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Freezing Regimens and Gel Carrier Composition Influence Safety
of Saccharomyces boulardii Immobilized Yeast Cells

Pecpepar: Y poboti gocnimkyBanv BNnvB gogaHux Ao anbriHatHoro renmto OMCO i caxapo3n Ha XUTTe3gaTHiCTb iMmobini3o-
BaHWX KMiTWUH ApixaxiB Saccharomyces boulardii nicns wBMAKOro Ta MOBIMbHOrO OXONomKeHHs Ao —196°C. 3a gonomorow Tep-
MOMEXaHI4YHOro aHanidy nokasaHo, Lo nig yac oxonomkeHHs 0o —196°C po3unHiB 1%-ro anbriHaTy HaTpito 3 gogaBaHHAM 20% caxaposu
abo 5% [OMCO oTtpumaHi KpuBi Manu nepervHv, BIANOBIAHI KOXHIA CKMagoBii po3dmHiB. PasoBi NMepeTBOPEeHHS, 3yMOBMEHi npu-
cytHicTio IMCO i caxapo3u B po3yvHax anbriHaTy HaTtpito, crocTepiranuca 3a OinMbll HW3bKMX TemnepaTtyp, HiK y PO34uHi anb-
riHaTy Hatpito 6e3 fomilok. B ekcnepuMeHTax i3 BMBYEHHS BMMBY PEXVWMIB OXONMOMKEHHS Ha [APiMKOAXKOBI KNiTUHW BCTa-
HOBIEHO, WO HaWBWLLi MOKa3HWKWM XWUTTE3AATHOCTI $K BiNbHUX KNiTWH, CYCMEHAOBaHWX Yy PO34MHax anbriHaty Hatpito, AMCO,
caxaposu, TakK i KMiTuH, iMMOGini3oBaHMX y renesux rpaHynax, 3abesnedyyBano oxonomxeHHs 3i weuakictio 1 rpag/xe go —40°C 3 no-
OanblUMM 3aHYPEHHSM Y PigKkvMn a3oT. [1oKa3HUKM XUTTE3QATHOCTI iMMOBINi3oBaHMX KNITUH NigBMLLYBanNucs nicnst 4OAaBaHHSA A0 anb-
riHaTHoro remo okpemo JMCO Ta caxapos3u, a Takox ix kombGiHauii. MakcvmanbHa XWUTTE3AaTHICTE iIMMOGINizoBaHUX KniTuH Oyna
B rpaHynax remo, skl MiCTUB HacTynHi kombiHauii kpionpoTekTopis: 5% AMCO i 10% caxapo3u, 5% OMCO i 20% caxaposu, 10%
OMCO i 10% caxaposu Ta 10% OAMCO i 20% caxapo3u.

KntouoBi crnoBa: KpiokoHCepByBaHHS, iMMobinisalis KniTvH, anbriHaTt, gumeTuncynsgokena, caxaposa, Saccharomyces boulardii.

Abstract: The effect of DMSO and sucrose added to alginate gel on the viability of immobilized Saccharomyces boulardii
yeast cells after rapid and slow cooling to —196°C has been studied. Thermomechanical analysis revealed the inflection of phase
transitions corresponding to each component of the solutions when cooling those of 1% sodium alginate contained 20% sucrose or
5% DMSO down to —196°C. Phase transitions caused by the presence of DMSO and sucrose in sodium alginate solutions were ob-
served at lower temperatures than in additive-free sodium alginate solution. In experiments to study the effect of cooling regimens
on yeast cells, it was found that the highest viability of free cells suspended in solutions of sodium alginate, DMSO, sucrose, as well as
the cells immobilized in gel granules, was provided by a cooling rate of 1 deg/min followed by immersion in liquid nitrogen. The viability
of immobilized cell increased after adding of either DMSO or sucrose separately, as well as their combinations to the alginate gel.
The maximum viability of immobilized cells was found in gel granules, which contained the following combinations of cryoprotectants:
5% DMSO and 10% sucrose, 5% DMSO and 20% sucrose, 10% DMSO and 10% sucrose and 10% DMSO and 20% sucrose.

Key words: cryopreservation, cell immobilization, alginate, dimethylsulfoxide, sucrose, Saccharomyces boulardii.

VY CBiTOBIM MpakTHLi Bce OLIBIIOrO MOIIUPEH-
Hs1 HaOyBalOTb CUCTEMH JOCTABJIICHHS JIKiB, TPHBH-
MipHI KyJTBTYpH 1 TKaHHHHO-iHXXCHEPHI KOHCTPYK-
mii, Olokaramizaropu, JiKyBaJbHO-TIPOQITaKTHYHI
rperaparyd i MpOAyKTH Xap4dyBaHHS HAa OCHOBI iM-
MOOUTI30BaHUX y TEIEBUX HOCIAX KIIITHH TPO- Ta
eyKapioTiB 1 OIOJIOTIYHO aKTHUBHUX cIonyk [16, 17,
22,23, 27, 31]. Y AKoCTi TeneBUX HOCIIB Hal4acTi-
III¢ BUKOPUCTOBYIOTh HEKOBAJICHTHI Ta 10HOTPOIIHI
refi 3 molicaxapuaiB MPUPOAHOTO TOXOMKECHHS [4].
Li reni 3a3HaroTh Oiojerpanailii, BOHH € Mayio- abo
HETOKCHYHMMH, HE MaloTh AHTUTEHHHUX BIACTHUBO-
creid [8, 30]. V 3B’s13Ky 3 MM HaOy/no aKTyaJlbHOCTI
PO3pOOJICHHSI TEXHOJOTiH JOBTOCTPOKOBOTO 30€epi-
raHHs IMMOOITI30BaHUX Y TeeBUX HOCISX KIITHH
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In world practice, drug delivery systems, three-
dimensional cultures and tissue-engineered cons-
tructs, biocatalysts, therapeutic and prophylactic
drugs and food products based on pro- and euka-
ryotic cells immobilized in gel carriers and biolo-
gically active compounds are getting more wides-
pread [6, 9, 21, 22, 26, 31]. Non-covalent and
ionotropic gels made of polysaccharides of natu-
ral origin are most often used as gel carriers [7].
These gels undergo biodegradation, they are low-
or non-toxic, and have no antigenic properties
[30, 15]. In this regard, the development of techno-
logies for long-term storage of the cells and biolo-
gically active compounds immobilized in gel car-
riers has become relevant.
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i 0l0JIOTiYHO aKTMBHUX croiyK. Ha cboromui mo-
Ka3aHO MOJIMBICTH JIOBIOCTPOKOBOTO 30epiraHHs
pI3HMX 1IMMOOUTI30BaHMX KIITHH 3a JIOTIOMOTOIO
KpiokoHCepByBaHHA [6, 14, 18, 19, 21, 23-25, 28].
OpHak pe3ysibTaTd OLTBIIOCTI JTOCHTIKEHb CBiT4aTh
Mpo Te, IO KPiO3aXWCHI BIACTUBOCTI T'eJICBUX HO-
CiiB He 3maTHI 3a0e3MEYNTH BUCOKY 30epeKECHICThH
iMMOOiTi30Bannx KiIiTHH. OCKUIBKHM T€ll € CHC-
TEMOIO «IOJIMEP—PO3YMHHKK», IPOCTOPOBA CiTKA
sIKO1 cTa0lIi30BaHa MIKMOJICKYJSIPHUMU 3B’ SI3KaMH,
TO IMOBIPHO, [0 BBEACHHS Y IF0 CUCTEMY IHIIHMX
KpIOTIPOTEKTUBHUX PEYOBUH 1 BUKOPUCTAHHS TICB-
HHUX IIBUAKOCTEH OXOJOMKEHHS IIIJBUIINTEL KUT-
TE€3AATHICTh IMMOOUTI30BAaHUX KJITHH TMICHIS Kpio-
KOHCEpBYBaHHSI.

Meta poOOTH — BUBYEHHS BIUIUBY 3aMOPOXKY-
BaHHS 10 —196°C i3 pi3HUMH IIBUAKOCTIMH OXOJIOJI-
JKEHHS Ha JKATTE3NATHICTh KIITHH IMPOOIOTHIHOTO
mTamy IpLKIKIB Saccharomyces boulardii, immo-
OLTi30BaHMX B aJbliHATHOMY Teil 0Oe3 Kpiompo-
TekTopiB abo B remi 3 goxaBanHsM JIMCO i ca-
Xapo3u.

Marepiajau Ta MeTOIH

O0’€eKTOM JIOCHIJKCHHS Oy KIIITUHH JIPIK/DKIB
Saccharomyces boulardii CNCM 1-745, Bupnineni
3 KoMepiiiHoTo Tpenapary «Earepom» («Biocodex»,
Opanris). Jpikmpki BUpONIYyBaid Ha CKOIICHOMY
cycio-arapi 3 BMicToM mykpy 8° 3a baminrom [1]
mpu 30°C mpotsrom 48 rtomuH. s OTpUMaHHS
CyCIIeH3ii APDKIHKOBI KIIITHHUA 3MUBald 3 TOBEpX-
Hi cycio-arapy 0,15 M po3unHOM HATPitO XJIOPHULY.
B ekcniepuMmeHTax i3 BHKOPUCTAHHSIM TepMOMEXa-
HiyHoro anamizy (TMA) 3actocoByBanmm cycrneHsii
KIITUH Yy JUCTWILOBaHIM Boi. [yist bOro KiTHHU
3MUBQJI TUCTUIHOBAHOIO BOJOIO 1 I0JaTKOBO TpUYi
BIIMMBAJIN.

Jo ckiangy ajbpriHaTHOTrO Tellio JOAABAIM caxa-
po3y, AIMCO abo ix xomOinariro. [lepen immoOimi-
3awi€ro roTyBaiay 2%-Hi PO3UMHY aJIbIiHATY HaTpilo,
mo skux goxasanm 10, 20, 30% (v/v) AMCO ab6o 20,
40% (w/v) caxapo3u. Takox 0 pO3YMHIB adbriHATY
HaTpito nmonmaBanmu HactymHi cymimi: 10% JIMCO
1 20 a6o 40% caxaposu, 20% JAMCO 1 20 a6o
40% caxapo3su, 30% JAMCO i 20 abo 40% caxa-
po3u. Yci pO3YMHH CTepUIli3yBalll METOIOM THH-
namizarii [2]. st iMmoOumizanii cycneHsii apixi-
JKOBUX KIIITHH 3MIIIyBald Y CHiBBigHOIIEHHI 1:1
i3 BKazaHMMH BuIIe po3unMHaMu. KiHeBa KoH-
uentpanis JJMCO B anbriHaTHOMy Telli CTaHOBHIIA
5, 10, 15% (v/v), caxaposzu — 10, 20% (W/v), apixm-
KOBUX KJIITHH y e — 108 kir/mur.

l'eneBi rpanynu 3 iMMOOLTI30BAaHUMH B HUX KITi-
TUHAMH OTPHUMYBaJX METOJOM 10HOTPOITHOTO Te-
neyTBopeHHs [26]. JliameTp TpaHyn CKiIamaB 2 MM.

To date, the possibility of long-term storage
of various immobilized cells by cryopreservation
has been shown [4, 10, 12, 16, 21-23, 28, 27].
However, the results of most studies suggest that
the cryoprotective properties of gel carriers are not
able to ensure high safety of immobilized cells.
Since gels are polymer-solvent systems, which
spatial network 1is stabilized by intermolecular
bonds, it is very likely that the introduction of
other cryoprotective substances into this system
and the use of certain cooling rates will increase
the viability of immobilized cells after cryopreser-
vation.

The research aim was to study the effect of free-
zing to —196°C at different cooling rates on the via-
bility of cells of the probiotic yeast strain Sac-
charomyces boulardii immobilized in an alginate
gel without cryoprotectants or in a gel with the
addition of DMSO and sucrose.

Materials and methods

The research objects were Saccharomyces bou-
lardii CNCM 1-745 yeast cells, isolated from the
commercial drug Enterol (Biocodex, France). The
yeasts were grown in malt agar slants with a sugar
content of 8° according to Baling [1] at 30°C for
48 hours. To obtain a suspension, the yeast cells
were washed from the surface of the malt agar with
0.15 M sodium chloride solution. Cell suspensions
in distilled water were used in experiments using
thermomechanical analysis (TMA). With this aim
the cells were washed with distilled water and
additionally three more times.

Sucrose, DMSO or a combination thereof
was added to the alginate gel. Prior to immobiliza-
tion, 2% sodium alginate solutions were prepared,
to which 10, 20, 30% (v/v) DMSO or 20, 40% (w/v)
sucrose were added. The following mixtures were
also supplemented to the sodium alginate solutions:
10% DMSO and 20 or 40% sucrose, 20% DMSO
and 20 or 40% sucrose, 30% DMSO and 20 or 40%
sucrose. All solutions were sterilized by tyndaliza-
tion [3]. To immobilize cells the yeast suspensions
were mixed in a ratio of 1:1 with the above solu-
tions. The final concentration of DMSO in the algi-
nate gel was 5, 10, 15% (v/v), 10, 20% (w/v) for
sucrose, 108 cells/ml for yeast cells in the gel.

Gel granules with the cells immobilized in them
were obtained by ionotropic gelation [25]. The
diameter of the granules was 2 mm. The granules
were stabilized in 0.2 M CaCl, solution for 20 min.
Hundred granules were placed into 2.0 ml cryotubes
(Nunc, USA).

The samples were frozen in two ways: 1 — rapid
cooling to —196°C by immersion in liquid nitrogen;
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Cra6imizanis rpanyn y 0,2 M posuuni CaCl, Tpuana
20 xB. Y kpionpoOipku 3 podouum 06’emom 2,0 M
(«Nuncy», CLIA) Brocunu o 100 rpany.

3pa3ku 3aMOpOXKYBaJM JBOMa crocobamu: 1 —
IBUJKE OXOJNIOMXKEHHS 10 —196°C muisixom 3aHy-
pEeHHS Y PIIKWiA a30T; 2 — TOBIIBHE OXOJOKCHHS
31 mBuakictio 1 rpaa/xB mo —40°C i3 HacTymHUM
3aHYPEHHSM Y pPIOKHA a30T. 3aMOPOXKCHI 3pa3Ku
30epiranu y piakomy aszori mpotsrom 10 mi6 i Bi-
JirpiBanu Ha BozsHiN Oani mpu 37°C.

I'panynu pozumnsmu B 4%-my EJITA. XKutte-
3JIATHICTh JPIXKOBUX KJIITHH OI[IHIOBAJIM 32 KOJIO-
HIEYTBOPEHHSIM Ha cycio-arapi [7]. 3a KOHTpOJb
OpaJin MOKa3HUK JKUTTE3AATHOCTI KIITHH 0 3aMOPO-
KYBaHHSI.

®azoBi meperBopenHsi (PII) y poszumHax amb-
rinary Harpiro, caxapo3u i JIMCO BuBuaim merto-
mom TMA [12] i3 BUKOPHUCTAaHHSM TEH3OIWIIA-
TOMETPUYHOTO KOMIUIEKCY JUISI KpioOioNOTI9HHX
nmocmimkens (CKTb 3 JIB ITIKiK HAH VYkpainn)
[9, 10]. AGcomtoTHA TTOXMOKA BUMIPIOBAaHHS TEMIIC-
parypu He nepesuinyBana 2,2°C. IlBuakicTe oxo-
JIOJDKEHHS 3pa3KiB CTaHOBWIIA 4 Tpaji/XB, NIBUIKICTh
HarpiBanus — 1...2 rpan/xs. dedopmariiine HaBaH-
Ta)KCHHS G Ha 3pa3oK cTaHOBWIIO 5,3 % 10° kr/m?.

Craructnyny 0oOpoOKy OTpUMaHHUX IaHHUX MpO-
BoIWIH 3a goroMororo nporpamu «Excel» («Micro-
softy, CILIA) 3 BukopucranusMm t-kpurepito CTbio-
neHta. KinbKicTh TOBTOPIB y KOXHiM cepii ekcre-
pUMeHTIB () HopiBHIOBaNA 6. 3HAUYIINMH BBa)KaJH
BiamiaHOCTI TipH p < 0,05.

Pe3yabTaTn Ta 06roBOpeHHs

Ha mnepmomy erani JgociikeHHS 3a JOTIOMO-
roto TMA BU3Ha4ajdu TpaHWYHI 3HAYCHHS 1HTEpBa-
niB @I, ski BinOyBalOTBCSI Y BOJHHMX PO3UMHAX
anerinary Harpito, IMCO, caxapo3u Ta y po3uu-
Hax 1%-ro anerinary Harpito 3 gopaBanasaM JJMCO
1 caxaposu. OTpuMaHi Mg Yac TEPMOMEXaHIYHOTO
anamizy kpusi (TM-xpuBi) npeacrasineHo Ha puc. 1,
Ha aKkoMy TM-KpWBY IHUCTHIIHOBAHOI BOaU (KpuBa 6)
MOJAHO ISl TIOPIBHSHHSL.

Ileperun TM-kpuBoi 1%-r0 BOmHOTO pPO3YMHY
ajpriHary HaTpil0o B TEMIEpaTypHOMY IHTEpBaJi
—50...=37°C cBimuuTh PO IIIABJICHHS HOTO aMopd-
Hoi ¢pakuii [20] y MDKKpPHCTAIIYHHAX MpOIIApKax
npoy. Da30Bi MEpeTBOPEHHS Y BOAHUX PO3UMHAX
JAMCO criocrepiranu 3a remneparypu Huxude —60°C,
y po3uuHax caxaposu ——50...—37°C. ¥V temneparyp-
HoMy miarazoHi Bumie —37°C BigOysamucs ®II, mo-
B’s13aHi 3 MPHUCYTHICTIO KpHCTaIi4HOI (hpakiiii Boxu
Ta HasBHICTIO coneil [3]. TM-kpuBi 1%-ro pozunny
anprinary Hatpiro 3 momaBanHsM JIMCO i caxapo-
3 MaJld TIEPEeTHHH, BIAMOBIAHI KOXKHIM CKIIamOBiH
po3umHIiB. OpepkaHi pe3yabTaTH CBigYaTh IIPO
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Puc. 1. TepmomexaHivHi kpuBi po3duHie: 1% anberiHaTy 3
popasaHHaM 5% OMCO (kpusa 1), 5% OMCO (kpusa 2),
20% caxaposu (kpuBa 3), 1% anbriHaTty 3 Ao4aBaHHAM
20% caxaposu (kpvea 4), 1% anbriHaTy (kpusa 5) Ta guc-
TUnboBaHoi Boan (kpuea 6) (o = 5,3 x 10%kr/m?).
Fig. 1. Thermomechanical curves of solutions: 1% algi-
nate with the addition of 5% DMSO (curve 1), 5% DMSO
(curve 2), 20% sucrose (curve 3), 1% alginate with the
addition of 20% sucrose (curve 4), 1% alginate (curve 5)
and distilled water (curve 6) (o = 5.3 x 10°% kg/m?).

2 — slow cooling at a rate of 1 deg/min to —40°C,
followed by immersion into liquid nitrogen. The
frozen samples were stored in liquid nitrogen for
10 days and heated in a water bath at 37 °C.

The granules were dissolved in 4% EDTA. The
viability of yeast cells was assessed by colony for-
mation in malt agar [14]. The control was assumed
as an index of cell viability prior to freezing.

Phase transformations (PT) in solutions of so-
dium alginate, sucrose and DMSO were studied by
TMA [24] using a tensodilatometric assembly for
cryobilogical research (Special Designing and Const-
ruction Bureau at the IPC&C of NAS of Ukraine)
[17, 18]. The absolute error of temperature measu-
rement did not exceed 2.2°C. The cooling rate of the
samples was 4 deg/min, the heating rate made
1...2 deg/min. The deforming load ¢ on the speci-
men was 5.3 x 10° kg/m? The obtained data were
statistically processed with Excel software (Micro-
soft, USA) using Student’s t-test. The number of rep-
licates in each series of experiments (n) was 6.
Differences at p < 0.05 were considered signifi-
cant.

Results and discussion

At the first stage of this research we used TMA
to determine the limits of PT intervals that occur
in aqueous solutions of sodium alginate, DMSO,
sucrose and in solutions of 1% sodium alginate with
the addition of DMSO and sucrose. The curves ob-
tained by thermomechanical analysis (TM-curves)
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Puc. 2. [Moka3HUK XXUTTE3AATHOCTI BifbHUX KNITUH OPiKAXIB
S. boulardii, cycneHgoBaHux y aucTuneoBaHii Bogi (1),
1%-my anbriHaTi HaTpito (2) Ta po34MHaXx KpioNMpOTEKTOPIB:
5% OMCO (3), 10% OMCO (4), 15% OMCO (5), 10% ca-
xapo3su (6), 20% caxaposu (7), micna nosineHoro (o) Ta
WwBuakoro (m) oxonomkeHHs 4o —196°C. BigmiHHOCTI 3Ha-
yywi (p < 0,05) nopiBHAHO 3 KOHTponeM (*) Ta Mk nokas-
HYKaMW XUTTE3ATHOCTI MiCNs MOBINbHOMO Ta LUBMOKOIO
oxornomKkeHHs (¥).

Fig. 2. Viability of free yeast cells of S. boulardii suspended
in distilled water (1), 1% sodium alginate (2) and cryo-
protectant solutions: 5% DMSO (3), 10% DMSO (4), 15%
DMSO 5), 10% sucrose (6), 20% sucrose (7), after slow
(o) and fast (m) cooling to —196°C. Differences are signi-
ficant (p < 0.05) compared to control (*) and between
viability indices after slow and rapid cooling (¥).

3B’SI30K OCHOBHHX TOIIKO/DKEHb 1MMOO1TI30BaHUX
y 1%-my anprinarHomy remi kiituH i3 @I, sxi npu-
cyTHi 3a temneparypu moHan —40°C 1 3ymoBIieHi
KpHUCTaJIIYHOIO (ha3010 Bomu Ta cojeit. I[lomkomkeH-
HA KTTHH 3a paxyHok DIl amerimary Ta Kpiompo-
tekropiB (AIMCO, caxapo3a) CyTTEBO HE BIUTHBAIOTH
Ha XUTTE3MATHICTh KIITHH, OCKUIBKUA 3HAXOMSTHCS
amxae —40°C. Ilpu npomy Ha @II mpu 0...—40°C
MOXKYTh BIUIMBATH JIaHi KPIOMPOTEKTOPHU Ta IIBUIKE
OXOJIO/IKCHHSI.

VY HacTymHUX eKCHEepHUMEHTax JOCHiHKyBalu
MOKA3HUKHU KUTTE3IATHOCTI BUIBHUX KIITHH S. bou-
lardii, cycieH10OBaHUX y TUCTHIILOBAHIN BOJII Ta PO3-
yyHaxX anberimary Harpito, JIMCO, caxaposu, micns
3aMopoxkyBaHHS 70 —196°C i3 pi3HUMH HIBHIKOC-
TAMHU OXOJOKeHHs. [1icis mBUAKOTO 0XOIOHKEHHS
MTOKa3HUK JKUTTE3IATHOCTI CyCIIEHOBAaHUX Y TUCTH-
JTpOBaHiN Bozi KiIiTHH cTtaHoBuB 0,5%, a y po3unHax
anprigary sHarpito, [IMCO, caxaposu — Bixm 1,0 mo
1,7%. Ilicas TOBUILHOIO OXOJIOMKEHHS KHTTE-
3[aTHICTh KJIITHH, CYCIICHIOBAaHUX y AMCTHILOBaHIH
BOJi, opiBHIOBana 65,1%, a y po3unHax anbriHary
Harpito, JIMCO, caxapo3u — 3anumanacsi Ha BU-
XizHOMY piBHI (pHc. 2).

VY Tperiit cepii ekcriepuMeHTiB Oya0 AOCiKe-
HO BIUIMB IIBUAKOTO Ta ITOBUIBHOTO OXOJIOJIKEHHS
o —196°C Ha NOKAa3HUKHA KXKUTTE3NATHOCTI KIITHH
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are presented in Fig. 1, wherein the TM curve
of distilled water (curve 6) is shown for comparison.

The inflection of the TM curve of a 1% aqueous
solution of sodium alginate within the tempera-
ture range of —50... —37°C indicates the melting
of its amorphous fraction [13] in intercrystalline
layers of ice. Phase transitions in aqueous DMSO
solutions were observed at temperatures below
—60°C, in sucrose solutions this was —50... —37°C.
Within the temperature range above —37°C, there
were the PTs associated with the presence of crys-
talline fraction of water and salts [11]. TM curves
of 1% sodium alginate solution with the addition of
DMSO and sucrose had inflections corresponding
to each component of the solutions. The findings
demonstrate the relation of the main damages of
the cells immobilized in 1% alginate gel with PTs,
which are present at temperatures above —40°C
and are caused by the crystalline phase of water
and salts. Injury to cells due to PT of alginate and
cryoprotectants (DMSO, sucrose) does not signi-
ficantly affect the viability of cells, as they are be-
low —40°C. At the same time, these cryoprotectants
and rapid cooling can affect the PTs at 0...—40°C.

Following experiments explored the viability of
free S. boulardii cells suspended in distilled water
and solutions of sodium alginate, DMSO, sucrose,
after freezing to —196°C at different cooling rates.
After rapid cooling, the viability of the cells suspen-
ded in a distilled water made 0.5%, and in solutions
of sodium alginate, DMSO, sucrose these were from
1.0 to 1.7%. After slow cooling, the viability of
cells suspended in distilled water was 65.1%, and
in solutions of sodium alginate, DMSO, sucrose
remained at baseline (Fig. 2).

The third series of experiments investigated
the effect of rapid and slow cooling to —196°C on
the viability of S. boulardii cells immobilized in
granules of 1% alginate gel without additives and
gel with the addition of DMSO (5, 10, 15%), suc-
rose (10, 20%) both individually and in combina-
tions. The viability of cells immobilized in granules
of 1% alginate gel after rapid cooling was 14.69%,
after slow cooling this value made 56.48% (Fig. 3).

The viability of cells immobilized in alginate
gel granules with 10 and 20% sucrose after rapid
cooling was 35.17 and 32.98%, after slow cooling
they made 76.08 and 78.2%, respectively.

The viability of cells immobilized in granules
of alginate gel containing 5, 10 and 15% DMSO,
after rapid cooling was 12.39; 22.43 and 28.67%,
and 69.48; 72.54 and 84.75% after slow cooling,
respectively.

The addition of combinations of DMSO and
sucrose to the alginate gel provided a higher pro-
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S. boulardii, iMmmo06inizoBanux y rpanynax 1%-ro
aJIbIHATHOIO reifo 0e3 JOMIIIOK Ta TeNI0 3 Joda-
BanHsMm JIMCO (5, 10, 15%), caxaposu (10, 20%)
SIK OKpeMo, Tak 1 B KoMOiHarisx. JKuTTe3maTHICTh
KIITHH, IMMOOLTi30BaHUX Yy TpaHyinax 1%-ro aib-
TiHATHOTO TENF0, TICHS IIBUAKOTO OXOJIODKEHHS
craHoBwiIa 14,69%, miclisi MOBUILHOTO OXOJIOMKEH-
Hs — 56,48% (puc. 3).

IToKa3HMKK JKHTTE3AATHOCTI KINTHH, IMMOOLTI-
30BaHUX y TpaHyjdax ajbriHatHoro rexo 3 10 Ta
20% caxapo3u, MiCJis MBUIAKOTO OXOJOKEHHS CTa-
o 35,17 1 32,98%, micas MOBUIBHOTO OXO-
aomkeHHs — 76,08 1 78,2% BiAmOBIAHO.

IToKa3HHMKK SKUTTE3AATHOCTI KITHH, IMMOO1Ti-
30BaHUX Y TpaHyjaX albliHATHOTO Tl 3 BMICTOM
5, 10 1 15% JAMCO, micnsi MBUAKOTO OXOJOMKEH-
Hs popiBHioBam 12,39; 22,43 ta 28,67%, a micns
MMOBUIBHOTO OXOJIOMKEHHS — 69,48; 72,54 Ta 84,75%
BIJIITOBITHO.

JlomaBaHHsS 10 ajdbriHATHOTO Tell0 KOMOIHAIlIN
JIMCO Ta caxapo3u 3a0e3reunsio OiIbIl BHCOKHI
3aXMCHUM e(eKT MOPIBHSHO 3 TeJieM, SIKUM MiCTHB
okpemo JIMCO abo caxaposy. [licis mBHIKOTO
OXOJIOJDKCHHSI TIOKa3HUK JKUTTE3ATHOCTI KIIITHUH,
iIMMOO1TI30BaHUX y TpaHyJax ajJbliHATHOTO TeIt0
3 gojgaBaHHsSM KomOiHamii 5% JIMCO 3 20% caxa-
po3u, 10% AMCO 3 10% caxapos3u, 10% AMCO
3 20% caxaposu, ckiaaganu 48,25; 38,31; 38,7%
BixmoBimHO (puc. 4).

[Ticyst MOBLTBHOTO OXOJIOIKEHHS TIOKa3HUKH YKHT-
TE3MATHOCTI KITITHH, iMMOOITI30BaHUX y TpaHyiIax
aJIbIHATHOTO TeJTI0 3 TogaBaHHsIM 5 abo 10% JIMCO
y koMOiHariii 3 10 a6o 20% caxapo3u, He BiApI3HSIH-
Csl BiJl KOHTPOJIbHHUX.

VY BCiX 3pa3kax TpaHylsl Teiro 3 joaaBaHHsM 10
a6o 20% caxaposu 3 15% JAMCO KiabKiCTh KHT-
TE3AATHUX KIITUH 3HIDKYBasacs. [licis miBUIKOTO
OXOJIOJUKCHHSI JIaHWH TMOKa3HWUK Yy TpaHylax ajbli-
HatHoro remo 3 10% caxaposu i 15% JIMCO Ta
B rpanynax i3 20% caxaposu i 15% JMCO crano-
BUB 26,52 1 26,01%, a miclig MOBUILHOIO OXOJIO[I-
skeHHs — 84,82 1 48,84% BIAMOBIIHO.

OTpumaHi pe3yiabTaTd CBIAYATH MPO T, MO0 B
Mporeci KPIOKOHCEPBYBAHHS Ha JKUTTE3MATHICTH
IMMOO1TI30BaHUX y TpaHyJax albliHATHOTO TeIt0
S. boulardii 3nadymie BIUIMBAIOTh TPYU YMHHHUKA: BU-
JI0Ba KPIOPE3HCTEHTHICTh WHX APLKIKIB, PEKUM
OXOJIOJDKCHHSI Ta KpiO3aXMCHI BJIACTUBOCTI Telie-
Boro Hocisl. S. boulardii € migTUIIOM IPIXKIXKIB BHU-
ny Saccharomyces cerevisiae, CTPyKTypHO-(QYHKIIiO-
HaJbHA OpraHi3alis SKUX XapaKTepHa Uil HUKIHX
eykapiotiB [5, 13]. Bonm, Ak # iHOI eykapioTH4HI
KIIITUHY, 9y TuBi 10 il (i3uko-XiMivHUX (haKTOpiB
Ta YMOB TIPOIIECY KPiOKOHCEPBYBaHHS (IIUB. pHC. 2).
ITokazaHo CyTTEBY pI3HHIIO B 30€pEKEHOCTI CyC-
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Puc. 3. MNokasHuk xuttesgatHocTi kNitTnuH S. boulardii, im-
MobinidoBaHux y rpaHynax 1%-ro anbriHaTHoro rento 6es
pomiwok (1) i 3 gogasaHHaM 5% OMCO (2), 10% OMCO
(3), 15% OMCO (4), 10% caxaposu (5), 20% caxapo3au
(6), micns nosinbHOro (0) Ta LWBMAKOrO (m) OXOMOMKEHHS
po —196°C. BigmiHHocTi 3Hadywi (p < 0,05) nopiBHsHO
3 KoHTponeM (*) Ta MK MOKasHWKaMu XUTTE3O4ATHOCTI
nicns NOBINbHOIO Ta LBMAKOIO OXONOMKEHHS (¥).

Fig. 3. Viability of S. boulardii cells immobilized in granules
of 1% alginate gel without additives (1) and with the
addition of 5% DMSO (2), 10% DMSO (3), 15% DMSO
(4), 10% sucrose (5), 20% sucrose (6), after slow (o) and
fast (m) cooling to —196°C. Differences are significant
(p < 0.05) compared to control (*) and between viability in-
dices after slow and rapid cooling (¥).

tective effect compared to the gel containing DMSO
or sucrose alone. After rapid cooling, the via-
bility of cells immobilized in alginate gel gra-
nules with the addition of combinations of 5%
DMSO with 20% sucrose, 10% DMSO with 10%
sucrose, 10% DMSO with 20% sucrose, was 48.25;
38.31; 38.7%, respectively (Fig. 4).

After slow cooling, the viability of cells immo-
bilized in alginate gel granules with the addition of
5 or 10% DMSO in combination with 10 or 20%
sucrose did not differ from the control.

In all samples of gel granules with the addition
of 10 or 20% sucrose with 15% DMSO, the num-
ber of viable cells decreased. After rapid cooling,
this value in granules of alginate gel with 10%
sucrose and 15% DMSO and in granules with 20%
sucrose and 15% DMSO was 26.52 and 26.01%,
and after slow cooling these were 84.82 and 48.84%,
respectively.

Our findings indicate that during cryopreser-
vation the viability of S. boulardii immobilized
in alginate gel granules is significantly influen-
ced by three factors: species cryoresistance of
these yeasts, cooling regimen and cryoprotective
properties of the gel carrier. S. boulardii is a sub-
type of the Saccharomyces cerevisiae yeast, the
structure and functions of which is characteristic
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Puc. 4. MNokasHuK XUTTE3AATHOCTI KNiITUH ApixmkiB S. boulardii, iMMmob6inisoBaHux y rpaHynax 1%-ro anbriHaTHOro remnto
6e3 gomiwok (=) Ta 3 gogaBaHHAM kombiHauin AMCO 3 10% caxaposu (o) abo 20% caxaposu (m), nicns nosinbHoro (A)
Ta weuakoro (B) oxonomkeHHs no —196°C. BigmiHHoCTI 3Hauywwi (p < 0,05) nopiBHAHO 3 KOHTponem (*), NoKasHUKamu
XUTTE3AATHOCTI KNiTUH, iIMMOGinizoBaHux B 1%-My anbriHatHomy reni (), Ta Mk nokasHMKaMKn XUTTE3AATHOCTI nicns
MOBINbHOIO Ta LUBMAKOIO OXONOAXKeHHs (2).

Fig. 4. Survival of S. boulardii yeast cells immobilized in granules of 1% alginate gel without additives (=) and with
addition of combinations of DMSO with 10% sucrose (o) or 20% sucrose (m), after slow (A) and rapid (B) cooling
to —196°C. Differences are significant (p < 0.05) compared to the control (*), viability of cells immobilized in 1% al-

ginate gel () and between viability after slow and rapid cooling (%).

nensid xmtuH S. boulardii micid IBUOKOIO Ta
MTOBLIBHOTO OXOJIOMKCHHS 1 BUPAKEHUH KPiOMpo-
tektuBHU edekr JIMCO, caxapo3u ¥ ambrinary
Hatpito. MexaHni3m 3axucHoi mii IMCO Tta caxa-
pO3U IETAThbHO OMUCAHO B YHCICHHUX ITyOJIKAIisIX,
ajge JOCTIKeHHS MEXaHi3MiB KPiOTPOTEKTUBHOTO
BIUTUBY PO3YMHIB COJICH albriHOBUX KHCIOT Ta iXHIX
IOHOTPOIHKMX TeNiB J0Ci TpuBarOTh. Ha chboromHi
MI0Ka3aHo, 1[0 TiApOreNib albriHaTy HATPilO0 MPOsIB-
Jsi€ 3aXHMCHI BJIACTHBOCTI 3a PaxyHOK TpPUBUMIp-
HoOi cTpykTypH. LISt cTpykTypa cTpumye picT Kpuc-
TamiB JIbOAY, YTBOPDECHHS BOJHEBUX 3B SI3KIB 13
MOJIEKyJJaMH MDKKIITHUHHOT Boau [29] Ta dopmy-
BaHHSI BUCOKOB’I3KOTO MIXKKJIITHHHOTO CEPEAOBUILA,
10 BUKOHY€ Oap’epHy dyHkiiro [11].

Y mnpoBemeHOMYy JOCIIKEHHI IOKa3aHO, IO
BiTbHI KiiTHHY S. boulardii, cyciennoBani y 1%-my
pO3YMHI anbriHaTy HATPil0, HE THHYTH IICISA TI0-
BUTFHOTO 3aMOpOXKyBaHHs1. BogHO9ac gacTuHa qpixKa-
JKOBUX KIJIITHH, IMMOO1TI30BaHuX y rpanyiax 1%-ro
QIBIHATHOTO TEJI0, MICNs TOBIIBHOTO 3aMOPOXKY-
BaHHs TuHyna. [lpuumHu 3arubeni KIITHH y Telie-
BUX TpaHynax 31 3MiJHEHUM IOBEPXHEBUM ILAPOM
MOJIMEPHHUX JIAHLIOTIB aJlbIiHaTy, 3B’ sI3aHUX 10HAMH
KajbLito [8], moTpedyoTh OB AETaIbHOIO OKpe-
Moro BuBYeHHA. OTpuMaHi pe3yabTaTH JEMOHCT-
PYIOTH OIOWH 13 MOXJIHMBHUX IMUISXIB ITiBUIICHHS
JKUTTE3AATHOCTI iIMMOOITI30BaHUX KIIITHH 32 pPaxy-
HOK BBEIEHHsS B CKJIaJ aJblIHATHOIO IEII0 Kpio-
3aXMCHUX PEUYOBHH.
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of lower eukaryotes [2, 8]. They, like other euka-
ryotic cells, are sensitive to the action of physi-
cochemical factors and cryopreservation conditions
(see Fig. 2). There is a significant difference in the
survival of suspensions of S. boulardii cells after rapid
and slow cooling as well as a pronounced cryopro-
tective effect of DMSO, sucrose and sodium alginate.
The mechanism of protective action of DMSO and
sucrose is described in detail in numerous publica-
tions, but studies of the mechanisms of cryoprotec-
tive effects of solutions of salts of alginic acids and
their ionotropic gels are still ongoing. To date, it
has been shown that sodium alginate hydrogel ex-
hibits protective properties due to its three-dimen-
sional structure. This structure inhibits the growth
of ice crystals, hydrogen bonding between inter-
cellular water molecules [29] and formation of a
highly viscous intercellular medium that performs
a barrier function [20].

The study showed that free S. boulardii cells sus-
pended in 1% sodium alginate solution did not die
after slow freezing. At the same time, some of the
yeast cells immobilized in granules of 1% alginate
gel died after slow freezing. The causes of cell death
in gel granules with a reinforced surface layer of
polymer chains of alginate bound by calcium ions
[15] require more detailed separate study. The ob-
tained results demonstrate one of the possible ways
to enhance the viability of immobilized cells by int-
roducing cryoprotective substances into alginate gel.
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[licnss BHeceHHs caxapo3W B Tellb 3a paxy-
HOK riAparamnii 3MEHLIYETHCS KUIBKICTH BLTBHOL
MO3aKJIITHHHOI BOOM, @ Y SKOCTI OCMOTHYHOIO
areHTa BOHA 3MEHIINY€ BMICT BHYTPIIIHbOKIITHH-
Hoi Boau. BoueBuap, 11e NPUBOAUTE 10 MiJBUILEHHS
B’S3KOCTI PO3YHMHIB 1 3MCHIICHHS KpiOIOIIKOI-
KEHb KJITHH Tig dYac QopMyBaHHS KPHUCTATIB
meony. Tak, y poboti T.A. Calvo ta P. Santagapita
[15] moka3zaHO, IO MmiJ Yac 3aMOPOXYBAHHS PO3-
YUHY allbliHaTy HATPilo, JO SKOTO JOJAaBaJM Pi3Hi
KOHIICHTpAIlil caxapo3u, 3MEHIIyBajacs IXHS Kilb-
KICTh BUILHOI BOJIU T4 aKTUBHICTb.

Buecenns no ckmamy remo [JMCO BrumBae
Ha TPOLECH KPHUCTAJOYTBOPEHHS B 1MMOOiTi30-
BaHWUX KJIITHHaX, a HasgBHICTh y HBOMY KOMOIi-
Harin JIMCO Ta caxapo3u 3alesredye CIUTbHY
IO 3aXMCHHUX BJIACTHBOCTEW I0O3a- Ta BHYTPIII-
HBOKJIITHHHOTO KPIOMPOTEKTOpiB. BomHodac ciif
3a3HAUNATH, IO IICIsA 3aMOPOKYBaHHS KIIITHH,
IMMOOUTI30BaHUX Yy TpaHylax Telr, SKUH Mic-
tuth Tk JIMCO, moka3HUK iXHBOT JKUTTE3IAT-
HOCTI 301UJIbIITYBaBCS 3 IIJBUIICHHSAM KOHIEHTpAIi
JAMCO Big 5 mo 15%, a mHOKa3sHUK KIITHH, IM-
MOOLTI30BaHUX Y TEJIEBOMY HOCIT 3 J0JaBaHHSIM
caxaposu i 15% JIMCO, 3umxyBaBcs. Lle cBiqunTh
npo 3MeHIIeHHS ¢pakuii BiUIbHOI BOAM B IpaHy-
Jax 3a paxyHOK Tigparauii caxapo3u. B pesyinb-
tati koHmeHtpamis JMCO B kimitmHax 1 remi
301TBIIYETHCSA, IO TMPHU3BOIUTH 1O 3arubeni yac-
THUHU KJTITHH.

JlomaBaHHS 10 aJBTiHATHOTO TENIO Kpio3axuc-
HUX PEYOBHH MOXKE 3MCHIITYBATH Ji10 (i3UKO-XiMiU-
HUX YHMHHUKIB, SIKI BHKJIMKAIOTH IOIIKOJKCHHS
Ta 3aru0enp KIITHH y TpaHyjax IijJ 4ac 3aMopo-
xyBaHHsa. Lle Moxe OyTu peanizoBaHO 3a Pi3HHX
HU3BKUX TEMIIEpaTyp 30epiraHHs.

OTpumaHni pe3ynbTaTH € NEePCIEKTUBHUMHU IS
CTBOPEHHSI JIiKyBaJbHO-IIPOUIAKTHYHIX Hpenapa-
TiB 1 MNPOAYKTIB (YHKIIOHAIBHOTO XapuyBaHHS
Ha OCHOBI IMMOOUTI30BaHMX MPOOIOTUYHHUX IITa-
MiB MIKpOOPTaHi3MiB i METOIB iX JTOBIOCTPOKOBOTO
30epirarnas. Takox I1i pe3yJIbTaTH MOXYThb OyTH BHU-
KOpHUCTaHi i 30epiraHds iMMOOITI30BaHUX cTap-
TOBUX KYJIBTYp MIKpOOpPraHi3MiB Ha Oi0TEXHOJIO-
FYHAX BUPOOHUIITBAX.

BucHoBku

1. MaxkcuManbHi TOKa3HUKH >KUTTE3NATHOCTI
BIIBHUX KIITHH S. boulardii, cyciennoBanux y 1%-my
pO3uMHI anbrinary Harpito, poszuuHax 10, 20%
caxaposu, pozumHax 5-15% JIMCO, Tta xmiTuH,
iIMMOOILTI30BaHUX y TpaHyJlaX albliHATHOTO TeIIlo,
CITOCTEPITrauCs TICIISI OXOJOMMKCHHS 31 IMIBHUIKICTIO
1 rpan/xe no —40°C i3 HACTYITHHM 3aHYPECHHSIM
y pIAKHUI a30T.

npo6nemu Kpiobionorii i kpiomeanLMHK
problems of cryobiology and cryomedicine

Tom/volume 31, Ne/issue 4, 2021

After the incorporation of sucrose into the gel
the amount of free extracellular water decreases
due to hydration, and as an osmotic agent, it
reduces the content of intracellular water. Ap-
parently, this leads to a rise in the viscosity of
the solutions and a reduction in the cryoinjury of
the cells during the formation of ice crystals.
Moreover, T.A. Calvo and P. Santagapita [5] repor-
ted that when freezing a solution of sodium algi-
nate, to which various concentrations of sucrose
were added, the amount of free water and its acti-
vity decreased.

The DMSO incorporation into the gel affects the
crystal formation in immobilized cells, and the pre-
sence of combinations of DMSO and sucrose in
it provides a joint effect of the protective properties
of extra- and intracellular cryoprotectants. At the
same time, it should be noted that after freezing
the cells immobilized in gel granules containing
only DMSO, their viability increased with a rise
in concentration of DMSO from 5 to 15%, and
the rate of cells immobilized in a gel carrier with
the addition of sucrose and 15% DMSO, decrea-
sed. This indicates a reduction of the free water
fraction in the granules due to hydration of suc-
rose. As a result, the concentration of DMSO in
cells and gels increases, which leads to the death
of some cells.

The addition of cryoprotectants to the alginate
gel can reduce the effects of physicochemical factors
that cause damages and cell death in the granules
freezing. This can be implemented at various low
storage temperatures.

The obtained results are promising for the de-
velopment of therapeutic and prophylactic drugs
and functional food products based on immobi-
lized probiotic strains of microorganisms and me-
thods of their long-term storage. Also, these results
can be used during storage of immobilized star-
ting cultures of microorganisms in biotechnolo-
gical productions.

Conclusions

1. Maximum viability of free S. boulardii cells
suspended in 1% sodium alginate solution, 10,
20% sucrose solutions, 5-15% DMSO solutions,
and cells immobilized in alginate gel granules
were observed after cooling at a rate of 1 deg/min
to —40°C followed by immersion into liquid nit-
rogen.

2. Post-thaw viability of cells immobilized in
granules of 1% alginate gel is significantly lower than
in the specimens with the cells suspended in 1%
sodium alginate solution. This is due to the additio-
nal mechanisms of cell cryoinjury in the granules.
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2. Ilicast KpiOKOHCEPBYBAaHHSI MOKa3HUK KHT-
TE3MATHOCTI KJITHH, IMMOOLTI30BaHUX y TIpaHylax
1%-r0 anbpriHaTHOTO TEJI0, 3HAUYIE HWKYUH, HIXK
y 3pa3Kax i3 KJIITHHaMH, CyCIIeH0BaHUMH B 1%-My
po3unHi anbrinary Harpito. Lle moB’s3aH0 3 mogaTko-
BHMH MEXaHi3MaMH{ KPiOTIOITKOPKeHb KIIITHH y Tpa-
HyJax.

3. JlomaBaHHS 1O CKJIaqy ajdbliHATHOTO TEJIO
JAMCO, caxapo3u Ta KOMOiHaIlis IUX KPiOMpPOTEK-
TOPIB MiJBUIIYIOTh KUTTE3IATHICTH IMMOOLII30BA-
HUX KIitaH S. boulardii micns 3aMOpOXKYBaHHS JI0
—196°C. JXuTTe3maTHicTh KIITHH, iIMMOO1TI30BaHUX
y TpaHyjax rejro 3 gogaBaHHsaM komoOinamii JJMCO
(5, 10%) ta caxaposu (10, 20%), mepeBuIye gaHUAN
MMOKAa3HUK Y 3pa3Kax Trellto, JI0 SKOTO JT0JaBallv TITbKU
onHy ckianoBy (JAMCO abo caxapo3sy).
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3. The addition of DMSO, sucrose and a com-
bination of these cryoprotectants to the alginate
gel increases the viability of immobilized S. bou-
lardii cells after freezing to —196 °C. The viability
of cells immobilized in gel granules with the ad-
dition of combinations of DMSO (5, 10%) and suc-
rose (10, 20%) exceeds this value in the gel samples
with just one component (DMSO or sucrose) added.
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