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Cryoinjury Mechanisms in the Yeast Fungi Saccharomyces cerevisiae
During Freezing in Dimethyl Sulfoxide Aqueous Solution
at a Constant Rate in Cylindrical Containers

BusHaueHo KOJIOHIEy TBOPIOIOUY 3aTHICTh APDKIKOBUX IPHUOIB S. cerevisiae, CycnieHI0BaHUX y po3urHi “10% aumernicynbdokcumy —
0,135M NaCl —Boxa”, micis 3aMOpOKyBaHHs 31 BUAKOCTAMH 1, 5 Ta 10°C/xB. MeT0o10M TOUKOBOT TepMOTpadii BCTAHOBICHO 3aICK-
HICTB JIOKAJIbHOI CepeIHBOT LIBHU/IKOCTI OXOJIODKEHHS Y 3pa3Ky, SKHUi 3aMOpOKYBaBCsl, Ha €Tari KpUCTali3auii KIiTHHHOI CyCIeH3ii Bij
HIBUKOCTI OXOJIOKEHHS KPIOHOCISI B KPIOCTATI Ta BIZICTaHI BiJl 0Ci KOHTeHHEpiB mTiHApUYHOT hopmu 3 Aiamerpamu 10, 20 1 30 M.
Brcoka KoJIOHIEYyTBOPIOIOUA 37IaTHICTh MIKPOOPIaHi3MiB S. cerevisiae CIOCTEPIra€ThCs, SKINO 3HAYHA KiTbKICTh KIITHH, SIKI MICTATBCS
B KOHTEITHEepi AJIsl 3aMOPOXKYBaHHsI, Ha eTalli KpHUcTali3auii 0XoiaomKyeThes 3i mBuakocTsiMu 4—8°C/xB. MakcumanbHe 3HaYCHHS
KOJIOHIEYTBOPIOIOUOT 3MaTHOCTI MIKPOOPTaHi3MiB S. cerevisiae NOCSITAETCS IPU 3aMOPOKYBaHHI B KOHTEHHEpi aiameTpom 20 MM 3a
HIBUKOCTI OXOJIOKEHHS XOJI0M0HOCIS B Kpiokamepi 5S°C/xB.

Kniouosi cnosa: S. cerevisiae, LIBUIKICTb OXOJIOMKESHHSI, PEKHUMHU OXOJIOKCHHS, KOHTeHHEp, KOJIOHIEYyTBOPIOIOYA 3AaTHICTb.

OmnpezesneHa KoloHHEoOpasyloas CrocoOHOCTh APOXIKEBBIX I'PUOOB S. cerevisiae, CyCIeHAMPOBAaHHBIX B pacTtBope “10%
mumermicynbhokenna —0,135M NaCl — Boga”, nociie 3amopakuBanusi co ckopoctsimu 1, 5 u 10°C/muH. MeToom TouedHol TepMorpa-
(uM ycTaHOBJIEHA 3aBUCUMOCTBD JIOKAJIBHOM CpeTHel CKOPOCTH OXJIaXKICHHS B 3aMOPaKMBaeMOM 00pasiie Ha dTale KpUCTAITH3aLiuH
KJIETOYHOM CYCIICH3MU OT CKOPOCTH OXJIAXJCHUSI KPUOHOCUTENSI B KPUOCTATE M PACCTOSIHUS OT OCH KOHTEHHEPOB LIMIIHHIPHYECKOM
¢dopwmsl ¢ tuamerpamu 10, 20 1 30 M. Beicokast kosoHHE0Opa3yoas CriocoOHOCTh MUKPOOPraHUu3MOB S. cerevisiae Habmonaercs,
€CIIH 3HAYUTEIIbHOE KOJIMYECTBO KIIETOK, HAXOASIINXCS B KOHTEHHEepe JUIsl 3aMOpayKMBAHMS, HA dTalle KPUCTAIUIN3AINH OXJIAXKAETCs CO
ckopocTsamu 4—-8°C/muH. MakcuManbHOE 3HaUCHHE KOJOHHEOOpasyroliel CrioCOOHOCTH MUKPOOPTAaHU3MOB S. cerevisiae TOCTUTACTCS
IPH 3aMOpPaYKMBaHUH B KOHTeHHepe ¢ tuameTpoM 20 MM IPH CKOPOCTH OXJIaXKICHHS XJIaI0HOCUTeIs B Kprokamepe 5°C/MuH.

Knrouesvie cnosa: S. cerevisiae, CKOpOCTb OXJIQXKICHHUS, PIKHUMBI OXJIQXKACHHS, KOHTEITHED, KOJIOHHE0Opasyolas ClioCOOHOCTb.

The colony-forming ability of the yeast fungi S. cerevisiae suspended in 10% (vol. %) dimethyl sulfoxide — 0.135 M NaCl — water
solution after freezing at the rates of 1, 5 and 10°C/min was determined. The method of multi-point thermography demonstrated the
dependence of the average cooling rate in a frozen sample on the crystallisation stage of cell suspension on the coolant cooling rate in
the cryostat and on the distance from the axles of cylindrical containers with the diameters of 10, 20 and 30 mm. The high colony-
forming ability of the microorganisms S. cerevisiae was observed if a considerable amount of cells in a freezing container is cooled at
the rates 4—-8°C/min on the crystallization stage. The maximal colony-forming ability of the microorganisms S. cerevisiae was achieved
if they were frozen in a container with the diameter of 20 mm at the coolant cooling rate of 5°C/min in the cryochamber.

Key words: S. cerevisiae, cooling rates, cooling regimens, container, colony-forming ability.

Haii6inp1m nommpeHuM crnoco6oM miATPUMKH MiK-
pooprani3miB € ix nepiogMYHMHN IIepeciB Ha CBIXKE KU~
BmiIbHE cepenosuie [1]. [Ipore mpobiema edekTHB-
HOTO 32 KIHIIEBUMH PE3yJIbTaTaMH, a TAKOXK OOTpyH-
TOBAHOTO 32 3aTpaTaMH Ipaili i KOIITiB KOHCEPBYBaHHS
KYJIBTYP MIKpPOOPTaHi3MiB 3pOCTaE 110 Mipi 301IHIIICHHS
iX KiTBKOCTI Ta pisHOMaHiTHOCTI. s TpuBasol mia-
TPUMKH KHUTTE3AATHOCTI 1 CTAOUTFHOCTI BITaCTHBOCTEN
MIiKpOOPraHi3MiB BUKOPHUCTOBY€ThCS 3aMOPOXKYBaHHS
3a HHU3BKHX Ta HaJHU3bKUX TemnepaTyp. Edextus-
HICTB L[BOTO CIIOCOO0Y 3aJIeKUTh Bl BUOOPY PEXKHUMIB
3aMOpOXKyBaHHS. SIK MPaBUJIO, BUKOPUCTOBYIOTHCA
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The most spread way of microorganism preser-
vation is a periodic passage to fresh nutrient medium
[1]. Nevertheless the challenge of both efficient by
final results and substantiated by labor and financial
costs preservation of microorganism cultures becomes
more vital as quantity and variety of microorganisms
grow. Freezing at low and ultralow temperatures is
used for long-term preservation of microorganism
viability and stability of their properties. Efficiency of
this technique depends on a freezing regimen. As a
rule linear and fragmentary linear cooling programs
are used, when coolant temperature changes at a con-
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JIHIAHI Ta KyCOYHO-JIIHIWHI TPOTPaMHU OXOJIOMKEHHS,
IIpH peatizamii SKUX TeMIeparypa X0JI0J0HOCIS 3Mi-
HIOETBCS 3 MOCTIHHOIO MIBHIKICTIO MiJ Yac yChOTO
MIPOIIECY KPIOKOHCEPBYBaHHS 200 Ma€ pi3Hi 3HAYCHHS,
3aJIMILIAI0YUCH CTANIOI0 Ha OKpeMUX Horo eramax [2].

MexaHi3MHi Kpio3axHCHOI Iil JMiHIHHUX PEXUMIB
3aMOpO’KYBaHHS JOCUTH A0OpE AOCHIKEHi 1 Teope-
THUYHO OOIPYHTOBAaHI ABOX(AKTOPHOIO TEOPi€I0 Kpio-
MOIIKOKeHHS KIIiTHH [8]. OcHOBHA i CyTh TOJISITaE B
TOMY, IO 11T 9aC OXOJIOKEHHS CYCIIeH311, IKa KPiOKOH-
CEepBYEThCS, HA KIIITUHHI KOMITOHEHTH OTHOYaCHO BILTHU-
BalOTh JiBa THIHU (hakTopis. [leprmii — BHYTPIiIHBO-
KJIITHHHA KPUCTAJIi3aIlisl — OB’ sI3aHUH 13 pyHHIBHOIO
JE0 KPUCTAIIB JIbOMY, SIKI YTBOPIOIOTHCS BCEPENNHI
KIIITHH 1 MEXaHIYHO MOIIKOKYIOTb €JIEMEHTH MPOTO-
wia3Mu. Jpyruii — eektu po3unHy — 00yMOBIICHUH
TOKCUYHOIO Ai€I0 HA KIIITHHHI KOMITOHEHTH BUCOKOKOH-
LEHTPOBAHUX PO3UMHIB, SIKi yTBOPIOIOTHCS BHACIOK
3MEHIIECHH YaCTKH PigKoi (ha3u BOIU y BHYTPILIHBO-
KIIITUHHOMY Ta MO3aKIITHHHOMY CEpeIOBUIIAX Y XOA1
KpHCTali3amii cycrensii. I3 miIBUIeHHsIM IIBUIKOCTI
OXOJIOIKEHHS 30Ty €THCS B1ICOTOK KIIITHH, K1 YIII-
KOJKYIOTBCSI 32 PaXyHOK BHYTPIITHBOKITITHHHOI KPHC-
TaJTi3arlii, TO/ SIK HeCTIPHUSITIINBA JTist Ha KIITHHH JPYTOro
THITY 3MEHIIYETHCS. 3HUKEHHS MBUIKOCTI OXOJIOI-
JKEHHS IPU3BOIUTH JT0 301IBIICHHS YaCTK! KIIITHH Y
cycneHsii, sIKi yIIKOIXYIOThCS 32 PaxyHOK e(deKTiB
PO34HHY.

BupimanbHe 3HaueHHs Ui 3a0€3ME€YEHHS] ONTHU-
MaJIBHOTO PEXHUMY 3aMOPOKYBaHHS CYCHEH311 KIIITHH
Mae BUOIp MIBUIKOCTI 11 OXOIIO/KEHHS, TIPH SIKIH CITiITh-
HUH BIUTMB KPiOYIIKOMXKYIOUMX (haKTOPiB 000X THIIIB €
MiHIManbHUM. 3HaYE€HHS OO apaMeTpa 3aJIeKUTh
BiZl MOP(OJIOTTYHUX 1 PYHKIIIOHATEHIX OCOOIMBOCTEH
KJTITHH ITIEBHOTO BUJTY, a TAKOXX BiJT AiarpaMu TUIABICHHS
Kpi03axucHOTo po3uuny [7]. s ApikKoBuX rpudiB
Saccharomyces cerevisiae, cycnennoBanux y 10%-my
pozunHi quMeTHicyabpokcuay (AMCO) y dizionori-
gaomy cepemnosuiti (0,135 M NaCl — Boxa), ontu-
MaJIbHa IIBUJKICTh OXOJIOMKEHHS OKPEeMOi KIITHHH,
sIKa 3HAXOAMTHCA B TIEBHIH ToYIli 00’ €My 3pa3ka, cTa-
HOBHTH Onu3bko 4—5°C/xB [5]. YV nmiama3oHi mIBUI-
KocTel oxonomkeHHs < 3°C/XB KPiOMONIKOAKEHHS
KIIITUH BiJIOyBa€ThCS TIIbKU 32 paXyHOK €(PEKTiB PO3-
YHHY, @ TIPU [BUAKOCTAX OXOJNOKeHHA = 6°C/XB —
MIEPEBAXKHO B PE3YJIbTaTi BHYTPIIIHBOKIII THHHOT KPHC-
Tamizamii. 3aJeXKHICTh CyMapHOTO BHECKY ITUX YHH-
HUKIB y KPIOMOIIKO/PKEHHS KJIITHH Ma€ MOPIBHIHO
IIMPOKUI MIHIMYM Y Alarma3oHi MBUIKOCTEH 0X0I0/-
xeHHs 4—8°C/xs.

Po3amip i reomerpudHa popma KOHTEHHEPA, B IKOMY
3aMOPOXKY€ETHCS 3pa30K, BIUIMBAIOTH Ha PO3MOALN
IIBHJIKOCTi OXOJIO/PKSHHS B Pi3HUX HOro Toukax. PizHu-
151 MK TEMIIEPaTypolo B KaMepi MpOrpaMHOro 0X0J0-
JDKyBada Ta B IIEHTPI 3pa3Ka 3pOCTa€e Mo Mipi 3011b-
IIeHHS liaMeTpa KoHTeiHepa [4]. Llel edekr Haliuac-
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stant rate during the whole cryopreservation procedure
or varies remaining constant at its certain stages [2].

Cryoprotective mechanisms of linear freezing
regimens are studied well enough and theoretically
substantiated by the two-factor theory of cell cryoinjury
[8]. Its basic essence lies in the fact that when suspen-
sion is cooled, cellular components are influenced by
two types of factors simultaneously. The first factor,
intracellular crystallization, is associated with disrup-
tive action of ice crystals, which emerge in the cell
and damage mechanically the protoplasma elements.
The second one, solution effects, is attributed to toxic
impact on cellular components of high-concentrated
solutions, which are formed due to the reduction of
liquid phase portion in intracellular and extracellular
mediums in the course of crystallization. As a cooling
rate grows, percentage of cells damaged because of
intracellular crystallization increases, while the other
unfavorable factor action lessens. A drop in cooling
rate results in an increased percentage of cells damaged
due to solution effects.

Selection of a cooling rate, at which the combined
influence of cryodamaging factors of both types would
be minimal, is of crucial importance for providing an
optimal regimen for freezing cell suspensions. Signi-
ficance of this parameter depends on morphological
and functional peculiarities of cells as well as on the
diagram of cryoprotective solution melting [7]. For the
yeast fungi S. cerevisiae suspended in 10% dimethyl
sulfoxide (DMSO) solution on physiological medium
(0.135 M NaCl — water) the optimal cooling rate for a
single cell, which is located in a certain point of the
sample volume, is approximately 4-5°C/min [5]. Within
the cooling rate range of < 3°C/min cryoinjuries of
cells occur owing to solutions effects only, and when
cooling rates are > 6°C/min, cryoinjuries of cells occur
mainly because of intracellular crystallization. The
dependence of ultimate contribution of these factors
to cryoinjuries of cells is characterized by a relatively
wide minimum within the cooling rate rate of 4—
8°C/min.

The size and geometric shape of a container, in
which a sample is frozen, affect cooling rate distri-
bution inside this freezing sample. The bigger the dia-
meter of a container is, the greater difference between
temperatures in the chamber of a program freezer and
in the center of a sample is [4]. This effect is mostly
not considered by researchers, when they interpret
experimental results and estimate efficiency of freezing
samples of large volume by viability indices registered
for smaller (satellite) samples.

The aim of the work is the analysis of cryoinjury
mechanisms of the yeast fungi S. cerevisiae sus-
pension in the solution “10% dimethyl sulfoxide —
0.135 M NaCl — water” in the process of freezing in
cylindrical containers by linear programs of cooling

problems
of cryobiology

Vol. 20, 2010, Ne1



Tillle HE BPaXxOBYIOTh JOCIHITHUKH HPU TPaKTyBaHHI
pe3yNbTaTiB eKCIIEPUMEHTIB Ta OIliHIII €()EKTUBHOCTI
3aMOPOKYBaHHS 3pa3KiB OLTBIIOro 00’ €My 3a TOKa3HU-
KaMH XKUTTE€30aTHOCTI KITITHH, OTPUMaHUMH IIPH 3aMO-
POXKyBaHHI MEHIIIHX 32 00’ €MOM (CaTeNiTHUX ) 3pa3KiB.

Merta poboTu — aHaji3 MEXaHi3MiB KPiOMOLIKOA-
XKEHb CYCHEH311 OpIKIKOBUX I'pUOIB S. cerevisiae B
po3unHi “10% mqumermicynbdoxcuay — 0,135 M NaCl —
Boza” MiJ 4ac 3aMOpPOXKyBaHHS B KOHTEWHEpax IH-
JTHAPUYHOI POPMH 3a JIIHIHHUMHU MIPOTpaMaMHu 0XO-
JIOJPKEHHS 3 ypaxXyBaHHSIM PO3KHUY PEXKUMHHX Mapa-
METpIB y 3pasKy.

Martepiaau i meToan

HocipkeHHs MpoBeAEHO Ha IPIKHKOBUX KITITHHAX
S. cerevsiae — npomucioBuil mram (paca 608, PIXII,
C.-lletepOypr). Kynerypy KIiTUH BHpOLIyBalu Ha
CKOLIIEHOMY CycJI0-arapoBoMy cepenosuii npu 30°C
npoTarom 48 roauH. BuxigHa KOHIEHTpALisl KITITHH Y
cycnensii cknanana 105 KYO/mn. s 3aMopoxy-
BaHHS BHUKOPUCTOBYBAJIHM CYCII€H3II0 KJIITHH i
3axucroMm 10% (06’em/00’em) IMCO.

3pasku 3aMOpOXKYBaIH 3a JIOTIOMOTO0 TIPUCTPOFO
YOII-6 (CKTB 3 B IIIKiK HAHY), npu3naueHoro
JUTSI TIPOTPAMHOTO OXOJIOKEHHSI ¥ BiTirpiBaHHs 010710~
TIYHOTO Marepiayly B KOHTeHHepax. 3aMOpOKyBaHHS
Ta PEECTPaLii0 TEMIEPATYPHOTO OIS 3pa3KiB 31iH-
CHIOBAJIM B TePMETHYHHMX KOHTEHHEpax HMITIHAPUIHOT
¢dopmu giamerpamu: 30, 20 i 10 MM, BUTOTOBJICHUX 3
TEPMOCTIHKOTO IMJIACTUKY 3 TOBIIMHOIO CTIHOK 1 MM.
O06’em 3paskiB y koHTelHepax craHoBuB 20, 10 Ta
1,8 Mt BignosigHO. J1J1s 3aMOpOKyBaHHS-Bi T piBaHHS
3pa3KiB BUKOPUCTOBYBAJIN OAHOYACHO 4 KOHTEHHEpH
OJTHAKOBOTO po3Mipy. Po3moin TemneparypHoro mosus
KOHTPOITIOBAJIM B OJHOMY 3 IIUX KOHTeifHepiB. s
peecTparlii TeMrneparypu 3acTOCOBYBAIH MiTb-KOHC-
TAHTAHOBI TepMOIIApH, Ki 3 €IHyBalU 3a AudepeH-
iaTBHOI0 CXeMOot0. B KoHTeitHepax ycix po3MipiB Tep-
momapu (TII) BcTraHoBIIOBaNM Ha PiBHI CepeIWHU
3paska: Ol BHYTpilIHBOI CTiHKK KoHTelHepa — T1I 1,
B nenTpi — TI1 3, mocepenuni mixk TII 1 ta 3 — TII 2
(puc. 1). ITouarkoBa TeMmneparypa ycix 3pa3KiB CTaHO-
Buna 18°C.

3pa3ku 3aMOPOXKYBaJIM 31 MIBUAKOCTAMHU 1, 5 Ta
10°C/xB no mocsrHeHHs: Temmeparypu —100°C na
OCBHOBIH TE€pMOIIapi, MICISI YOTO OXOJIOHKEHI 3pa3Ku
3aHYpIOBAJM y PIAKUH a30T 1 BUTPUMYBAIHU iX A0
JIOCSTHEHHS TEMIIEPATYPH PIAKOTO a30Ty. YIPaBIiHHS
pob6ororo YOII-6 3miiicHIOBaIOCh 3a MOKa3aHHIMU
TEpMOMETpa OTOPY, BCTAHOBICHOTO B KAMEP1 0XOJIO]I-
JKeHHS 103a 3pa3kaMH. YCi 3pa3Ku BiAirpiBalu y
BOIsHIN BaHHI mpu Temmeparypi 30°C. Tepmorpamu,
SIKI peecTpyBaIUCh KOKHOIO TEpMOIaporo, Bigoopa-
XKaJluch Ha 12-po3psiiHOMY aBTOMAaTHUYHOMY Camo-
nicti moteHriomerpa KCII-4 3 mepioqnynicTiO OMH-
TyBaHHsI KOXKHOI Tepmornapu 16 c.
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with consideration for dispersion of regimen parameters
inside samples.

Materials and methods

The research was carried out on the yeast cells
S. cerevisiae, an industrial strain (race 608 granted
by Russian Institute of Bakery Industry, St. Peters-
burg). The cell culture was grown on slant wort agar-
agar at 30°C for 48 hours. The yield of cells in
suspension was 10° CFU/ml. Cell suspension was
frozen under protection of 10% (vol/vol) DMSO.

The samples were frozen on the device UOP
(Special Designing and Technical Bureau of the
Institute for Problems of Cryobiology and Cryomedi-
cine of the National Academy of Sciences of Ukraine)
designed for program cooling and heating biological
material in containers. Freezing and registering tempe-
rature field in samples were performed in leak-proof
cylindrical containers of the diameters of 30, 20 and
10 mm and the wall thickness of 1 mm made from
thermoresistant plastic. The sample volumes in the
containers were 20, 10 and 1.8 ml respectively. Four
containers of the same size were used simultaneously
for freeze-thawing the samples. The temperature field
distribution was monitored in one of them. Copper-
constantan thermocouples connected according to the
differential scheme were used for measuring tempe-
rature. In containers of all the sizes thermocouples
(TC) were placed on the middle level of the sample:
near the inner wall — TC 1, in the center — TC 3 and
TC 2 in the middle between TC 1 and TC 3 (Fig. 1).
The start temperature in all the samples was 18°C.

The samples were frozen at the rates of 1, 5 and
10°C/min to —100°C on the axial thermocouple. Then
the samples were submerged in liquid nitrogen and
exposed until temperatures in the center of a big sample
attained liquid nitrogen temperature value. UOP-6

T3 TN2 Tn1
TC3 TC2 TC1

Puc. 1. Poaminienns TT1 y KOHTpOIBHUX KOHTEHHEpaXx.
Fig. 1. TC location in the control containers.
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JKuTTe3maTHICTh KITITHH IPIXKKIB OIIHIOBAIH YaIll-
KOBUM MeTozoM Koxa 3a KibKiCTIO MaKpOKOJIOHIH,
K1 cOpMyBaNKCsl Ha arapu30BaHUX CEPEIOBUIIAX
[3].

TeopeTnunmii anani3 npouecis, AKi BigOyBaroTbCs
B CyCIIeH311 KIITHH y Ipoueci 1l KpucTaizauii, mpoBo-
JIITY Ha TiJCTaB1 Teopii (ha30BUX MEPETBOPEHB Y PO3-
YHHAX [6], CIHParOYUCh Ha 3aralibHi TOJIOKEHHS TBOX-
(baxkTOpHOT TEOPIi KPIOTMOIMIKOIKEHHS KITiTHH [8].

CratrcTuiHy 0OpOOKY €KCIEpUMEHTAIBHUX pe-
3YJIBTATIB 31HCHIOBAIH CTAHIAPTHIM METOJ/IOM 3 BU-
KOpUCTaHHAM t-kputepito CThIoleHTa MpH HMOBIp-
HOCTI BIy4YeHHs y AoBipuwmii iHTepBan P > 0,95.

Pe3yAbTath Ta O0OOroBOpeHHs

VY Tabn. 1 nogaHo OTpUMaHi HAMU E€KCIIEPHUMEH-
TaNbHI JaHi 100 KOJIOHIEYTBOPIOIOUO] 31aTHOCTI 3a-
MOPOKEHOI-BiAIrpiToi cycneH3ii MikpoopraHi3mis S.
cerevisiae y pO34rHI JUMETHICYNBGOKCUAY ITPHU Pi3HHUX
LIBUIKOCTSAX OXOJIOKEHHSI 32 TOKa3HUKaMU JaTdnKa,
PO3MIIIIEHOTO Y KaMepi 3aMOopoXKyBada. Y Mporieci 3a-
MOPO’KYBaHHS KIIITHHHOI CyCIIeH311 peecTpyBaIH 3a-
JISKHOCTI TEMITEPATyPH Bl 4acy y TPhOX TOUKAX 3pa3-
Ka, SIK OMUCAHO BHIIE. [3 pe3ynprariB Tabia. 2 BUIHO,
170 32 OHAKOBHX J[IaMeTPi 3pa3Ka Ta IMIBUIKOCTI 0XO0-
JIOIDKEHHS KPIOHOCist 0111 30BHINTHBOT TOBEPXHI KOH-

Taomuus 1. KonoHiey TBOproroUa 31aTHICTh IPIkKHKOBUX
rpudiB S. cerevisiae, CycrieH10BaHUX y po3unHi “10%
mumetiicynbpokcumy —0,135M NaCl —Bopa”, micns
3aMOPOXKYBaHH 31 MBUAKOCTIMH 1, 5 Ta 10°C/xB
1 BiAirpiBaHHs y BOAsiHIN BaHHI ipH Temrieparypi 30°Cy
LTI HAPUYHUX KOHTEHHepax
Table 1. Colony-forming ability of the yeast fungi
S. cerevisiae suspended in the solution “10% dimethyl
sulfoxide —0.135 M NaCl — water” after freezing at the rates
of 1, 5 and 10°C/min and thawing in a water bath at 30°C
in cylindrical containers

KoaonieyTsoproroua

AiameTp 3AATHICTBD,

KOHTeWHepa, MM
Container diameter,
mm

LIBuaAKicTB
oxonropxenus, °C/xB
Cooling rate, °C/min

% BiA KOHTPOAIO
Colony-forming
ability, % related to
the control

30

79,2 = 8,5

55,0 = 10,1

16,2 = 9,5

20

718 =124

93,4 = 10,1

351 = 13,8

10

594 = 11,5

60,2 = 14,7

22,5 = 8,7
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functioning was controlled with a resistance thermo-
meter installed in the chamber of cooling outside of
the samples. All the samples were heated in a water
bath at 30°C. The thermograms registered by each
thermocouple were displayed on a 12-bit automatic
curve recorder of potentiometer KSP-4 every 16 sec
for each thermocouple.

The yeast viability was assessed by Koch’s plating
technique by quantity of macrocolonies, which formed
on agar-agar media [3].

The theoretical analysis of the processes occurring
in cell suspension during crystallization was performed
in terms of the theory of phase transformations in
solutions [6] basing on the general principles of the
two-factor theory of cell cryoinjuries [8].

The experimental results were statistically pro-
cessed according to the standard method with the Stu-
dent t-test with the probability of falling into the
confidence interval of P > 0.95.

Results and discussion

The experimental data on colony-forming ability of
the microorganism S. cerevisiae suspension frozen-
thawed in dimethyl sulfoxide solution at different cooling
rates by the readings of the detector placed in the free-
zer chamber are presented in Table 1. The dependence
of temperature vs. time was registered in three points
of the sample during freezing cell suspension as it was
described above. With reference to Table 2 it is seen
that when the samples were of the same diameter and
cooling rate of the coolant near the outer surface of
the container was the same, the cooling rates in all the
points of the sample had approximately equal values
until crystallization started in cell suspension and then
after the temperature of —40°C. Herewith at the same
cooling rate of the outer surface of the container in all
the points inside the samples of bigger diameters cool-
ing rates before crystallization were lower as compared
to those in the samples of smaller diameters, and within
the temperature range of —40... —100°C they, vice
versa, were higher in comparison with those in the
samples of smaller diameters. Besides, in the containers
of all the sizes the cooling rates on the inner wall did
not differ significantly from the cooling rate of nitrogen
vapor in the cryochamber before crystallization. At
the same time the average cooling rate at crystallization
stage grows two-four fold, as the distance from the
container wall increases. The dispersion of this para-
meter rises, as the size of a container and cooling rate
of its outer wall increase. Thus, cooling regimens of
cells located in different points of a frozen sample differ
considerably. In its turn an increase in the dispersion
of the average cooling rate in a sample at crystalliza-
tion stage results in deviations of the cooling rate of
growing quantity of cells from the optimal value. Using
the data from Table 2 we determined the dependence
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Tadauus 2. 3a1eXKHICTh JIOKATLHOT IIBUAKOCTI OXOJIOPKEHHS JI0 II0YaTKy KPUCTAai3allil, HIBUAKOCTI
OXOJIOKEeHHS B Aiana3oHi Temmeparypu —40...—100°C Ta cepeqHbOT IBUAKOCTI OXOJIOMKESHHS
Ha eTaITi KpUCTai3amii BiJ] IIBUAKOCTI OXOIOMKEHHS KPIOHOCIS B KPIOCTATi Ta BIICTaHi BijT
0Ci KOHTelHepa IWITIHAPHUIHOT hOopMHU
Table 2. Dependences of the local cooling rate before crystallization, the cooling rate within the temperature
range of —40...—100°C and the average cooling rate at crystallization stage on the cooling rate
of the coolant and on the distance from the cylindrical container axle

Ogig;;iggzﬂ H(]).Esf}?KiCTL OXO{\OA}Ii'e(f{é{/il AO U'L?;?‘;{;g: ?:;ggg;{fy};?; B CepepaHs 'IHBI/IAKiCTib O)S?{)\g,?}KeHHH
! . y Kpucraaizanii,°C/xs, y 2 40... — 100°C, °C /x5 Ha eTaml Kpucraaizanii,*C/xs, y
KpioHOCis B KOHTelHepi AlaMmeTpoM, MM M Y KOHTelHepi AlaMeTpoM, MM
Kpiocrari, Cooling rate before crystallization, KOHTEAHEPL AMAMETPOM, MM Average cooling rate at
epMoTIapa
Tep P °C/xB °C/minina container of the Cooling rate within the temperature crystallization stage,°C/min in a
Thermocouple Cooling rate diameter, mm range of =40... ~100°C, °C/min in container of the diameter, mm
of the coolant ! a container of the diameter, mm !
in the cryostat,
°C/min 10 20 30 10 20 30 10 20 30
1 1,1+0,05 | 0,94=+0,04 1,0+0,04 1,1+0,02 1,1+0,04 | 0,83%+0,05 1,1+0,04 | 0,97+0,03 1,1+0,05
1 5 4,1%0,2 3,0=0,05 3,1=0,2 7,56+0,04 12,0=+0,7 15,5+0,3 55+0,3 4,3%+0,05 51=+0,3
10 7,8+0,6 5,8+0,07 6,1=0,3 255+1,6 299=+1,3 329=+1,4 10,3+0,7 8,2+0,09 8,0=0,6
1 1,2+0,05 | 0,97+0,04 1,0+0,03 1,1+0,03 1,4+0,06 | 0,87+0,04 1,1+0,1 1,3+0,03 1,2+0,04
2 5 4,1=0,1 3,1+0,06 3,3%=0,2 7,6=0,04 12,3=1,1 15,5+0,8 10,6=1,2 6,8+0,7 12,1+0,7
10 8,0+0,2 5,8+0,02 6,2+0,3 255+1,4 30,117 329=+1,7 20,3=1,0 14,6=0,8 159=+1,3
1 1,2#+0,06 | 0,97+0,03 1,2%+0,1 1,2+0,08 1,2+0,02 | 0,86+0,03 1,2%+0,07 2,3%+0,1 2,1+0,1
3 5 4,1+0,3 3,3%+0,03 3,4=0,4 7,5+0,2 12,2+0,9 15,5+0,9 13,3+0,8 8,1+0,3 16,1+0,6
10 80+03 | 60004 | 66+08 | 255+1,1 | 300+1,8 | 329+18 | 253209 | 21717 | 3019

IpumiTka: Bigctans 10 oci kouTeiHepa giamerpom 10 mm: TIT 1 — 5 mm, TTI 2 — 2,5 mm, TTI 3 — 0 mm; miametpom 20 mm: TIT 1 — 10 mm,
TII 2 — 5 mm, TII 3 — 0 mm; miamerpom 30 mm: TIT 1 — 15 mm, TIT 2 — 7,5 mm, TII 3 — 0 Mm.

Note: distance to the axle of the container of the diameter of 10 mm: TC 1 — 5 mm, TC 2 — 2.5 mm, TC 3 — 0 mm; of the diameter
of 20 mm: TC 1 — 10 mm, TC 2 — 5 mm, TC 3 — 0 mm; of the diameter of 30 mm: TC 1 — 15 mm, TC 2 — 7.5 mm, TC 3 — 0 mm.

TeifHepa MBUAKICTh OXOJOIKEHHS B YCiX TOUKAX 3pa3-
Ka Mae MpUONM3HO PiBHI 3HaYEHHS IO TOYaTKy KpHC-
TaTizawii B KIITHHHIN cycneHs3ii 1 micist TeMnepaTypu
—40°C. I1pu oMy 3a OTHAKOBOT IMBHUIKOCTI OXOJIO/-
YKEHH:I 30BHILITHBO1 TOBEPXHI KOHTEHHEPA B yCIX TOUKaxX
BCEpeaMHI 3pa3ka OUIBIIOro JiaMeTpa NIBUIKICTH
OXOJIOMKEHHS IO MOYaTKy KpHcTamizauii Oyna MeH-
II0¥0, HIXK Y 3pa3Kax 3 MEHIIINM, a B Jlialta30Hi TeMIIe-
patyp —40...—100°C HaBmaku — O61TBIIOI0 TOPIBHSIHO
31 IIBUAKICTIO OXOJOMKEHHS 3pa3KiB 3 MEHILIHUM Jia-
MeTpoM. KpiMm Toro, B KoHTeiHepax ycix po3Mipis
MIBUIKICTH OXOJIOJKCHHS IO IMTOYATKy KpHUCTaTi3amii
Ha BHYTPIIIHIA CTiHII BIpOTiTHO HE BIAPIZHAETHCS BT
LIBUJIKOCTI OXOJIOJPKEHHS MapiB a30Ty B KpioKamepi.
VY T0i1 3xe yac cepeqHs LBUIKICTb OXOIOHKEHHS 3pa3-
Ka Ha eTarli KpUCTati3allii 1o Mipi BiJIAJICHHS BiJ{ CTIHKA
KOHTeHHepa 3pocTae y 2—4 pasu. Po3kup iporo mapa-
MeTpa 30UIbIIY€ETHCS IPH 301IbLICHHI pO3Mipy KOH-
TelHepa i MBUAKOCTI OXOJOMKEHHS 1OT0 30BHIITHBOT
noBepxHi. TaKMM YHHOM, PEKUMU OXOJIOKESHHS KJTi-
THH, PO3TAlIOBAHUX y PI3HUX TOYKAX 3pa3Ka, SIKH
3aMOPOXKYETHCSI, CYTTEBO BiAPI3HAIOTHCA. Y CBOIO
4epry, 30UIbIIEHHS PO3KHUIY CEPENHbOT IBUAKOCTI 0XO-
JIO/KEHHS KITITHH Y 3pa3Ky Ha eTari Horo Kkpucrasizauii
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of the average cooling rate at crystallization stage in
each point of the sample on its distance from the
container axle under different freezing conditions by
approximation of this dependence with the quadratic
function by the least square method (Fig. 2). One can
see that the cooling rate in a sample of cylindrical shape
at crystallization stage of suspension increases consi-
derably in proportion to receding from the container
wall to its axle. Such distribution of cooling rates and
theoretical data on contribution of intracellular crystal-
lization and solution effects to ultimate cryoinjuries of
the yeast cells S. cerevisiae [5] explain quite satis-
factory the obtained experimental results on the colony-
forming ability of the microorganism S. cerevisiae
(Table 1), if one takes into account the distribution of
the average cooling rate at crystallization stage of these
cells (Table 2). Indeed, at the cooling rate of the coolant
of 1°C/min near the inner walls of the containers of
the diameters of 10, 20 and 30 mm cell injuries are
about 30%. The cooling rates in the container of the
diameter 10 mm are almost the same (about 1°C/min)
both on the wall and on the axle; and in the containers
of the diameters 20 mm and 30 mm they increase
approximately two-fold, approaching the optimal value.
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MIPU3BOIUTH JI0 BiIXMIICHHS IIIBUIKOCTI OXOJIOJKSHHS
BIJI OIITUMAJILHOT'O 3HAYEHHS BCE OLIBIIOI KUIBKOCTI
KJIITHH. 3a DauuMH Talj. 2 BA3HAYaIM 3aJICKHICTD
CepeIHbO1 MBUIAKOCTI OXOJIOKCHHSI Ha €Tarll KpUCTa-
Jizamii y Ko>KHIl T4l 3pa3ka Bif ii BiicTaHi 10 oci
KOHTEHHepa 32 Pi3HUX YMOB 3aMOPOXKYBaHHSI IILISIXOM
anpOKCHMAIIIT 1€ 3a1e)KHOCT KBaJpaTHYHOIO (DyHK-
LI€0 METOJOM HalMeHIIuX KBazipaTiB (puc. 2). Ak
BHJTHO, IIBHUJIKICTh OXOJIOJDKEHHS B 3pa3Ky LMJIHJ-
pu4HOI PopMH Ha eTarti KpUcTati3allii CycreH3ii 3Ha9HO
301IbIITY€ETHCS [0 Mipi BiJIaJICHHS BiJl CTIHKH KOHTEH-
Hepa J10 Horo oci. Takuii po3IoIiI IBUIKOCTEH 0XOJ0-
JOKEHHS Ta TEOPETUYHI IaHi PO BHECOK BHYTPIIIHBO-
KIIITHHHOI KpUCTai3allii Ta ePeKTiB pO3UUHY y CyMap-
HE KPIOMOIIKOKEHHS APIkIKOBUX KIIITUH S. cere-
visiae [5] LIJIKOM 3aJ0BIJIbHO TOSCHIOIOTh OTPUMaHI
EeKCIEepUMEHTaIbHI PEe3yJbTaTU MO0 KOJIOHIE-
YTBOPIOIOUO] 34aTHOCTI MIKpPOOPTaHi3MiB S. cerevisiae
(Taba. 1), sSKIIO0 BpaxyBaTH PO3MOIIN CEpPeaHbOT
IIBUAKOCTI OXOJIO/IKCHHS Ha €TaIll KpUCTaTi3alii [ux
kitituH (Ta6m. 2). JifcHO, Py MIBUIKOCTI OXOIO/KEHHS
xosonoHocist 1°C/xB 011 BHYTPIIIHBOT CTIHKM KOHTEH-
HepiB giamerpamu 10, 20 1 30 MM HOIIKOKSHHS KITITHH
craHoBuTh OUIA 30%. IIBUAKICTE OXOJOMKEHHS B
KOHTelHepi niameTpom 10 MM Mae Maiike OJHAKOBE
3Ha4eHHs (0nm3bKo 1°C/XB) K Ha CTiHIII, TaK 1 Ha OCi,
a B KoHTelHepax niamerpamu 20 i 30 MM 3011y €Th-
sl IpUOIHU3HO Y 2 pasu, HaOIMKAIIUCH 10 ONITUMATTh-
HOTO 3HAYCHHSI.

MaxcrmarbsHe 3HaueHHS KOJIOHIE€Y TBOPIOFOYOT 3/1aT-
HOCTI MiKpooprasi3MiB S. cerevisiae (6mmu3pko 90%
BiJl KOHTPOJIIO) IOCSTAETHCS TIPH X 3aMOPOKyBaHHI B
KOHTelWHepi fiameTpoM 20 MM 3a IIBHAKOCTI OXOJIO/-
KEHHS X0NoJoHocis B Kpiokamepi 5°C/xB. Lle mosic-
HIOETBCS THM, IO TIPU [[LOMY PEKUMI OXOJIOKEHHS
NIepEBaYKHA OLIBIIICTD KITITHH OXOJIOKYETHCS 31 IIBU/I-
KOCTSIMH, OJTM3bKUMH 10 ONTUMAanbHUX. [ Tpu mBumkocTi
oxonomkeHHst 10°C/xB aiis 3pa3KiB y KOHTeHHepax
nmiametpamu 10, 20 1 30 MM ycepeHeHa 3a 00’ eMoM
3pa3ka 30epeKeHICTh KIIITHH MAa€ MIOPIBHSIHO HEBEJINUKE
3HadeHHs. Sk BUAHO 3 maHux Tab6n. 1 i 2, mpu it
IIBUIKOCTI OXOJIOMKEHHS 3HAYHA KIJIBKICTH KIITHH
OXOJIOIKY€EThCSI 31 IBUAKOCTSIMH, TAJICKUMH BiJl ONITH-
MaJIbHUX 3HAYCHb.

Taxum unHOM, Ha TTi/IcTaBi CPOPMYITLOBAHOT HAMH
TEOPETUIHOT MOJIeNi [5] Ta OTpUMaHUX eKCTIEPUMEH-
TaJbHHUX JaHUX MPOBEJICHO aHalli3 MEXaHi3MiB Kpio-
TIOIIKOPKSHHS CYCIIEH3I1T IPIXKHKOBUX TPUOIB S. cerevi-
siae B pozunHi “10% mumeruncynbhoxcuny — 0,135 M
NaCl - Bona” mi yac 3aMOpoXyBaHHS B KOHTEITHepax
WJTIHIPUYHOT (POPMU 32 JIIHIHHIMHU TIPOTpaMaMH 0X0-
JIO/KCHHS 3 ypaxyBaHHIM PO3KUIY PEKUMHHX Mapa-
METpiB ycepeauHi 3pa3ka. O4eBHIHO, 3aPOTIOHOBAaHI
B poOOTi MiAXOAH IO OLIHKH PEXHUMIB KpPIOKOHCEP-
BYBaHHS CycCIeH3ii ApIKIHKOBUX TPHOIB S. cerevisiae
mig 3axuctoM [JMCO MoXyTh OyTH 3aCTOCOBaHI i
JUTS IHIIAX KJITHHHUX CYCIICH31H.
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Puc. 2. Po3momin cepenHbol MIBHIKOCTI OXOJIOMKCHHS Ha
erTarti KpucTatizanii cycreHsii MikpoopraHi3MmiB S. cerevisiae,
CYCIIEHJIOBAaHUX y JOCIHIPKYBAaHOMY PO3YMHI B IMJIIH/-
pUYHOMY KOHTeWHepi aiamMeTpoM 30 MM NpHU IIBUAKOCTI
OXOJIOKEHHS XOJOAO0HOCIS OlJIg 30BHIMIHBOI CTIHKHA
koHTerHepa: 1 — 10°C/xB; 2 — 5°C/xB; 3 — 1°C/xB. (p/R —
BIJIHOIICHHS BiICTaHI BU3HAYCHOI TOYKH Y 3pa3Ky BiZl OCHOBOT
TiHI{ KOHTEHHepa 10 HOTo pajiyca).

Fig. 2. Distribution of the average cooling rate at crystal-
lization stage of the microorganism S. cerevisiae suspended
in the studied solution in the cylindrical container of the
diameter of 30 mm at the cooling rate of the coolant near the
container outer wall: 1 — 10°C/min; 2 — 5°C/min; 3 — 1°C/min.
(p/R — relation of the distance from the indicated point in
the sample to the container axle to the container radius).

The maximal colony-forming ability of the micro-
organism S. cerevisiae (about 90% related to the
control) is achieved when they are frozen in a container
of the diameter of 20 mm at the cooling rate of the
coolant in the cryochamber of 5°C/min. This is explai-
ned by the fact that this regimen of cooling provides
cooling rates close to optimal ones for most of cells.
At the cooling rate of 10°C/min for the samples in
containers of the diameters 10, 20 and 30 mm the
sample volume averaged integrity of cells was relati-
vely low. With reference to Tables 1 and 2 it is seen
that at this cooling rate a considerable quantity of cells
are cooled at the rate far from being optimal.

Thus, basing on the theoretical model developed
by us [5] and the experimental data obtained the me-
chanisms of cryoinjury of the yeast fungi S. cerevisiae
suspension in the solution “10% dimethyl sulfoxide —
0.135 M NaCl — water” in the process of freezing in
cylindrical containers by linear programs of cooling
with consideration for dispersion of regimen parameters
inside samples were analyzed. Evidently the approa-
ches suggested in the work for estimation of cryopre-
servation regimens of the yeast fungi S. cerevisiae
suspension protected with DMSO can be also applied
for other cell suspensions.
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BucHoBsku

ExcniepuMeHTabHO TiATBEPKEHA aICKBATHICTD
BHUCYHYTHX MOJAEIbHUX YSBJIECHb LI0A0 KPiOMOIIKOA-
JKEHHS KJIITUH IPY 3aMOPOKyBaHHI CyCIeH31i MiKpo-
OpraHisMmiB S. cerevisiae y po34HHi “ITUMETUIICYIb-
¢oxcun — NaCl — Boja” 3a JiHIHHUMH IpOrpaMamMu
OXOJIOKEHHSI.

Metonom G6araroToukoBoi TepMorpadii noxkasaso,
IO PO3IIOILT IIBUIKOCTI OXOJIO/KEHHS B KOHTEHHEpax
13 CyCIIEH31€10 MIKPOOPTaHi3MiB S. cerevisiae € HEOI-
HOPITHAM 1 3HAYHO BILTABAE HA X KOJIOHIEYTBOPIOIOTY
3IATHICTH MiCTIs 3aMOPOKyBaHHA-BIIITPiBaHHS;

YamkoBuMm MeronoMm Koxa BuM3HaueHa KOJIOHie-
YTBOPIOIOYA 3AaTHICTh MIKpOOPTaHi3MiB S. cerevisiae
micis 3aMOpoXKyBaHHs-BifirpiBanas B 10%-my pos-
YHHI AUMETHICYIb(OKCHIY 3 BUKOPUCTAHHSM JiHIHHHUX
PEKUMIB OXOIOIKEHHS.
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Conclusions

Adequacy of the proposed model conception on
cell cryoinjuries of the yeast fungi S. cerevisiae sus-
pension in the solution “dimethyl sulfoxide — NaCl —
water” in the process of freezing in cylindrical containers
by linear programs of cooling was confirmed experi-
mentally.

The method of multi-point thermography showed
that distribution of cooling rates in the containers with
the S. cerevisiae microorganism suspension was inho-
mogeneous and affected greatly its colony-forming abi-
lity after freezing-thawing.

The microorganism S. cerevisiae colony-forming
ability was assessed by Koch’s plating technique after
freezing-thawing in 10% dimethyl sulfoxide solution
by linear regimens of cooling.
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