaTb Npu pa3paboTke pexuMoB 3aMOpaXvBaHUS Apy-
rmx 6uonornyecknx o6HLEKTOB.

KnrouyeBble cnoBa: KpMOKOHCEPBMPOBaHNE, MUKPOOPraHnambl, Saccharomyces cerevisiae, Escherichia coli, KOMONPOTEKTOPHbBIN
pacTBoOp, 3BTEKTUYECKas TemnepaTypa, CKOPOCTb OXMaXAeHus.

Pedepat. B poboTi BUBYEHO BNNUB Pi3HUX LUBUOKOCTEW OXONOMXEHHS B 0O6MacTi eBTEKTUYHUX TemrepaTyp BOAHUX PO34YMHIB
KpionpoTekTopiB (AnmMeTuncynbgokcua, rniuepuH, nonietuneHokcna 3 monekynsapHoto macot 1500, 1,2-nponaHaion) Ha
XKUTTE3OATHICTE KNITUHHUX CycneHs3in Saccharomyces cerevisiae i Escherichia coli. B 3a3HayeHoMy TemnepaTypHOMY iHTepBarni
3pasky KNITUHHUX CyCNeHsin oxonoaxyBanu 3 KOHTponboBaHuMu (1 n 25 rpag/xB) Ta HEKOHTPONbOBAHUMU (3aHYPEHHS B pigKkui
a30T) LWBMAKOCTSAMU OXONOAXEHHS. [okasaHo nepesary 3acTOCYyBaHHS KOHTPOMbOBAHWUX LUBUAKOCTEN OXOMNOMAXEHHs B obnacTi
eBTEKTUYHUX TemnepaTyp PO34YMHIB KPIOMPOTEKTOPIB, WO AOCNiAXYyBanucs, Ana niABULEHHS XUTTE34AaTHOCTI MikpoopraHiamis
nicns KpiokoHcepBYBaHHS. Halikpalli noka3HUKM xuTTe3ngaTHocTi S. cerevisiae i E. coli 6yno oTpMMaHo Npu LIBUAKOCTI OXONOAXKEHHS
25 rpap/xB. s TeHaeHuis 36epiranacs ans Bcix KoHueHTpauini (5, 10, 15, 20%) KpionpoOTEKTOPHUX PEYOBUH, LLO AOCAIOAXYBanUCs.
OTpuMaHi pesynbTaT peKkOMEHAOBaHO BpaxoByBaTW Mpu po3pobui pexumiB 3aMopoxyBaHHS iHWKX GionoriyHux o6'eKTiB.

KnrouoBi cnoBa: kpiokoHCepBYBaHHS, MikpoopraHiamu, Saccharomyces cerevisiae, Escherichia coli, KpionpOTEKTOPHUIA PO3YMH,
eBTeKTMYHa Temnepatypa, LWBUAKICTb OXONOAXEHHS.

Abstract. The effect of various cooling rates in the range of eutectic temperatures of aqueous solutions of cryoprotectants
(dimethyl sulfoxide, glycerol, polyethylene oxide with molecular mass 1500, 1,2-propane diol) on viability in cell suspesion of
Saccharomyces cerevisiae and Escherichia coli was studied. The cell suspensions were cooled in these temperature ranges with
controlled (1 and 25 deg/min) and non-controlled (plunging into liquid nitrogen) rates. Application of controlled cooling rates in eutectic
temperature range of the studied cryoprotectant solutions was shown to be prospective for increase the post-thaw viability of
microorganisms. The highest indices of viability of S. cerevisiae and E. coli were obtained for the cooling rate of 25 deg/min. This
tendency was kept for all the studied concentrations of cryoprotective agents (5, 10, 15, 20%). The findings are recommended to be
considered when developing the freezing protocols for other biological specimens.

Key words: cryopreservation, microorganisms, Saccharomyces cerevisiae, Escherichia coli, eutectic temperature range,
cooling rate.
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HuzkoTemneparypHoe KOHCEPBUPOBaHHE KIIETOK,
TKaHEW ¥ OpraHOB IO3BOIISET COXPAHATh UX OUOIIO-
TUYECKHE CBOWCTBA JUTUTEIHLHOE BpEMs 3a CUET TOP-
MOKEHUS METa0OTUIECKUX U (PU3NOJIOTUIECKUX TIPO-
neccoB. [t 9 GEeKTHBHOTO KPUOKOHCEPBUPOBAHMUSI
HEOOXOIMMO YUUTHIBATH MPOIIECCHI, IPOTEKAIOIINE B
OHMOJIOTUYECKUX OOBEKTaX MPHU 3aMOPaKMBAHUU-OT-
TauBaHUK. Takue MpoIecchl CBsI3aHbl ¢ (Pa30BBIMU
MPEBPALICHUSIMH, TIPOUCXOASIIUMH B UCIIOIb3YEMbIX
MIPH 3aMOPAKUBAHUK KPUOTIPOTEKTOPHBIX PACTBOPAX.
[Ipu pa3paboTKe MPOTOKOIOB KPHOKOHCEPBUPOBAHUS
OCHOBHOE BHUMAaHUE YACISCTCS BIUSHHUIO Pa3HBIX
CKOpOCTEW OXJIaXKJIeHUs Ha (a30BBIA TIEPEeXo]] BOjIa-
JIe/T, KOTOPBIN SBISAETCS OTHUM U3 OCHOBHBIX MTOBPEXK-
narorux (akTopoB. Yare Bcero o0pasibl OXJIraxaa-
0T C HOCTOSTHHOM CKOPOCTBIO 10 Temnepatypsl —30. ..
—40°C, a 3aTeM MOTPYKArOT B KHUIKUH a30T, YTO IPHBO-
JUT K HEKOHTPOJIHMPYEMbIM CKOPOCTSIM OXJIaXICHUS
B JIaria30He TEMIIEPATYP OT YKa3aHHOU TEMITEPaTyPhI
JI0 TeMITepaTypsl Kkuakoro azota [12, 17, 21].

B psine paboT mokazaHo, 4TO BO BpeMsi 3aMOpaKH-
BaHUS CYIIECTBYET TAK)KE MEXaHHU3M TOBPEKICHUS
KIIETOK, CBSI3aHHBIN C ABTEKTHUYECKOW KPHCTaJUIA3a-
nueii [2, 16, 18, 25].

B mporecce 3aMopakuBaHUS KIIETKH BBITECHSIOT-
csl (PPOHTOM KPHCTAJUIU3AIMHA B MEXKPUCTAILITUIEC-
KM€ TPOCIJIOIKH, KOTOPhIE B OCHOBHOM COCTOSIT W3
KpUOIPOTEKTOpHOTro pacTBopa [11, 19, 20], mosTomy
(ha30BbIii Iepexo1 B MPOCIONKaX OKa3bIBACT BIUSHHE
Ha KU3HECITOCOOHOCTh KIIETOK ITOCNIE 3aMOpakhBa-
HUS-OTTanBaHus. TakuM 00pa3oM, H3MEHEHHEM CKO-
POCTH OXJIXKACHHsI 00Opaslia B TEMITEpaTypHOM HHTEP-
BaJie BTEKTUYECKON KPUCTATU3AIIMHA MOXKHO BIUSATh
Ha CTEIMEHb MOBPEKIECHUS KPUOKOHCEPBHPYEMOTO
0noo0OBeKTA.

Bo MHOTMX BiccnefoBaHUAX 3aMOPaKUBaHUE MUK-
poopranusMoB Saccharomyces cerevisiae u Escheri-
chia coli B uHTEpBaje TeMIiepaTyp OT KOMHATHOU JI0
TEMIIEPATYPBI )KUJIKOTO a30Ta MPOBOIMIIN C IOCTOSH-
HBIMH CKOpPOCTSIMHU oxnaxknmenus [13, 14, 23], T. e.
CKOPOCTh OXJIAKIICHUS OMOOOBEKTOB B TEMITEparyp-
HBIX WHTEpBAJIaX KPUCTAJUIN3AIMA OCHOBHON MacCCHI
BOZBI B 00pasiie M KPUCTAJUTH3AINH CMECH IBTEKTH-
YeCKOW KOHIIEHTPAIMH PacTBOpa KPHOMPOTEKTOpa
Obl1a omMHAKOBOH. MccmenoBanms BIUSHUS CKOPOC-
Tel OXJIAXKICHUS Ha )KU3HECTIOCOOHOCTh U (DYHKITHO-
HaJbHBIC XapPAKTEPUCTUKH KIETOK (MUKPOOPTaHU3-
MOB) Saccharomyces cerevisiae TIOKa3anu, 4TO ONTHU-
MaJbHasl MOCTOSTHHAS CKOPOCTh OXJIAXKICHUS COCTAB-
nsuta ot 3 o 10 rpan/muH [22, 24].

[Tpu kpuokoHCEepBUPOBaHUK OOO0OBEKTOB (KIETKH
OTyX0JIH TIpocTathl Kpeic AT-1, Saccharomyces cere-
visiae) OBIIO TOKa3aHO MOBPEXKIAIONIECE MCHCTBHE
ABTEKTHYECKON KpucTaum3aun pactBopoB NaCl u
KCI1[16,22]. B To e BpeMs OBPEKICHHAS MUKPOOPTa-
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Low-temperature preservation of cells, tissues and
organs allows keeping their biological properties for a
long time due to inhibition of metabolic and physio-
logical processes. For effective cryopreservation one
should consider the processes occurring in biological
objects during freeze-thawing. These processes are
associated with the phase transitions proceeding in the
cryoprotectant solutions used for freeze-thawing. The
development of cryopreservation protocols is focused
to the impact of different cooling rates on water-ice
phase transition which is one of the main damaging
factors. Usually the samples are cooled with the con-
stant rate down to —30...—40°C, then they are plun-
ged into liquid nitrogen that causes the appearance of
non-controlled cooling rates in the temperature range
from the mentioned temperature down to the one of
liquid nitrogen [12, 17, 21].

Several investigators reported the existence of
mechanism of cell injury associated with eutectic
crystallization during freezing [2, 16, 18, 25].

During freezing the cells are expelled by crystalli-
zation front to the intercrystalline layers which mainly
consist of cryoprotectant solution [11, 19, 20], so the
phase transition in the layers influences the cells viability
during freeze-thawing. Thus the level of injury of
cryopreserved biospecimen can be affected by the
change of cooling rate of a sample within the tempe-
rature range of eutectic crystallization.

Many researchers performed the freezing of Sac-
charomyces cerevisiae and Escherichia coli micro-
organisms in the interval of temperatures from the room
one to the temperature of liquid nitrogen using constant
cooling rates [13, 14, 23], i. e. the rates of biospecimen
cooling were equal for the temperature intervals where
crystallization of bulk water occurs and where does
crystallization of cryoprotectant solution mixture of
eutectic concentration. Investigation of impact of cool-
ing rates on viability and functional characteristics of
Saccharomyces cerevisiae cells (microorganisms)
showed that optimal constant cooling rate varied from
3 to 10 deg/min [22, 24].

During cryopreservation of bioobjects (tumor cells
of rat prostate AT-1, Saccharomyces cerevisiae) the
damaging effect of eutectic crystallization of NaCl and
KClI solutions has been shown [16, 22]. At the same
time the impairments in microorganisms stipulated by
crystallization of cryoprotectant solution mixture of
eutectic concentration have not been studied yet.

The research aim was to study the effect of cont-
rolled cooling rates within the range of eutectic tempe-
rature of cryoprotectant aqueous solutions: dimethyl
sulfoxide (DMSO), glycerol, polyethylenoxide with an
average molecular weight of 1500 (PEO-1500), 1,2-
propanediol (1,2-PD) on viability of cell suspensions
of Saccharomyces cerevisiae and Escherichia coli
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HH3MOB, OOYCIIOBICHHBIE KPHCTAIU3ANNEH CMECH
IBTEKTHYECKOI KOHIIEHTPAIMH PACTBOPOB KPHUOIPOTEK-
TOPOB, €IIE HE U3YUEHBI.

Lenb paboTbl — M3yyeHrE BIUSHUSA KOHTPOJIHUPYe-
MBIX CKOPOCTEH OXJIaXIeHHsI B 00JIaCTH BTEKTHYEC-
KOW TeMmIeparypsl BOOHBIX PacTBOPOB KPHUOMPOTEK-
TopoB: mumeTmicyinbpokcuaa (IAMCO), munepuna,
MOJIMATUIIEHOKCHIA CO CPENHEN MOJIEKYIISIPHON Mac-
coif 1500 (IT90-1500), 1,2-nponaranona (1,2-11J]) Ha
YKU3HECTTOCOOHOCTh CYCTICH3UN KIIETOK Saccharomy-
ces cerevisiae n Escherichia coli, cycnennupoBas-
HBIX TIPU PA3ITUYHBIX UCXOIHBIX KOHIICHTPALIUAX YKa-
3aHHBIX KPHOIPOTEKTOPOB.

Hcnonp3oBanue KIIETOK S. cerevisiae B Ka4ecTBE
o0beKTa uccinenoBaHus 00yCIOBIEHO TEM, YTO, C OA-
HOW CTOPOHBI, 3TH KJIETKH aHAJIOTHYHBI [10 CTPOSHHIO
C KJIETKaMHA MHOTUX MHKPOOPTaHU3MOB, C JPYToi —
SIBISIACH HU3LIMMH SYKapUOTaMH, OHU IMEIOT CXOHbIE
¢ OOJNBIIMHCTBOM 3YKapUOTHYECKHUX KIIETOK Pa3sHbIX
BHJIOB BHYTPHUKJIETOYHBIE META0OIMYECKUE, TCHETHU-
YeCKHe U CUTHAJIbHBIE MeXaHU3MbI. CTpOeHHUE KIIETOU-
HOM CTEHKH M HUTOIUIa3MaTHYECKONH MEeMOpaHbI y
E. coli menee cnoxHoe, ueM y npoxokeit. Kiierounas
CTEHKa 3TUX OaKTepuii COCTOMT U3 ABYX CJIOEB — ILIac-
TUYHOTO W PUTHIHOTO, COJEPIKAIIETO JIBA CIIOS TTETITH-
nonmkana [6]. dusnko-xummudeckne GakTopel, JeHcT-
BYIOIIME Ha KJIETKH B MPOLIECCE 3aMOpaKUBaHMSI-
OTTaMBaHUs, MOTYT Pa3pyLIATh CBS3U MEXIY KOMIIO-
HEHTaMH KJIETOYHOH CTEHKH, UTO JIEJIAET 3TOT O0OBEKT
HUHTEPECHBIM I KPHOOHOIOTMIECKUX UCCIIEIOBAHUH.

MarepuaJjbl 1 MeTOABI

OObBEKTHI UCCIEIOBAHUS: APOXKU Saccharomyces
cerevisiae (paca 608, monyuena u3z Cr.I10 PHUM XTI,
Cankt-Ilerepbypr) u 6akrepun Escherichia coli B
(mramMm momyden u3 'HUU reHeTuku u cenexnuu
MIPOMBIIIUIEHHBIX MUKPOOPTaHU3MOB, MOCKBA).

Hpoxoxu S. cerevisiae BeipammBany 48 1 mpu 30°C
Ha arapu3oBaHHO# cpene Cabypo, 3aTeM Moapaiii-
BaJIM B JKuAKOM cpene Cabypo 24 4 c aspanueid. bak-
tepuu E. coli BBIpaluBaiy B MSICOIEITOHHOM OYJ1b0-
He nipu 37°C ¢ aspanueii 18 4 (Hauano craunoHapHO
(a3el pocTa). 3aTeM KIETKU OCaXIATU UEHTPUDYTH-
posanuem (1500g, 15 MuH) U pecycrneHIUpPOBaIN B
BOJHBIX pacTBopax Kpuomporektopos: JMCO,
utepusa, [190-1500 u 1,2-11/] ¢ koHIeHTpanusIMu
KpUOTIPOTEKTOpHOTO BemiecTna 5, 10, 15 1 20% (06.).
KonmenTpamus KI€TOK B MOTYyYEHHBIX CYCHEH3UAX
cocraBimsuia 108 KOE/mi.

Mukpoopraau3Mbl 3aMOpaKUBaJId HA MPOTpaM-
MHOM 3aMopakuBateie «Cryosony (I'epmanust), KoTo-
PBIN MpOIIEN TOCYAaPCTBEHHYIO METPOJIOTHUYECKYIO
arrectrauuto B HHII «HCTHTYT METpONOrum» (arTec-
TalmoHHOE cBHETeIbcTBO Ne1895 o1 26.03.2008 ).
JlaHHBIN IPOrpaMMHBII 3aMOpaKUBATEIb TO3BOJISET
BapbUPOBATh CKOPOCTh OXJIAXKACHUS B HTepBae 0,1—
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suspended in the solutions with different initial con-
centrations of the mentioned cryoprotectants.

The use of S. cerevisiae cells as an object of inves-
tigation is preconditioned by the fact that on the one
hand these cells are similar by structure with the cells
of many microorganisms; on another hand, being a
lower eukaryotes, they have intracellular metabolic,
genetic and signal mechanisms similar to most euka-
ryotic cells of different types. The composition of a
cell wall and cytoplasmic membrane in E. coli is less
complex than in yeasts. Cell wall of these bacteria
consists of two layers, plastic and rigid ones, containing
two layers of peptidoglycan [6]. Physical and chemical
factors affecting the cells during freeze-thawing can
destruct the bonds between components of cell wall
making the object interesting for cryobiological studies.

Materials and methods

The objects of research were Saccharomyces cere-
visiae yeast (race 608 procured by Russian R&D Insti-
tute of Baking Industry, Saint-Petersburg, Russia) and
Escherichia coli B bacteria (the strain was received
from the State Research Institute for Genetics and
Selection of Industrial Microorganisms, Moscow).

S. cerevisiae yeast were cultured for 48 hrs at 30°C
with Sabouraud agar for 24 hrs with aeration. E. coli
bacteria were cultured in meat-infused broth at 37°C
with 18 hrs aeration (initiation of stationary growth
phase). Afterwards the cells were centrifuged (1500g,
15 min) and re-suspended in cryoprotectant aqueous
solutions: DMSO, glycerol, PEO-1500 and 1,2-PD with
concentrations of cryoprotective substance of 5, 10,
15, 20% (v/v). Cell concentration in the obtained
suspensions made 108 CFUs/ml.

Microorganisms were frozen with programmable
freezer Cryoson (Germany) which was metrologically
certified at National Scientific Center Institute of
Metrology (certification Nr 1895 dated 0f26.03.2008).
This programmable freezer allows to vary the cooling
rate within 0.1-40 deg/min. Cooling regimens were
set by the temperature of cooling flow in the chamber
of programmable freezer. Freezing programs were
recorded using the control sample with copper-
constantan thermocouple connected to data plotter En-
dim 622.01 (Germany). The samples were frozen in
polypropylene cryovials (Nunc, Germany) with an
effective volume of 1.8x10° m*. Measuring thermo-
couple junction was located in geometric center of the
control sample. Cell suspension of 1x10° m? volume
was poured into cryovials for further freezing.

The samples were frozen by three regimens
involving the varying of cooling rate in the range of
eutectic temperature of the corresponding cryoprotec-
tant solution. To estimate the values of this temperature
range we used the reported data on the temperature
of eutectics 7, of aqueous solutions of the studied
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40 rpan/muH. PexuMbl OXJIaXIEHHS 3a7aBalivd 110
TeMIIEpaType OXJIAXKIAIOLIEro MOTOKA B KAMEPE MPOT-
pamMMHOro 3aMopaxkusarens. [IporpaMmel 3aMopaxu-
BaHUSl PETUCTPUPOBAIN MO 3TATOHHOMY 00pasiy C
MTOMOIIIBI0 MeIb-KOHCTAHTAaHOBOW TEpMOMAaphl U ca-
momnucua «Endim 622.01» (Iepmanwust). OOpas3iibl 3a-
MOPaXUBAIH B TIOJTUIPOTIIIEHOBBIX KPHOMTPOOHpPKax
(«Nuncy, T'epmanmust) ¢ pabourm oosemom 1,8x1076 v,
N3meputenbHbIi ciail TepMonapbl HaXOAUJICS B T€0-
METPUUYECKOM IIEHTpe 3TaToHHOr0 06pasma. CycreH-
3110 KJIETOK 00beMoM 110 1%1076 M* pa3nuBainu B kpro-
MPOOUPKH AJISl HOCIEAYIOLIETO 3aMOPaKUBAHUSI.

OO0pasupl 3aMOpaXMBaIl MO TPEM PEXUMaM,
MIpe1yCMaTPUBAIOIIUM BapbUPOBAaHUE CKOPOCTH OX-
JaXICHUs B 00JaCTU 3BTEKTUYECKOM TeMIEpaTyphl
COOTBETCTBYIOLIETO pacTBOpa Kpuonporekropa. [Ipu
OIPENIETICHNH YHCICHHBIX 3HAYEHUM 3TOU TemMIeparyp-
HO¥ 00JTaCTH NCTIOJTF30BAIM H3BECTHBIE U3 INTEPATY-
pbI JIAaHHBIE O TEMIIEPATYPE IBTEKTHKU T, BOIHBIX
PacTBOPOB paccMaTpPUBAEMbBIX BUAOB KPHOMIPOTEKTO-
poB. Hauaso 1 koHe1[ 00acTé 3BTEKTHYECKOH TeMIepa-
Typsl obo3nadam 7° =T +20°Cwu T¢ =T, —20°C
COOTBETCTBEHHO.

B pabote ncnonp3oBany clieAyIOMNe PeKIMBI 3a-
MOpPaKUBaHUsL.

Pesxum 1: ot 20...22°C no temnepatypsl 7 06-
pasibl OXJIAXKJAIN CO CKOPOCTBIO 2 Tpaj/MUH, 3aTeM
BBIIEPKMBAJIM UX [IPH TeMItepatype 7¢ 5 MUH U faiee
MIOTPYKaJIX B )KHUJIKHHA a30T.

Pesxum 2: ot 20...22°C no temnepatypbl 7% 006-
Ppasibl OXJIKIATN CO CKOPOCTBIO 2 TPpaji/MUH, BhIIEP-
KUBAIIM UX TIpU Temneparype 7¢ 5 MuH, B 001acTu
IBTEKTUYECKOM TEMIIepaTyphl COOTBETCTBYIOLIETO
Buja Kpronporekropa (o1 7” 10 T¢ ) CKOPOCTH OX-
naxnaeHus: cocrasisia 0,51 rpap/muH, mocne 4ero
00pa3ubl HOrPyKaJlu B )KUAKUHA a30T.

Pexxum 3: ot 20...22°C mo Temnepatypel 7% 06-
PpasLbl OXJIaXKAaIH CO CKOPOCTBIO 2 Tpajl/MUH, BBIAEP-
KUBAIM WX pu T¢ 5 MHH, B 00J1aCTH 3BTEKTUYECKOM
TEMIEPaTyPhl COOTBETCTBYIOLIETO BU/Ia KPUOIPOTEK-
Topa (o1 7% 1o T° ) CKOPOCTh OXJaXICHUs COCTaB-
nsuta 20-25 rpan/muH, ocie 4ero oOpasibl morpy-
JKaJIK B )KUIKHH a30T.

3aMOpoKEHHBIE 00pa3Ibl OTTAMBAIH Ha BOISHOM
6ane npu 37°C npu MOCTOSHHOM BCTPSXUBAHUH IO
HCUYE3HOBEHHUS TBEPAOH (ha3bl, KOTOPOE ONMpeNeNsIn
BH3YaJIbHO.

KusznecrnocoOHOCTb IPOAIKEBBIX KIETOK S. cerevi-
siae n Oaktepuil E. coli onpenensiay yame4HbIM Me-
tomoM Koxa [3] mo konruecTBy MakpOKOJIOHUH, chop-
MHpPOBAaBIINXCS HAa arapu3oBaHHBIX cpenax. Cepuii-
HBIE pa3BEJICHNS KJIIETOYHBIX CYCIIEH3UI TIPOBOIIIN B
0,9%-m BomaOM pactBope NaCl. KonTpomem Obum
CYCIIEH3HH KJIETOK B COOTBETCTBYIOIINX Cpeaax KOH-
CEepBUPOBAHMS, HE TTOJJBEPTaBIINECS 3aMOPAKHBAHHUIO.
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cryoprotectants. Onset and termination of eutectic
temperature range were denoted as 7% =7 +20°C
and 7¢ =T —20°C respectively.

In the experiments we used the following freezing
regimens.

Regimen 1: from 20...22°C to the 7% temperature
the samples were cooled with the rate of 2 deg/min,
then held at 7¢, temperature for 5 min and plunged
into liquid nitrogen.

Regimen 2: from 20...22°C to the 7” temperature
the samples were cooled with the rate of 2 deg/min,
then held at 7¢ temperature for 5 min, in the range of
eutectic temperature of the corresponding cryo-
protectant type (from 7” to T° ) the cooling rate was
0.5—-1 deg/min, thereafter the samples were plunged
into liquid nitrogen.

Regimen 3: from 20...22°C to the 7% temperature
the samples were cooled with the rate of 2 deg/min,
then held at 7¢, temperature for 5 min, in the range of
eutectic temperature of corresponding cryoprotectant
type (from 7% to T¢ ) the cooling rate was 20—
25 deg/min, thereafter the samples were plunged into
liquid nitrogen.

The frozen samples were thawed in water bath at
37°C with constant shaking until disappearing of solid
phase which was visually determined.

Viability of S. cerevisiae yeast cells and E. coli
bacteria was assessed with Koch’s Plate method [3]
by the number of macrocolonies formed in agar media.
Serial dilutions of cell suspensions were performed in
0.9% aqueous NaCl solution. The control was the cell
suspensions in the corresponding preservation media
which were not exposed to freezing.

The used Koch’s plate method is an integral one
and characterizes the preservation of cell proliferative
properties. Each macrocolony formed on the surface
of medium is initiated by cells-descendants of single
microbial cell. This is undoubted advantage versus
other methods for assessment of cell viability based
on testing the change in permeability of cell membranes
and barrier function of microorganism wall, metabolic
and synthetic processes, cell ultrastructure etc. Here-
with the obtained data can be surely extrapolated for the
experiments with other eukaryotic cells for which the
cryopreservation regimens have not been developed yet.

The obtained results were statistically processed
in MS Excel using Student’s test [7] considering the
differences as significant at p < 0.05. The data were
presented as M + m, where M is a mean value derived
in 6 similar experiments, m denotes a standard error.

Results and discussion

The selection of the studied cryoprotectant set is
stipulated by their wide application for microorganisms
cryopreservation.
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Ucnons3yemsiii yameunsiii Mmeton Koxa siBnsiercs
WHTETpajdbHBIM M XapaKTEepPU3yeT COXPAaHEHHUE MpPo-
nudepaTuBHBIX CBOKCTB KieTok. Kaxnas makpoko-
JIOHUS, CHOPMHUPOBABIIAsICS HA TOBEPXHOCTH CPELIHI,
o0pa3zoBaHa TOYEPHUMH KIIETKAMH-TIOTOMKAMH OJTHON
MHKPOOHOH KJIETKU. DTO SIBISETCS HECOMHEHHBIM
MIPENMYIIIECTBOM TIEpe APYTUMHU METOJAMH OLIEHKH
KU3HECTIOCOOHOCTH KJIETOK, OCHOBAaHHBIMH Ha TECTH-
pPOBaHMYU M3MEHEHUS MPOHHUIIAEMOCTH KJIETOYHBIX
MeMOpaH u 0apbepHOM PYHKIIMH CTEHKH MHUKPOOpra-
HU3MOB, METaOOJIMYECKUX U CHHTETUYECKHUX IpoLec-
COB, YABTPACTPYKTYpPHI KJIETOK U T. 1. B ¢BA3M ¢ aTUM
[IOJTyYEHHBIE JaHHBIE MOKHO C YBEPEHHOCTBIO DKCTpa-
[IOJINPOBATH Ha SKCIIEPUMEHTSHI C IPYTUMU KJIETKaMHU
9yKapuoT, ISl KOTOPBIX 7O CUX MOpP OTCYTCTBYIOT
3¢ PEeKTUBHBIE PEXKUMBI KPHOKOHCEPBHUPOBAHHS.

Cratuctuyeckyro o0pabOTKy MOTy4eHHBIX pe-
3yJBTATOB MPOBOAMIIH C HCIIOIH30BaHUEM ITaKETa MPO-
rpamm MS Excel mo metony Crerofenra [7], canras
JOCTOBEPHBIMH PA3IUYHSA C ITOKa3aTeIeM 3HaYNMOCTH
p<0,05. [lanubie ipeacTaBisid kKak M + m, tne M —
cpelnHee 3HaUEHWE, MONyYeHHOEe B 6 aHaJOTUIHBIX
9KCIIEPUMEHTAX, /1 — CTAHAAPTHOE OTKIOHEHHE.

Pe3yabTarsl um o0cyxaeHne

Bri6op uccnenyemoro psiga KpuONpOTEKTOPOB
00yCIIOBIIEH TEM, YTO OHM HanboJIee 4acTo MPUMEHSI-
F0TCS [T KPHOKOHCEPBUPOBAHUS MUKPOOPTaHU3MOB.

OTnpaBHOI TOUKO AJIs ONIpeeNIeHus TPaHUIHBIX
3HAYCHUH 00JIACTH 3BTEKTUYECKON TeMIIEPaTyphI ObI-
JIX U3BECTHBIE W3 JUTEPATYPHBIX WCTOYHUKOB 3HA-

YEHUs IBTEKTHYECKON TeMIeparypsl T( , BOITHBIX
pactBopoB kpronporektopos: IMCO T, = — 66°C,
L2-IA T, =-57°C, mmuuepuna T, =—-46,5°C [1, c.

91], ONUATUICHOKCUOB B 3aBUCUMOCTHU OT MOJIEKY-
asproit Macewl T, camkaercs ot —11°C s I190-
900 mo —14°C ):[J'ISI T1I50-2000 [8, c. 81]. B TO *xe
Bpems u3BecTHO [1, ¢.78], uTo mocie 3aBeplICHUS
MIEPBUYHOMN KPUCTAIUIU3ALUH, KOI1a PACTBOPUTEIH OJI-
HOCTBIO BBRIMOPAXXUBAETCS, HACTyINaeT BTOPUUYHAS
KPUCTAJTH3AIH, TECHO CBSI3aHHAs C ITPOLIECCAMH 3B-
TEKTUYECKON KPUCTAIIU3AIIMH, IPU KOTOPOM U pacTBO-
pEHHBIC BEIIECTBAa HAYWHAIOT 3aTBEPAEBATH IOCIE
JIOCTIDKEHUS DBTEKTUIECKON TeMIieparypsl. [1ockoib-
Ky TIpH KPHOKOHCEPBUPOBAHUH KJIETOK HCIIOIB3YIOT
CJIOJKHBIE KPUOKOHCEPBUPYIOIINE CPEIBI, COACPIKALIIIE
CoJH, OEJIKH, OPTraHUIEeCKHE MOJICKYIIBI U KPHOTIPOTEK-
TOPBI, 3BTEKTUYECKAs 30HA STUX BEUIECTB OKa3bIBACT-
Cs1 JOBOJILHO Pa3MBITOM, U OMPEACIUTh TOUKY IBTEK-
THUKH OYEHB TPYAHO. B CBS3U ¢ 3THM BTOpUYHAs KpuUC-
TaJUTU3alus, CBSI3aHHAs C 3aTBEpPACBaHHEM CMecel
ABTEKTHYECKOTO COCTaBa, B MUKPOKAHAIBIIAX PACTS-
THUBAETCS 110 TEMIIEpaTypHOH ITKaJe.

ComnacHO dKCIIepUMEHTATEHBIM JJAHHEBIM, TTOTYICH-
HBIM METOJIOM TE€PMOIUTACTUYECKOH Aedopmannu [4,

I'IpO6J'IeMbI Kpl/lOﬁl/IOﬂOFI/II/I N KpnomeaunuUunHbl

problems of cryobiology and cryomedicine
Tom/volume 23, Ne/issue1, 2013

Starting point for estimating the boundary values
of eutectic temperature range were known from the
literature values of 7, for cryoprotectant aqueous
solutions: DMSO T, =—66°C,1,2-PDT, =-46.5°C,
for glycerol T, =-46.5°C [1,p.91]; T,  of polyethy-
lenoxides depends on the molecular weight and decrea-
ses from —11°C for PEO-900 down to —14°C for PEO-
2000 [8, p. 81]. At the same time it is known [1] that
after completion of initial crystallization when the sol-
vent entirely freezes-out, the secondary crystallization
starts, which is tightly associated with eutectic crystal-
lization during which the dissolved substances start to
solidify after reaching the eutectic temperature. Whe-
reas during cryopreservation of cells the complex cryo-
preservation media are used, the eutectic zone of these
substances appears to be quite indistinct and the point
of eutectics is hardly to determine. Due to this the se-
condary crystallization associated with the solidification
of mixtures of eutectic composition in microchannels
extends along the temperature scale.

According to the experimental data obtained by the
method of thermoplastic deformation [4, 5] the exten-
sion of the studied temperature interval depending on
the experimental conditions and cryoprotectant type
could vary from 20 to 40 degrees. Thus the limits of
onset and termination of eutectic temperature interval
are as follows: 7% =T +20°Cand ¢ =T, —20°C,
respectively.

Based on the above-mentioned and for convenient
comparison of the obtained data the eutectic tempe-
rature intervals of the used cryoprotectant aqueous
solutions were considered as: from —40 down to —86°C
for DMSO; from —40 down to —77°C for 1,2-PD;
from —30 down to —67°C for glycerol; and from —12
down to —55°C for PEO-1500.

Rate of cooling from the room temperature to the
temperature of onset of the eutectic temperature
interval I” of the corresponding cryoprotectant solu-
tion for all the used protocols of cooling made 2 deg/min.
This rate provided the highest survival of some micro-
organisms [24]. Then the samples were held at 7”
for 5 min. Temporary stabilization is necessary to equi-
librate the temperature of sample in eutectic tempe-
rature interval. After stabilization the samples were
either plunged into liquid nitrogen (regimen 1) or under-
went the following cooling with certain constant rate
down to T¢ temperature and only then plunged into
liquid nitrogen (regimens 2 and 3).

Thus, the cooling regimen 1 provided uncontrolled
(UC) cooling rate in the investigated range from
T" down to T¢ for all three types of cryoprotectant
solutions independently of their concentrations while
the regimens 2 and 3 guaranteed respectively low
(1 deg/min) and high (20 deg/min) controlled cooling
rates in this temperature range.
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5], IpOTSHKEHHOCTH UCCIIEAYEMOT0 HAMH TEMIIepaTyp-
HOTO HHTEPBaJa B 3aBUCHMOCTH OT YCIIOBHI 3KCTIEPH-
MEHTa U BHUJa KPHUOIIPOTEKTOpa MOXKET BapbUPOBAThH
ot 20 10 40 rpagycos. Takum 06pa3oM, rpaHHULIbI Ha-
yajia ¥ KOHIIa 9BTEKTHYECKOTO TEMIIEPAaTypHOrO MH-
teppana: 10 =T, +20°Cu T° =T, —20°C coor-
BETCTBEHHO.

C yuyeToM BBIIIEU3IIOKEHHOTO W IS yaoOcTBa
CPaBHEHUS MTOTyYEHHBIX PE3YIIBTATOB IBTEKTUIECKUE
TEeMIIEpaTypHbIE HHTEPBAJIBI UCIOIB3YEMBIX BOIHBIX
PacTBOPOB KPUOMPOTEKTOPOB OBLIN OMPEICICHBI: OT
—40 no —86°C (JAMCO); ot —40 mo —77°C (1,2-111);
ot —30 10 —67°C (mmumepun); ot —12 mo —55°C (I120-
1500).

CKOpOCTh OXJNaXKIEHHUS OT KOMHATHOW TemIepa-
TYpBI 10 TEMIIEpATyphl Hayala 3BTEKTUYECKOTO TEM-
TIepaTypHOro HHTepBana ¥ COOTBETCTBYIOIIETO PacT-
BOPA KPUOMPOTEKTOPA [Tl BCEX UCIIOIb3yEMBIX HAMU
MIPOTOKOJIOB OXJIAXKICHHUS COCTaBsa 2 rpaa/MuH. Ta-
Kasi CKOPOCTb OXJIaXKJEHUsI oOecreunBaeT Hanbomee
BBICOKYIO COXPaHHOCTH psifia MUKPOOPTaHU3MOB [24].
3arteM 00pasiibl BhIIEPKUBAIHM TIpH Temneparype 17
B TeueHue 5 MuH. Bpemennas crabunusanus Heo0xo-
IMMa JUIsl BBIPAaBHUBAHUS TEMIIEpaTyphl 00pasua 1o
BCeMyY 00bEMY Tepea N3MEHEHHEM CKOPOCTH OXJIaX-
JEHHS B 9BTEKTHYECKOM TEMIIEPAaTypPHOM MHTEpBAJIE.
[Tocne crabunuzamuy 00pas3Ibl WM MOTPYXKAIH B
KHUIKAHN a30T (pexuM 1), UIIv MpOA0IDKaIN OXJIaXKaTh
C OTIPeIETIEHHOM NOCTOSTHHOM CKOPOCTHIO 10 TEMITEpa-
TypbI T¢ ¥ TOJBKO TOT/IA MOTPYKAIHU B KUIKAH a30T
(pexumsl 2 u 3).

Taxum o6pazoM, pexuM oxiaxaeHus 1 s Bcex
TpeX BUIOB PACTBOPOB KPUOMPOTEKTOPOB U BHIOPaH-
HBIX 3HAYCHUH X KOHLEHTPaLUi 00eCIIeurBaI HEKOHT-
ponupyemyto (HK) ckopocTs oxiaxkaeHust B uccie-
JlyeMoM nuana3zone ot T im no T ¢ » B TO BpeMsl Kak
PEeXHUMBI 2 ¥ 3 rapaHTHPOBAIIM COOTBETCTBEHHO HHU3-
ky1o (1 rpan/mun) u Beicokyto (20 rpaa/MuH) KOHTPO-
JUpyeMble CKOPOCTH OXJIAXKIEHHUS B 3TOH 00IacTh
TEeMITepaTyp.

JlaHHBIE TI0 )KU3HECTIOCOOHOCTH MUKPOOPTaHU3MOB
oCJie KPHOKOHCEPBUPOBAHHMS C BOJHBIMH PAaCTBOPAMHU
AMCO, 1,2-I1/1, rmunepuna u [130-1500 paznumanHoit
KOHIIEHTPAIMH COTJIACHO TPEM BBIIIEONMICAHHBIM pe-
KUMaM OXJIXICHUS IS KIIETOK S. cerevisiae TIpe-
CTaBJICHBI Ha puc. 1.

W3 puc. 1 BunHO, 4TO A7 BCEX UETHIPEX BHUIOB
BOJHBIX PaCTBOPOB KPUOTIPOTEKTOPOB, IPUMEHIEMBIX
IU1s KpUOKOHCEPBUPOBAaHUA KIETOK S. cerevisiae,
3aMOpa)KMBaHUE COMIACHO PEXHUMY 1, KOTOpBIN Ipe-
JyCMaTpUBaeT HEKOHTPOJIUPYEMYIO CKOPOCTh OXJIaXK-
JIeHHS TI0CITE TeMInepaTypsl 7” , KU3HECTIOCOOHOCT
KJIETOK ObLTa JOCTOBEPHO HMUKE, €M IIPH UCTIOJIH30Ba-
HUU PEXUMOB 2 U 3 ¢ KOHTPOIUPYEMBIMHU CKOPOCTSIMU
OXJIAXKICHHS B TOM K€ TEMIIEpaTypHOM WHTEpBae.
[Ipu 5TOM pazHuIa MoKa3aTenei )KU3HeCIOCOOHOCTH
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The data on viability of microorganisms after cryo-
preservation in aqueous solutions of DMSO, 1,2-PD,
glycerol and PEO-1500 of different concentrations
according to three foregoing cooling regimens for S.
cerevisiae cells are presented in Fig. 1.

Fig. 1 shows that for all four types of cryoprotectant
aqueous solutions, applied for freeze-thawing of
S. cerevisiae cells, the freezing by regimen 1 providing
an uncontrolled cooling rate after 7% _temperature, the
cell viability was significantly lower than the ones
resulted after implementing regimens 2 and 3 with
controlled cooling rates within the same temperature
interval. Moreover, the differences in the indices of
S. cerevisiae viability in the case of regimens 2 and 3,
which differ by the value of controlled cooling rate
within the eutectic temperature interval (low one for
regimen 2 and high one for regimen 3) were less pro-
nounced for aqueous solutions of DMSO and PEO-
1500 that those for 1,2-PD and glycerol. At the same
time, there was observed a stable tendency to in-
creasing of S. cerevisiae cell viability when using high
cooling rate (regimen 3) within the eutectic tempe-
rature range of certain cryoprotectant solution.

The data on viability of microorganisms after freeze-
thawing in aqueous solutions of DMSO, 1,2-PD, gly-
cerol and PEO-1500 of different concentration accor-
ding three regimens for E. coli cells are presented in
Fig.2.

Freeze-thawing of E. coli bacteria in aqueous so-
lutions of DMSO and PEO-1500 (Fig. 2A and D) like
in the case of S. cerevisiae using regimen 1 with un-
controlled cooling rates resulted in lower cell viability
if compared with the controlled cooling rates (regimens
2 and 3) applied in the eutectic temperature range for
certain cryoprotectant solution. Furthermore, the high-
est indices of viability were provided by high cooling
rates applied in this temperature range (regimen 3).

Viability of E. coli cells after freeze-thawing in
aqueous solutions of 1,2-PD and glycerol (Fig. 2B and
C) significantly differed from the values obtained when
using DMSO and PEO-1500 solutions as cryoprotective
media. In this case the lowest indices of cell viability
were obtained for low cooling rate in the eutectic
temperature range (regimen 2), and the highest viability
was reached when using high controlled cooling rate
in the same temperature interval (regimen 3). Uncont-
rolled cooling rates applied after 7° ~also reduced
E. coli viability but these were still higher than those
in case of regimen 2.

Using as an example the S. cerevisiae and E. coli
microorganisms we have demonstrated that the appli-
cation of controlled cooling rate of 20 deg/min within
the eutectic temperature range for certain cryoprotec-
tant solution allowed the obtaining of higher viability
indices for microorganisms for all the studied cryo-
protectant solutions independently of their concentra-
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S. cerevisiae nis pexXUMoOB 2 U
3, KOTOpBIE OTIIMYANHUCH APYT OT
Jpyra BEJIMYMHONW KOHTPOJIUpYe-
MO CKOPOCTHU OXJIa>KACHUS B 3B-
TEKTHYECKOM HHTEpBaje TeMIle-
paryp (HM3KOH i pexxuma 2 u
BBICOKOH sl pexuma 3), Iis
BOAHBIX pacTBOopoB JMCO n
I1530-1500 6ru1a MeHee BBIpa-
JkeHHOM, yem s 1,2-111 u rm-
nepuHa. B To e Bpems HabIto-
JlaeTcsl yCTOHYNBast TEHACHIHS K
TTOBBIIICHHUIO KU3HECTIOCOOHOCTH
KJIETOK S. cerevisiae TIPA UCTIONb-
30BaHMU BBICOKOH CKOPOCTH OX-
naxnaeHus (pexxum 3) B 00IacTH
IBTEKTHYECKOH TeMIepaTyphl
pacTBopa KpHONPOTEKTOpa.

JlaHHBIE 10 YKU3HECIIOCOOHOC-
TH MHKPOOPraHH3MOB IOCIE
KPHUOKOHCEPBUPOBAHUS C BOJ-
HeiMH pacTtBopamu JMCO,
1,2-I11, tmumepuna u I130-1500
Pa3IMYHON KOHIIEHTPAIMH COIJiac-
HO TpEM pEeXHUMaM OXJIAXKICHHS
st knetok E. coli mpencrapie-
HBI Ha puc. 2.

[Ipn kpuOKOHCEPBUPOBAHUH
O0aktepuit E. coli ¢ BOTHBIMU
pactBopamu IAMCO u II190-
1500 (puc. 2, A, D) kak u S. ce-
revisiae, IIpU UCIOJIb30BaHUU
pexuMa 1 ¢ HeKOHTPOIUPYEMBIMH
CKOPOCTSIMH OXJIaXICHHS )KU3HE-
CIOCOOHOCTh KJICTOK MEHBIIIE,
YeM MPHU KOHTPOJIHPYEMBIX CKO-
pPOCTAX OXJaXKIEHUS (PEKUMBI 2
u 3) B 006JacTH 3BTEKTUYECKOU
TeMIIEpaTypbl pacTBOPa KPHOIIPO-
tekropa. [Ipu 3TOM Hammyurme
MOKa3aTeNy KU3HECIIOCOOHOCTH
o0ecreynBaIl BBICOKHE CKOPOC-
TH OXJIAXKACHHUS B 3TOW o0JacTu
temmeparyp (pexum 3).

’Ku3zHecnocoOHOCTh KIIETOK
E. coli ipy KpHOKOHCEPBUPOBAHUH
¢ BogHBIMU pactBopamu 1,2-11]]
u rnunepunom (puc. 2, B, C)
CYIIECTBEHHO OTJIMYAETCS OT pe-
3yJBTATOB, MOJNYYSHHBIX MIPU UC-
MOJIb30BAaHHH B KAY€CTBE KPHO3a-
LIUTHBIX CPeJ] BOJHBIX PACTBOPOB
JIMCO unI130-1500. B atom city-
yae HAMMEHBIIHE MOKa3aTelu
KU3HECTIOCOOHOCTH KIIETOK TIOJTY-
YEeHBI JUISI HU3KOW CKOPOCTH OX-
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Puc. 1. >)KnsHecnoco6HocTb knetok Saccharomyces cerevisiae (% OT KOHTPONS)
nocne KpMOKOHCEPBUPOBAHUSA C BOAHLIMU pacTBOpPaMu KPUOMPOTEKTOPOB
OMCO (A), 1,2-M1 (B), rmuuepunHa (C), M30-1500 (D) pasnuyuHom KOHLeHTpauum
(5, 10, 15 n 2%). Ycnosus npoBegeHus akcnepumeHTta: [1— oxnaxaeHue fo
Temneparypbl Ha4ana 3BTEeKTUYECKOro MHTepBana 7%, C NOCTOSHHOW CKOPOCTbI0
2 rpag/mMvH ¢ nocrnegyroLwwmnm norpyXeHnem B Xuakuin asot (pexum 1); O— To
e, HO OXNaXaeHne B 3BTEKTUYECKOM TeMnepaTypHOM MHTepBane co CKOPOC-
Tbto 1 rpaa/muH (pexum 2); Bl — To ke, HO OXNaXxaeHNe B 3BTEKTUYECKOM TeMne-
paTypHOM mHTepBane co ckopocTtbio 20 rpag/muH (pexum 3). lNpeactaBneHsl
CpeaHve 3HayYeHnsl C y4eTOM CTaHOAPTHbLIX OTKMOHEHUN, BbIYMCIIEHHbLIX U3 6
He3aBUCUMbIX ONpedeneHni. * — OTNMYNS CTaTUCTUYECKU AOCTOBEpPHbl OTHO-
CUTENbHO NokasaTenen nocre 3aMmopaxuBaHus cornacHo pexumy 1, p < 0,05.

Fig. 1. Viability of Saccharomyces cerevisiae cells (% of the control) after cryopre-
servation in cryoprotectant aqueous solutions of DMSO (A), 1,2-PD (B), glyce-
rol (C), PEO-1500 (D) in different concentrations (5, 10, 15 and 20%). Experi-
mental conditions: O - cooling down to the temperature of onset of eutectic
interval T% with the constant rate of 2 deg/min with following plunging into
liquid nitrogen (regimen 1); O - the same conditions but with cooling in eutec-
tic temperature interval with the rate of 1 deg/min (regimen 2); M — the same
conditions but with cooling in eutectic temperature interval with the rate of
20 deg/min (regimen 3). The data represent the mean values with standard
errors calculated from 6 independent equations. * — differences are statisti-
cally significant if compared to the indices after freezing according to the regi-
men 1, p < 0.05.
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JaXKIeHUd B 00JIaCTH DBTEKTU-
YeCKuX TeMreparyp (pexum 2),
a Haujy4mas XHU3Hecmocoo-
HOCTb JIOCTUTAJIaCh IIPH BBICOKOH
KOHTPOIUPYEMON CKOPOCTH OX-
JMaXIACHUs B TOU K& Temrepa-
TypHOW o0nacTtu (pexum 3).
HexonTpomupyemble CKOPOCTH
oxJaxeHus nocne 7%~ Takxke
CHIDKAJIH )KU3HECTIOCOOHOCTS E.
coli, HO 3TH 3Ha4YEHUs ObLIU BbI-
e, 9eM JI pexuma 2.

Ha npumepe Mukpoopranus-
MOB S. cerevisiae 1 E. coli 66110
TOKAa3aHO, YTO NPUMEHEHHUE KOHT-
pOaUpPYyEMON CKOPOCTHU OXJIaXkK-
neaus 20 rpan/mMuH B obnactu
ABTEKTUUYECKOU TeMIepaTypbl
pacTBOpa KpHOMPOTEKTOPa 03~
BOJISIET TIOJMYYUTh OOJiee BBICO-
KHE MOKa3aTeNIu KU3HECIO-
COOHOCTH MUKPOOPTaHU3MOB JIJISt
PacTBOPOB BCEX BUIOB KPHOIPO-
TEKTOPOB BHE 3aBUCHUMOCTH OT
nx KoHueHTpauuil. Ilo cpaBHe-
HUIO C TEMH PEKUMaMH 3aMOpa-
JKUBAHUS, B KOTOPBIX HUCIIOIB30-
BaJId HEKOHTPOJIIUPYEMYIO CKO-
POCTB OXJTAXKACHHUS B YKa3aHHOM
WHTEpBaJle TEMIIEPATYP, JKU3HE-
CIIOCOOHOCTh yBEIIMYMBAIIACH B
cpenHeM B 2—3 pa3a aius S. cere-
visiae u B 1,5-2 paza nns E. coli.

Takum oOpazom, Ha KHU3HE-
CIOCOOHOCTh MUKPOOPTaHH3MOB
IIPH UX KPHOKOHCEPBUPOBAHUHU
CYIIECTBEHHO BJIMSIFOT CKOPOCTH
OXJIAKIIEHNSA B 00JIaCTH DBTEKTH-
YECKOM TeMIeparypbl pacTBopa
Kkpuonpotekropa. [Ipu aTom, kak
CJICAYET U3 SKCIICPUMEHTAIbHBIX
JAHHBIX, OOJIee MPEATIOYTUTENb-
HBIMH OKa3bIBAIOTCSl BBICOKHE
CKOPOCTH OXJIaKACHUS (TIOpsIKa
20-25 rpan/mMuH) B 007aCTH 3B-
TeKTH4YecKux temneparyp. Cie-
JIyeT OTMETHUTh, YTO PEIIAFOIINAM
(hakTOpOM TIpH OMpencICHUH
HanOosee S PEeKTHBHON KOHTPO-
JINPYEMOM CKOPOCTH OXJIAXKACHUSA
B 00J1aCTH DBTEKTHYCCKUX TEM-
nepaTyp sBJIAETCSA COUYCTAHHE
3HAHWS BUAOBBIX 0COOEHHOCTE
CTPOEHHUSI MHKPOOPTAaHU3MOB C
BBIOOPOM OIIPEIEIEHHOTO PacT-
BOopa Kpuornpotekropa. [lpume-
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Puc. 2. XXusHecnocobHocTb kneTok Escherichia coli (% oT koHTpons) nocne
KPMOKOHCEPBMPOBaHWS C BOAHbIMU pacTBopamu kpuonpotektopos AMCO (A),
1,2-M4 (B), rmuuepuna (C), M30-1500 (D) pasnuyHomn KoHueHTpauum (5, 10,
15 n 20%). Ycnoeus npoBeaeHust akcnepumenTa: L1 — oxnaxaeHvne go temne-
paTypbl Hayana 9BTEKTMYECKOro WHTepBana T2, C NOCTOAHHOW CKOPOCTbIO
2 rpag/MuH € nocneaylowmnm NorpyXeHmem B xugkuin asot (pexum 1); O - T0
Xe, HO OXNakaeHne B 3BTEKTUYECKOM TeMnepaTypHOM MHTepBane CO CKO-
poctbto 1 rpag/muH (pexum 2); ll — To Xe, HO oXxnaxaeHue B 3BTEKTUYECKOM
TemnepaTypHOM MHTepBane co ckopocTbio 20 rpaa/mun (pexum 3). MNpea-
CTaBIiEeHbl CpedHME 3HAYEHMS C Y4ETOM CTaHOAPTHBIX OTKITOHEHUI, BbIYMCIEH-
HbIX 13 6 HE3aBUCUMBbIX OMpeaeneHuin. * — oTNINYUS CTaTUCTUYECKN JOCTOBEPHbI
OTHOCUTENbHO MoKasaTenel nocre 3amMopaxuBaHuUsi cornacHo pexumy 1; # —
OTININYMA CTATUCTUYECKN OOCTOBEPHbI OTHOCUTENbHO MokasaTenen nocne
3aMopaxuBaHng cornacHo pexumy 2, p < 0,05.

Fig. 2. Viability of Escherichia coli cells (% of the control) after cryopreservation
in cryoprotectant aqueous solutions of DMSO (A), 1,2-PD (B), glycerol (C),
PEO-1500 (D) in different concentrations (5, 10, 15 and 20%). Experimental
conditions: - cooling down to the temperature of onset of eutectic interval
T* . with the constant rate of 2 deg/min with following plunging into liquid
nitrogen (regimen 1); O - the same conditions but with cooling in eutectic
temperature interval with the rate of 1 deg/min (regimen 2); B - the same
conditions but with cooling in eutectic temperature interval with the rate of
20 deg/min (regimen 3). The data represent the mean values with standard
errors calculated from 6 independent equations. * — differences are statisti-
cally significant if compared to the indices after freezing according to the regi-
men 1, # — differences are statistically significant if compared to the indices
after freezing according to the regimen 2, p < 0.05.
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POM TaKoTo COYETaHUS MOXKET CITY>KUTh 3aMOPaKHBa-
Hue Oakrepuii E. coli ¢ BogHBIMU pacTBOpamu 1,2-
[11 » rmuuepuna, 11 KOTOPBIX OoJIee MPEAIOYTHUTEIb-
HBIMH 10 TIOKA3aTEeJISIM KH3HECTIOCOOHOCTH SIBIISIOTCS
BBICOKHE CKOPOCTH OXJIQXKJIEHUSI KaK KOHTPOJIHUpYe-
Mble, TaK U HEKOHTponupyemble. Huzkue ckopoctu
oxnaxnaenus (0,51 rpan/MuH) B 3TOM HHTEpBaye
TeMIepaTyp Aal0T HAUXYAIINE PE3YIbTaTHI 110 KU3HEe-
CIIOCOOHOCTH. DTO, IO BCEH BUIUMOCTH, CBSI3aHO C
0COOEHHOCTSAMH CTPOCHUS MUKPOOPTaHMU3MOB 1 00ycC-
JIOBJICHHOH 3TUMH OCOOEHHOCTAMH HPOHUIIAEMOCTBIO
UX LUTOIUIA3MaTHYECKUX MEMOpaH JAJIsl MOJIEKYJ BO-
J6I ¥ KpHonpoTekTopos [9, 10].

Korna B xauecTBe KpHOKOHCEPBHUPYIOLIEH CPEabl
HCIIOJIb3YETCSl BOJAHBIM pacTBOpP KPUOMPOTEKTOpa U
JUTSL BUJIOB KPHOIIPOTEKTOPOB € U3BECTHOM TeMIlepa-
TypOW 9BTEKTHUKH, B IEPBOM MPHUOIKEHUH TSI OTIpe-
JIEJIeHUsT TeMIIepaTypHOTO WHTEpBajia KPUCTaJUIN3a-
LMW CMECH IBTEKTUYECKON KOHIIEHTPAINH PacTBOpa
KpHOTIPOTEKTOPA MOXKHO IPUMEHSATH METOJIUKY, OTIH-
CaHHYIO B JaHHOM cTarbe. Eciii KpuoKoHCepBUPYIOIas
cpena umeet 0oJiee CIOKHBIN COCTaB U KPOME KpHC-
TaJUTM3aUH CMECH IBTEKTHUYECKOH KOHIIEHTPAaLUH
pacTBopa KpUOMPOTEKTOPa MOTYT MPUCYTCTBOBATh U
(ha3oBbIe MpeBpalIeHHs], CBI3aHHBIC C HATHYUEM Y-
I'MX KOMIIOHEHTOB, HEOOXOIMMO HCIIOIb30BaTh OoJee
CJIOKHBIE METOAMKH OIpPENEIEHHs TEMIIEPATYPHOTO
HHTEepBaIa (a30BBIX NPEBPAILLICHUH IS BAPHUPOBAHUS
CKOPOCTEW OXJXKACHHS C IEeNbI0 MOIydeHus Ooiee
BBICOKHX TOKa3aTelieil COXpaHHOCTH KPUOKOHCEPBH-
pyeMbix 6nooonexToB [15].

BroiBoabI

Kpucrannuzanus cMecu 3BTEKTHUECKON KOHIIEHT-
panum pacTBopa KpHOIMPOTEKTOpa Ha CETOJHAIIHUN
JeHb SBISCTCS HaMMEHee M3YYEHHBIM (Pa3oBBIM
MIpEBpAIEHNEM KaK C TOUKH 3pEHUSI KHHETUKH MTPOTe-
KaHUs POILIECCOB, TaK M X BKJIa/1a B 00Iee TOBPEK-
JeHne Ono0OBHEKTOB MPH KPHOKOHCEPBUPOBAHHH.

B pabote ycraHOBIIEHO, YTO CKOPOCTH OXJIAXKACHUS
B 00J1aCTH 3BTEKTHUYECKOM TEeMIIepaTypbl pacTBOpa
KPHOIPOTEKTOPA OKa3bIBACT BIUSHUE HA KOHEYHBIC
[I0Ka3aTeNy KU3HECIIOCOOHOCTH KJIETOK MUKPOOpPTa-
HU3MOB ITOCIIE HX KPHOKOHCEPBHUPOBaHusL. [ [puaem 3to
BIIMSHUE HMEET MECTO MPH KPHOKOHCEPBUPOBAHUU
S. cerevisiae u E. coli co BceMH uccieqyeMbIMH
pactBopamu Kpuomnpotekropos (AMCO, muuepus,
I[1250-1500, 1,2-I1]1) BHE 3aBUCUMOCTH OT X KOHIICHT-
pauuii. Be10op KOHKpETHOI KOHTPOJIMPYEMOM CKOPOCTH
OXJIQXKAECHUS B 3BTEKTHMUECKOM MHTEpBaje TEMIEpa-
Typ 3aBHUCHUT OT BH/1a KOHCEPBUPYEMOT0 OHOJIOTHYeC-
Koro Marepuana. [Ipu onpenenennu Hanbomee d3pdek-
TUBHOW KOHTPOJUPYEMOW CKOPOCTH OXJIAXKJEHHS B
00J1aCTH 3BTEKTHUYECKUX TEMIEPATyp PeIIaroIluM
(bakTOpOM SBJIIETCS COUYETAaHHE 3HAHUI BUIOBBIX
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Thus it can be concluded that post-thaw viability of
microorganisms is significantly affected by cooling
rates within the eutectic temperature range of certain
cryoprotectant solution. Moreover, the experimental
data evidently demonstrated that the most preferable
ones were high cooling rates (of about 20-25 deg/min)
within the eutectic temperature range. It is worth noting
that an essential factor during determination of the
most efficient controlled cooling rate within the eutectic
temperature interval is the combination of knowledge
about microorganism structure due to species peculiari-
ties and the choice of proper cryoprotectant type. As
an example of such combination could serve the freeze-
thawing of E. coli bacteria in an aqueous solutions of
1,2-PD and glycerol for which both controlled and un-
controlled high cooling rates are more preferable judging
by the indices of viability. Low cooling rates (0.5—
1 deg/min) within this temperature range provide the
worst results on viability. This is obviously associated
with the peculiarities of microorganism structure and
stipulated by these peculiarities permeability of their
cytoplasmic membranes for molecules of water and
cryoprotectants [9, 10].

If cryopreservation medium is the cryoprotectant
aqueous solution it is possible to apply the method
described in the paper for determining the crystal-
lization temperature interval of cryoprotectant solution
mixture of eutectic concentration in the first appro-
ximation for that cryoprotectants which eutectic tempe-
rature is known. If cryopreservation medium has more
complicated composition and in addition to crystalliza-
tion of cryoprotectant solution mixture of eutectic con-
centration the phase transitions associated with the
presence of other components may exist, one should
use more complicated methods for determining the tem-
perature interval of phase transitions to vary the cooling
rates aimed to obtain higher indices of post-thaw
survival of biospecimens [15].

Conclusions

Nowadays, the crystallization of cryoprotectant so-
lution mixture of eutectic concentration is a phase tran-
sition studied insufficiently both in terms of kinetics of
processes and their contribution to the general injury
of biospecimen during cryopreservation.

This study revealed that that the cooling rate within
the eutectic temperature range of cryoprotectant
solution affects a post-thaw viability of microbial cells.
Moreover this impact was found during cryopreser-
vation of S. cerevisiae and E. coli with all the studied
cryoprotectant solutions (DMSO, glycerol, PEO-1500,
1,2-PD) independently on their concentrations. The
choice of certain controlled cooling rate within the
eutectic temperature interval depends on the type of
biological specimen to be preserved. When determining
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0COOCHHOCTEH CTPOCHHS MHKPOOPTaHU3MOB C BbI-
00pOM OTpeIeIEeHHOT0 PacTBOPa KPUOIIPOTEKTOPA.
Boree mpenmnodTuTeNnbHBIME OKa3bIBAlOTCS BBICO-
KHE CKOPOCTH OXJIaxieHus (Tiopsiaka 20—25 rpaj/MuH)
B 00JacTH IBTEKTUYECKOH TeMIlepaTyphl pacTBopa
KpHOMpoTeKTOpa. HU3Kkme CKOpoCTH OXIakaeHUs
(0,5—1 rpan/muH) B 5TOM HHTEpBaJIE TEMIIEPATYP JAIOT
HaUXyJIINe Pe3yAbTaThI 110 )KU3HECTIOCOOHOCTH.
JanHble, npeacTaBieHHbIE B paboTe, HE0OX0AUMO
YUUTHIBATh MpPH pa3pabOTKe MPOTOKOIOB KPHUOKOH-
CEpBHUPOBAHHUS IPYTHX BUIOB MUKPOOPTaHU3MOB.
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the most efficient controlled cooling rate in the range
of eutectic temperatures a key factor is the combination
of the knowledge about species peculiarities of micro-
organism structure and the choice of certain cryopro-
tectant solution.

More preferable cooling rates appeared to be the
high ones (of about 20-25 deg/min) within the eutectic
temperature range of certain cryoprotectant solution.
Low cooling rates (0.5—1 deg/min) in this temperature
range yield the lowest viability values.

The data presented in the paper should be considered
when developing the cryopreservation protocols for
other species of microorganisms.
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