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Selection of Protocols to Cryopreserve Mesenchymal Stromal
Cells in Suspension and Alginate Microspheres by Studying
Their Osmotic Responses in 1M DMSO

PedbepaT: ViccnegoBanu oCMOTUYECKYO peakLMio Me3eHXUMarbHbIX cTpoManbHbix kneTok (MCK) B cycneH3uy u anbrmHaTHbIX
Mukpocdepax (AMC) B npouecce akcnosuumm B 1 M pactsope [IMCO, a Takke 1X XU3HeCnocobHOCTb Nocre KPUOKOHCEPBUPOBaHMS
C pa3HO CKOPOCTbI oxnaxaeHus. [yTem YnCneHHOro MoAenupoBaHUs onpeaeneHsbl KO3MULUNEHT NPOHMULAEMOCTU MeMBpaH
MCK anst monekyn Boabl 1 IMCO, a Takke U3MeHeHne obbema KneToK NMpu pasHbiX CKOPOCTSIX oxnaxaeHusi. [okasaHo, YTo oxnax-
nexune co ckopoctamu 0,5 n 1 rpag/muH go —40°C NpMBOAMIO K CyLeCTBEHHOW AervapaTtaumm knetok. OcmoTtuyeckas peakuns MCK
B coctaBe AMC 6bina MeaneHHee, YeM B CYCMeEH3MM, YTO MPUBOAMIIO K CHUKEHUIO UX XXU3HECTOCOBHOCTM Nocne KpMOKOHCEPBMPOBA-
HUSI CO CKOopoCTbio oxnaxaeHnsa 1 rpag/muH. MNpu ckopoctn oxnaxaeHns 10 rpafg/MuH KNeTKM npakTuyeckn He obe3BOXMBaNuCh,
4YTO Mpeanonarano BbICOKYD BEPOATHOCTb BHYTPUKMETOYHOW KpucTannusauun. [encTBuTensHo, ecnu xumsHecnocobHocte MCK B
cycneHsnun n AMC nocne kpuokoHcepsupoBaHust ¢ 1 M IMCO co ckopocTtsaimu oxnaxgexus 0,5 un 1 rpag/MuH coctaBnsna He MeHee
75%, TO KpMOKOHCepBMpPOBaHME CO ckopocTaAMU oxnaxaeHus 10 u 20 rpaa/muH npuBoauno k rmbenun okono 80% kneTok.
TeopeTnyecknini pacyeT v aKCNepuMeHTarnbHble UCCNefoBaHUst nokasanu, YTo Ans AOCTUXKEHWUS BbICOKUX YPOBHEN KU3Hecnocob-
HoCTK KpuokoHcepsupoBaHne MCK B coctaBe AMC HeobxoOAMMO OCyLLEeCTBNATb C O0nee HU3KMMU CKOPOCTSMU OXMNaXAeHus, Yem
KNEeToK B CyCMeH3uu.

KniouyeBble cnoBa: Me3eHXuMMarbHble CTPOMarbHble KMeTKW, anbrMHaTHble MUKpocdepbl, KO3 dULMEHT NPOHULAEMOCTH,
dusnko-maTemaTuyeckas Moaenb.

Pecdbepat: [ocnigKyBanm OCMOTUYHY peakuito Me3deHximanbHux ctpomanbHux knituH (MCK) y cycneHsii Ta anbriHaTHUX MiKpo-
chepax (AMC) y npoueci ekcrnosuuii B 1 M po3umHi IMCO, a Takox iX XUTT€3A4aTHICTb MiCns KPIOKOHCEPBYBAHHS 3 Pi3HOKO LIBUA-
KICTIO OXOnoAKeHHs. LLInsxom yYncenbHOro MoaentoBaHHA BU3HAYeHO KoedilieHT npoHukHocTi MembpaH MCK gnsi monekyn Boau Ta
OMCO, a Takox 3MiHy 06'eMy KMiTMH NpW Pi3HMX LUBUAKOCTSAX OXONOAXKEHHS. NMokasaHo, Wo oxonomkeHHs 3i weugkoctamu 0,5 Ta
1 rpag/xe po —40°C npusBoguno Ao 3HayvHoi gerigpatauii knituH. OcmoTnyHa peakuis MCK y cknagi AMC 6yna noBinbHila, Hix y
CycCrneHsii, Wo NpU3BOAMIO A0 3HWXKEHHS iX XUTTE3AATHOCTI MiCNSA KPIOKOHCEPBYBaHHS 3i WWBUAKICTIO oxonomkeHHs 1 rpaa/xs. MNpu
wBKnAKoCTI oxonomxkeHHs 10 rpag/xB KNiTUHW NPaKTUYHO He 3HEBOAHKOBaNuCs, WO nepenbayano BUCOKY MMOBIPHICTb BHYTPILL-
HBOKMITUHHOI KpucTanisauii. OincHo, akwo xxutrtesgaTtHicte MCK y cycneHnsii Ta AMC nicns kpiokoHcepByBaHHs 3 1 M OMCO 3i
wBuakocTamu oxonogxkernHa 0,5 ta 1 rpag/xs ctaHoBuna He MeHwe 75%, TO KPIOKOHCEPBYBAHHS 3i LUBUAKOCTAMW OXONOMKEHHS
10 Tta 20 rpaa/xs npu3Boguno o 3arnbeni 6nuaeko 80% KniTMH. TeOpPeTUYHMIN PO3PaxXyHOK i eKCnepuMeHTanbHi AOCMIAKEHHS
nokasanw, Lo Ansi AOCSATHEHHS1 BUCOKMX PIBHIB XUTTE34aTHOCTI kpiokoHcepByBaHHss MCK y cknagi AMC HeobxigHo 3pivicHioBaTtu 3
OinbL HU3LKMMU LUBUAKOCTAMU OXONOIXKEHHS, HXK KIMITUH Yy CyCneHsii.

KntoyoBi cnoBa: me3eHxiManbHi CTpoManbHi KNiTUHW, anbriHaTHi Mikpocdepu, koedilieHT NPOHMKHOCTI, di3nko-mateMaTuyHa
MoZenb.

Abstract: We studied the osmotic reaction of mesenchymal stromal cells (MSCs) in suspension and alginate microspheres
(AMSs) during their exposure to 1 M solution of DMSO and their viability after cryopreservation with different cooling rates. Numerical
modeling allowed to find the permeability coefficient of MSCs membrane for water and DMSO molecules and a change in cell volume
at different cooling rates. The cooling rates of 0.5 to 1 deg/min down to —40°C have been shown to result in a substantial dehydration
of the cells. The osmotic reaction of MSCs in AMSs was slower than of cells in a suspension, and resulted in a reduced post-thaw via-
bility if cooling rate was 1 deg/min. If the rate was 10 deg/min the cells were not sufficiently dehydrated, highly suggesting a probable
intracellular crystallization. Indeed, if the viability of MSCs in the suspension and AMSs after cryopreservation with 1 M DMSO at a
cooling rate of 0.5 and 1 deg/min was as much as 75%, the cryopreservation with cooling rates of 10 and 20 deg/min, resulted in the
death of about 80% of the cells. Theoretical calculations and experimental studies have shown that to achieve the high levels of
viability of MSCs in AMSs the cryopreservation should be implemented with lower cooling rates than for the cells in suspension.

Key words: mesenchymal stromal cells, alginate microspheres, permeability coefficient, physico-mathematical model.
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Meszenxumaneueie crpoMaibable kieTku (MCK)
MOTYT OBITh MOTYYEHBI U3 Pa3HBIX TKaHEH B3POCIOTrO
OpraHu3Ma He Hapymias 3THYeCKHMX HOPM W MpH-
MEHSTBCS in Vivo 03 HIMMYHOJOTHUECKUX MPOOIIeM.
OueBugnoe npeumyiectso MCK 3akitouaercs B ux
cnocobHocTH nuddepeHIpoBaThCS B PSII COMATH-
YeCKUX KIeTO4YHbIX NUHUH. [loaTOoMy siBasgercs
NepcreKTUBHEIM ucnois3oBanne MCK B oGnactu
pereHepaTUBHONW MEIWUIIMHBI IS JICYCHUs psiaa
3a00JIeBaHUIl M TATOJIOTUYECKUX COCTOSTHUH MallMeHTa
[2, 11].

TxaneBast HHKEHEPHUS — MYITBTUANCIUTITHHAPHOE
AKTUBHO Pa3BHUBAIOIIEECs HAIIPaBIeHIE ONOTEXHOIIO-
THH, KOTOPOE 3aKJII0YaeTCs B CO3/IaHUN OMOUH)KEHEP-
HBIX KOHCTPYKIUH Ul TOCIEAYIOLUIEr0 BOCCTAHOB-
JICHUsI IOBPEXICHHBIX TKaHeH natuenTa [23]. JanHoe
HalpaBJIEHHE OCHOBAHO Ha BBIPAIIMBAHUU KIETOK
in vitro ¢ NCNOJIb30BaHUEM TPEXMEPHBIX HOCHUTENEH
13 MaTepPHUAJIOB IPHUPOJHOTO M UCKYCCTBEHHOT'O IIPOUC-
xokJaeHus. OHUM 13 TEPCHEKTUBHBIX MaTepHalioB
JUTSL NI3TOTOBJICHHUSI HOCUTEJEH SBISETCS aJbIMHAT —
JIMHEWHBIN NPUPOIHBIN MTOTUCcCaxapul, COCTOSINN U3
ocIe0BaTeNbHbIX Wik Yepeaytomuxcst GG/GM/MM-
6110koB [3-D-manyponoBoii (M) u O-L-ruanypoHoBo#i
(G) xucnor [29]. AnbruHar HaTpus criocoOeH Gpopmu-
pOBaTh MOPHUCTHIN THAPOTETH 33 CYET MONEPEIHOrO
cesa3pBanmst GG/GM-6mokoB (GG-GG; GM-GG; GM-
GM) mexay co0oii mOCpPeaCTBOM IUBAJICHTHBIX Ka-
THOHOB, Takux kak Ca?", Br* mmm Sr** [12, 22].
[TonoOHBIM MOPUCTBIA THAPOreNb 0OecleunBaeT
OapbepHble (YHKINHU B OTHOILICHUH KPYTTHBIX MaKpo-
MOJIEKYJI U CO3AaeT BOKPYT KIETOK crenuduieckoe
MHUKPOOKPY>KEHHE, MAaKCHUMAJIbHO MPUOIIKEHHOE K
€CTECTBEHHBIM yCIIOBHUSAM UX CyllecTBOBaHuA [15].

MeTopx 3aKiiOueHus KJIETOK B aJIbIMHATHBIE MUK-
pocheps (AMC) BriepBbie ObLI ONMKMCaH B padoTax
F. Lim u A. Sun eme B 1980-x rogax [20]. B HacTos-
mee BpeMs ATOT MOAXO/ HIMPOKO MPUMEHSETCS s
HMMOOMIIM3AINK Psijia KiIeToK, B yactHocT MCK,
C IIEJIBIO MX MOCJEIYIOIIEer0 IPUMEHEHUS ISl 3aMec-
TUTEIBHOM TEpany KOCTHBIX U XPSILEBBIX TKaHeH [ 14,
28]. Kpome Toro, TkaHENHKEHEPHbIE KOHCTPYKIIMH Ha
ocHoBe MCK ucnonp3yrorcs B KaueCTBE TECT-CHCTEM
JUISl CKPUHHHTa JIEKAPCTBEHHBIX NIPENapaToB, CO31aHHs
KJIETOUHBIX MoOJeNel 0oJjie3Hel W BhIpalluBaHUS
6uomaccel B Omopeakropax [16, 19, 21].

[ockonmpky MCK, 3akmtouennbsie B AMC, mmpoxo
MIPUMEHSIOTCS B COBPEMEHHOW MEIHUIIMHE, TO BO3-
HUKAaeT MOTPEOHOCTH B UX JIONTOCPOYHOM XPAHEHUU
1 TPaHCIOPTHUPOBKE. /71T KPHOKOHCEPBUPOBAHUS
cycren3un MCK 0OBIYHO NPUMEHSIOT PEXHUMBI,
BKJIIOYAIOIINE MEJJIEHHOE 3aMOPaKUBaHUE C MOCIIe-
JQYIOIUM IOTPY>KEHNUEM B KUAKHUH a30T MO 3aIIUTON
KpHuoImpoTekropa rumeruicyiabpokenga (JAMCO) B
koHUeHTpauu 5—-10% [5, 9]. Ognako TexHONOrUM,
pa3paboTaHHbIE I KPHOKOHCEPBUPOBAHUS KIIETOU-
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Mesenchymal stromal cells (MSCs) can be derived
from various adult tissues with no violating the ethical
standards and applied in vivo without emerging
immunological conflicts. The obvious advantage of
MSC:s is their ability to differentiate into a several
somatic cell lines. Therefore, it is promising to use
MSC:s in regenerative medicine to treat some diseases
and pathologies in a patient [5, 29].

Tissue engineering is a multidisciplinary, actively
developing branch of biotechnology, which objective
is to create a bioengineered constructs to restore the
damaged tissues of a patient [16]. This direction is
based on in vitro culturing the cells using the three-
dimensional carriers made of the materials of natural
and artificial origins. One of the most promising mate-
rials to produce the carriers is alginate, which is linear
natural poly-saccharide composed of alternating or
consecutive GG/GM-blocks of 3-D-mannuronic (M)
and a-L-hyaluronic (G) acids [28]. Sodium alginate is
able to form a porous hydrogel by cross-linking of GG/
GM/MM-blocks (GG-GG; GM-GG; GM-GM) bet-
ween each other by divalent cations such as Ca*", Br*
or Sr** [2, 15]. Such a porous hydrogel acts as a barrier
for large macromolecules and creates a specific
microenvironment around the cells, as close as possible
to their natural habitat [7].

Method of encapsulation of the cells into alginate
microspheres (AMS) was for the first time reported
by F. Lim and A. Sun in the 1980s [13]. Currently, this
approach is widely used to immobilize a variety of cells,
e.g. MSCs, and to apply them thereafter in a substitu-
tive therapy as bone and cartilage tissues analogues
[6, 24]. In addition, the tissue-engineered constructs
are used as test systems for screening the drugs,
designing of cell models of diseases and growing
biomass in bioreactors [8, 12, 14].

Since the MSCs enclosed into AMS are widely used
in current medicine, there is a need for their long-term
storage and transportation. Cryopreservation of MSCs
suspension usually involves the protocols based on slow
freezing, followed by an immersion into liquid nitrogen
under protection of 5—10% dimethyl sulfoxide (DMSO)
cryoprotective agent [20, 27]. However, the techniques
developed to cryopreserve cell suspensions may not
be suitable for the cells encapsulated in the AMS, since
they do not consider spatial arrangement of alginate
hydrogel, affecting the diffusion and redistribution of
substances in the AMS-environment system [3]. The
attempts were made previously to cryopreserve MSCs
inside of AMS at various freezing conditions succeeded
for both cell preservation and integrity of the matrix
itself [10, 22]. However, it has remained an urgent
task to find the most optimal freezing conditions for
MSCs, encapsulated into AMS, which would take into
account the presence of three-dimensional alginate
hydrogel.
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HBIX CyCTeH3UH, MOTYT HE MOJIXOIUTH JUISI KIETOK,
3akmodeHHBIX B AMC, MOCKOBKY OHU HE YYUTHIBAIOT
MIPOCTPaHCTBEHHOM OpraHU3aly alTbIFMHATHOTO THIPO-
resisi, KOTOpBIN BiusieT Ha nudy3Hio U nepepacmnpe-
JieNeHne BemecTB B cucteMe «AMC-okpyskaromas
cpena» [13]. Panee ysxe OblIH PeANPHHATHI TOIBITKH
kpuokoHcepBuposanusd MCK B coctae AMC npu
Pa3NINYHBIX peKUMaX 3aMOPaKUBAHUSL, YTO TO3BOJIHIIO
JOOHUTHCS TIOIOKUTETHHBIX PE3YIIFTaTOB B OTHOIIICHUN
KaK COXPaHHOCTH KJIETOK, TaK M IEJIOCTHOCTH CaMOU
Matpuiel [6, 17]. OgHako ocTaercs akTyaJbHBIM
MTOMCK HanboJiee ONTHMAIIBHBIX PEKUMOB 3aMOPAKH-
Banus MCK, 3akiroueHHsIx B AMC, KOTOpBIE YUHUTHI-
BaJH ObI MPUCYTCTBHE TPEXMEPHOT'O aJbIHHATHOTO
THZIPOTes.

B cBsi3u ¢ 9THM LienbI0 JaHHOH paboThl OBLIO OII-
pexneneHre MOpHOMETPUUECKUX U TPAHCIOPTHBIX
xapaktepucTuk MCK B cycneH3uH M ambrMHaTHBIX
Mukpocdepax B 1| M pactBope JIMCO, Teopernueckoe
MO/JIETMPOBAHKE MIPOLIECCOB IETUAPATAIINHN KIETOK IIPU
Pa3IMYHBIX PeKMMaX 3aMOPaKMBaHUsA, a TAKKe CO-
[TOCTaBJIEHUE PE3YTHTATOB MOJIETUPOBAHUS C IKCTIEPH-
MEHTAJIHBIMHU PE3yJIbTaTaMH KPHOKOHCEPBUPOBAHNS.

Matepuajbl 4 MeTOABI

OxcnepuMeHTs npoBoamin Ha MCK nepmer
B3pOCJIOTO YeJI0BEKa, KOTOPhIe ObUIN MOIY4EHBI COT-
JaCHO OOLIECNPHUHATHIM OMOITHYECKHUM HOPMaM.
Krnetku BbLACISITH METOJIOM SKCILIAHTAIIMH KyCOYKOB
ko [4]. Knerku kynsTuBHpOBanu B cpene d-MEM
(«PAAy, ABctpust) ¢ nobasienuem 10% smOpuo-
HaJBHOM CBIBOPOTKM KpynHoro poraroro ckora (9C)
(«PAAY), 1% antuduoruka (50 en/mi neHUIUILTHHA
u 50 mxr/mn crpentomununa) npu 37°C, 5% CO, n
95% BHIaXHOCTH. 3aMEHY CPEIIbI TPOBOIVITH KaXKIIbIC
3—4 cyrok. [Ipu noctmwkennn kinetkamu 70%-ro KoH-
(hroeHTa MX MacCUPOBAIH TIO CTAH/IAPTHOW METOTUKE
C UCIIOJIb30BAaHHEM CMECH TPHUIICHH/BEPCEH B COOT-
HomeHnu 1:4 u mepeceBaiy C TUIOTHOCTBIO TOCEBA
5000 kxi/cm? [24]. B mocieayromux sKCnepuMeHTax
ncnonb3oBaiu KyasTypel MCK 4—8 nmaccaxeit. Knet-
KM CHUMaJH, KaK OMHCAHO BBILIE, OCAXKIAIN IIyTeM
ueHTpudyruposanus npu 150g B TeueHue 7 MHUH
(B manpHEHIIEM CKOPOCTh M BpeMs LEHTpU(yrupo-
BaHUS HE U3MEHSUIHCH), IPOMBIBAIIA CPEIOH, CONEP-
xameit 0,15 M NaCl u 25 mM HEPES (pH 7.4), n
CYCIIEHIMPOBAIIN B KyJIBTYPaIbHOM cpeie.

B pabote ucnonp3oBanu anbruHat Hatpust («Sig-
ma-Aldrichy», CILIA), BbleneHHbIN U3 OyPhIX BOIOPOC-
JIeH, ¢ BBICOKUM COJIep’KaHWeM MaHHYpPOHOBOH KHC-
JIOTHI ¥ HU3KOU BA3KOCTHIO (250 cIl). Ilepen magaaom
pabotbl roToBUIM 2%-11 PacTBOP anbrHHATA HATPUS
Ha pactBope XsHkca (pH 7,4) ¢ mocnenyromeii ero
CTepHJIM3alieil MyTeM CTyleH4arol (uiapTpanuu
4yepes cepuio GUIBTPOB ¢ YMEHBIIAIOIUMCS Pa3Me-
pom top (0,65; 0,45; 0,22 Mxm).
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Therefore the aim of this research was to determine
morphometric and transport features of MSCs in
suspension and alginate microspheres after transfering
them into 1M DMSO solution, to perform theoretical
modeling of cell dehydration at various freezing
conditions, as well as to compare the outcome of the
simulation and experimental results of cryopreser-
vation.

Materials and methods

Experiments were performed in human adult dermal
MSCs procured according to conventional bioethical
standards. The cells were isolated by explanting the
skin fragments [4]. Cells were cultured in a-MEM
(PAA, Austria) supplemented with 10% of fetal bovine
serum (FBS) (PAA), 1% antibiotic (50 TU/ ml Penicillin
and 50 pg/ml Streptomycin) at 37°C, 5% CO, and 95%
humidity. The medium was replaced every 3—4 days.
Once the cells reached 70% confluency they were
passaged by a standard procedure using the trypsin/
versene mixture (1:4 ratio) and inoculated with a
seeding density of 5,000 cells /cm? [17]. In subsequent
experiments we used the MSCs cultures after 4-8 pas-
sages. The cells were detached as described above,
pelleted by centrifugation at 150g for 7 min (hereinafter,
the rate and time of centrifugation were the same),
rinsed with medium containing 0.15 M NaCl and
25 mM HEPES (pH 7.4), and suspended in the culture
medium.

We used sodium alginate (Sigma-Aldrich, USA),
isolated from brown seaweed, with a high content of
mannuronic acid and low viscosity (250 cPs). Before
the experiments we prepared 2% sodium alginate
solution in Hanks’ medium (pH 7.4), and sterilized it
by filtration through a series of filters with decreasing
pore size (0.65; 0.45; 0.22).

To form the AMS of the fixed size ((250 = 20) mm)
we applied high voltage encapsulation method [11].
Uniform spraying to form homogeneous AMS was
provided under the following parameters: 10 ml/hr
alginate solution extrusion speed, 4 cm spray height,
~4kV applied voltage, concentration of sodium alginate
and CaCl, was 2% and 100 mM, respectively.

The cell suspension was pelleted by centrifugation,
the pellet was suspended in 1 ml of 2% purified sodium
alginate (1.5%10° cells/ml). Then, the sodium alginate,
containing the cell suspension was placed into a sterile
1 ml syringe with a 0.33 mm diameter needle and
sprayed into a 100 mM CaCl, solution wherein the
AMS were left for 10 min for polymerization.
Afterwards the stepwise rinsing of MS from excessive
calcium ions was performed with a washing solution.
To normalize cell functions the AMS were subjected
to 1 day culturing as described above. The shape and
size of the obtained AMS were assessed by micro-
scope.
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Hnst popmupoBanust AMC ¢ukcupoBaHHOTO pas-
Mmepa ((250 + 20) MKM) HCITOTTB30BATIM METO] MHKATIICY-
JILIUK C TPUMEHEHUEM BBICOKOTO HampsikeHus [18].
PaBHOMepHOE pacnbuieHue ¢ HOPMHUPOBAHUEM OJJHO-
ponubix AMC obecrieqnBanoch Ipu COOMIOAEHNUN
CIIETYIOINX MAapaMeTPOB: CKOPOCTH BBIIAaBIUBAHUS
pactBopa anbrudara — 10 Mj1/d, BBICOTa PACIIBIICHUS —
4 oM, IpUIIOKEHHOE HarpspkeHne — ~4 KB, koHtenTpa-
uus anbrunata Hatpus u CaCl, — 2% n 100 MM coort-
BETCTBEHHO.

CycneH3uio KJIeTOK OCaKJalu LHEeHTPUyrupo-
BaHUEM, 0CAJIOK CYCIIEHANPOBAIN B 1 MJI OUHIIIEHHOTO
2%-ro ansruHara Hatpus (1,5%10° ki/mi1). 3aTeM ab-
TMHAT HaTpHsl, COAEPIKAILUI CyCIEH3HIO KIIETOK, TOMe-
LIaJIM B CTEPUIIbHBIN MIITPULL 00beMOM 1 MJI ¢ Tnamer-
pom ursl 0,33 MM u pacnsuisaan B 100 MM pactBop
CaClz, B KoTopoM octaBmsuit AMC na 10 MuH s
nonumepusanuu. [locne aToro nmpoBoumm cTyrnenya-
Ty10 oTMBIBKY AMC 0T n30bITKa HOHOB KaJIbIIHS TTPO-
MBIBOYHBIM pacTBOpOM. [lJis HOpMaIn3auu KIeTod-
HbIX QyHKHE AMC Ha CyTKH MOMEaly B YCIOBHS
KyJITUBUPOBAHUS, ONIMCaHHbIE BhIe. Dopmy U pas-
Mep nonydeHHbIX AMC oLleHuBaIu MUKPOCKOITNYEC-
KHM METOJIOM.

Onpenenenue BausiHug 3akiroueHus B AMC Ha
TpaHcnopTtHble Xapakrepuctukn MCK npoBoammm me-
TOJIOM BOJIFOMOMETpHH [ 1], conmocTaBisis SKCIIepUMeH-
TaJILHO MTOJyYEHHBIE 3aBUCUMOCTH 00bEMa KIIETOK OT
BpeMeHH uX KoHTakTa ¢ 1 M pactBopom IMCO, co-
JeprKaIIuM H30TOHUYECKYIO KOHIIEHTPAIINIO XJIOPHC-
TOTO HATPHsA, C PEIICHUSIMH TEOPETUUECKON MOJIEIH.
OtrocurenbHbll 00beM Ketku V(#)/V, (tne V(1) —
00BbEM KIIETKH B MOMEHT BPEMEHH , V| — MCXOMHBIN
00BbEM KIIETKH) ONPEIessuId IyTeM U3MEPEeHHUs Tua-
METPOB M300paKEHUH KIIETOK, MOJYyUYEHHBIX C IIO-
MoIIpl0 MUKpockoma «Axio Observer Z1» («Carl
Zeiss», 'epmanus). Jlnametp (d) KIETOK M3MEPsUIIH,
ucnoap3ysa nporpammy «AxioVision 4.8» («Carl
Zeiss»).

[Ipn KOHTaKTe KIETKH C PACTBOPOM MPOHHUKAIO-
Iero BemecTa (KpUOMPOTEKTOpa) U3MEHEHHs ee
o0bema (V) m KOHIIEHTpaIuil paCTBOPEHHBIX BHE U
BHYTpH €€ BEIIeCTB BO BPEMEHH OMMCHIBAET CHCTEMA
muddepeHnansHbIX ypaBHeHnH [3]:

U , ,
Ejh%[@ (=) 1t - -]
darg 1

n; @Kn; “)on g O

DTZ ST —a) (V/V a)

e ¢ — Bpems; S ¥ L — IUIOWAab MOBEPXHOCTH M
ko3(puiment GunbTparuun Mem6pansl; T4 u T(—
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The effect of encapsulation into AMS on the
transport parameters of MSCs was examined volu-
metrically [1], by means of fitting the experimentally
obtained dependences of cell volume vs. the time of
their contact with a 1 M solution of DM SO containing
isotonic concentration of sodium chloride and the
curves being the solutions of the theoretical model.
Normalized cell volume V(2)/V, (where V() was cell
volume at time ¢, V) was initial cell volume) was
determined by measuring the diameter of cell images
obtained with a microscope Axio Observer Z1 (Carl
Zeiss, Germany). The diameter (d) of cells was mea-
sured using the software AxioVision 4.8 (Carl Zeiss).

The contact of a cell with the solution of penetrating
substance (cryoprotective agent) is accompanied with
the time dependent changes of its volume (/) and the
concentrations of the dissolved substances outside and
inside the cell which could be described by the system
of differential equations [3]:

0 . .
TR
=Kt )0 G 0

S’
w__m 1
=T 7, —a)

where ¢ — time; S and L — surface area and filtration
coefficient of membrane; T(" and T — osmotic pres-
sures of substance penetrating across through plasma
membrane substance outside and inside the cell,
respectively; T and Tt'— total osmotic pressures of
the substance non-penetrating through the plasma
membrane outside and inside the cell, respectively;
Ap — hydrostatic pressure differential on cell mem-
brane; K| and 0, — coefficients of permeability and
reflection of the plasma membrane for the substance
penetrating through the membrane, respectively; o
and ¥ —initial values of total osmotic pressure of non-
penetrating substances inside a cell and its initial
volume, respectively; 0 — volume of osmotically inac-
tive intracellular substances (for MSC a = 0.367).

The transition to dimensionless quantities brings the
equation (1) to the form:

iy 10 (., L\ 1-a O
y_i 1(1 -y )+ _ _IH
Ddt T, y—a
7 ]”' dvO 1
D o T[m_ ut +O.T[m 2
0 dt g ) dt y—a @)

oo
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OCMOTHYECKOE AaBJICHUE MPOHUKAIOLIETO Yepes Iias-
MaTUYECKyr0 MeMOpaHy BELIECTBA BHE M BHYTPHU
KIETKU COOTBETCTBEHHO; T u TL'— cyMMapHOe
OCMOTHYECKOE AaBJICHWE HEMPOHMKAIOIIETO uepes
ITa3MaTHIECKyI0 MeMOpaHy BelllecTBa BHE U BHYTPH
KJIETKH COOTBETCTBEHHO; A — mepernaj rupoCcTaTh-
YECKOTO JaBJICHWs] HA KIETOYHOW MeMOpaHe; K1 u
0, — K03(Q()HUIMEHTB! IPOHUIIAEMOCTH M OTPasKEHHUS
MJa3MaTHYeCcKoi MeMOpaHbl JUIsl MPOHUKAIOIIETO
yepe3 MeMOpaHy BElIECTBAa COOTBETCTBEHHO; Th, H
UV — Ha4aJIbHbIE 3HAYCHUS] CyMMApHOTO OCMOTHYEC-
KOTO JIaBJICHHS HEMPOHUKAIOUINX BEIIECTB BHYTPH
KJIETKH U €€ HauaJbHbIH 00bEM COOTBETCTBEHHO; O —
o0beMHas OISl OCMOTHYECKH HEAKTHBHBIX BHYTPH-
kietouHbix Bemect (st MCK o = 0,367).

[lepexon x 6e3pa3MepHBIM BETMUYHUHAM ITPUBOAUT
ypaBHeHus (1) Kk BUgy:

EUy 1%1( o - )+

T
Ed"’ 1 dyDl

D o T[ln T[Dll[ + T[ln 2
0 dt T] a ) % dtH ( )

T - oE =

rae y= V. T, = ! ;0 = !
ac y Vo > L0 prﬂ_én > 01 K,y

OCMOTHYECKOE JIaBJICHNE N30TOHNYECKOTO pacTBOPa,
™ = "/ T, — NPUBEICHHOE OCMOTHYECKOE
J@BIICHNE nponukarotiero (1) u HenpoHukaromiero (2)
KOMITOHEHTOB BHYTPH 1 BHE KJIETKH; Y — IOBEPXHOCT-

HO-00BEMHOE OTHOIICHUE KIIETKHU.

; TU' = 7,8arm —

e d — HaYaIbHBIA AWAMETP KIETKH, U3MEpsSeMbIit
JKCcTIepUMeHTaNbHO. Koadduuent orpakenus kie-
TOYHOM MeMOpaHbl O, BO BCEX PacyeTax MPUHUMAIIH
pasubiM 0,95. Pacuet koaddunreHToB ipoHUIaemMoc-
TH MeMOpaH KJIETOK IPON3BOJIUITH, pemast TuddepeH-
1uasbHbIe ypasHenus (2). Bappupys mapameTpsl T 1
T, onpenensui 3Hadenns L u K, J100MBasACH COBIMA-
JICHUSI TEOPETUUYECKUX KPHUBBIX C DKCIIEPUMEHTAIIb-
HBIMH JAHHBIMH.

Ucnonb3yemas HaMu (U3UKO-MaTeMaTHUeCKas
MOJIeNIb JJOCTAaTOYHO KOPPEKTHO OMHCHIBAET U OCMO-
TUYECKOE MOBEJEHNE KJIETOK Ha 3Talre 3aMOpakH-
BaHUA. PerieHnsMy Moeny Mpu MU3BECTHBIX 3HaYe-
nwix L u K, ssnsores sasucnmoctn y(7), " (T) u
' (T) ot Temreparypbl. Takue penieHus HeCI0KHO
MTOJTYYUTH JUIS TIMHEHHBIX PEKUMOB OXJIAXKICHUS.
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14 1
v T T

0 L p y]TO y .
osmotic pressure of isotonic solution; TT; "“t =1/
normalized osmotic pressure of penetrating (1) and
non-penetrating (2) components inside and outside the
cell; y— surface-volume ratio of a cell.

where y = T, = ; T4 =7,8atm —

where d — initial diameter of a cell, measured expe-
rimentally. The reflection coefficient of cell membrane
0, was assumed as 0.95 for all the calculations. The
coefficients of cell membrane permeability were
calculated by solving the differential equations (2).
Varying the parameters T, and T, allowed to determine
the values L and K| by fitting the theoretical curves
and experimental data.

The used by us mathematical model describes quite
correctly an osmotic behavior of cells at the stage of
freezing as well. At certain L, and K| values the
following dependences vs. temperature could be
retrieved: y(7), 1" (T). The solutions are easy to
obtain for the linear cooling protocols.

Change in the coefficients of filtration and perme-
ability of plasma membrane to the soluted substances
follows the Arrhenius’ equations:

—_ DE@O B TE)

Lp(T)—Lp(To)exp%D _?
OE

K(T):K(To)expgﬁg—?%

where T — initial temperature of cell suspension, K;
E, and E, —activation energies of transfer through the
plasma membrane of water molecules and a solute, respec-
tively; R —universal gas constant (8.314 kJ/mol(grad).

The cell osmotic behavior during freezing with
various cooling rates was predicted by means of
substituting the determined values L and K, in the
model equations. The means were assumed in respect
of the published data for different cell types E, (20—
40 kJ/mol), E, (60-90 kJ/mol) [4, 28, 25].

The transition to the new variables was as follows:

b AT _ dy ar
a ar = ar PPE

where [3 — cooling rate.

The system of differential equations describing the
kinetics of changes in the relative volume and con-
centration of cells penetrating through the plasma
membrane substance inside a cell during extracellular
crystallization was as follows:
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W3menenne ko3 PpuipueHToB GUIBTpay 1 NPOHHU-
LAEMOCTH TUIa3MaTHYEeCKO MeMOpaHbl AJIsl pacTBO-
PEHHOTO BELIECTBA MOAUMHSIETCS appEeHUYCOBBIM
3aBUCHUMOCTSIM:

L (T)=L (T, )ex 2L B—E
A R e T

_ OE, g1,
K(T)=K (T epg - —T%

e T, — uCXo/iHas TEMIIEpaTypa KICTOYHOH CyCIIeH-
3uH, K; an u Ea]— SHEPIUM aKTUBALWH IPOLECca
IepeHoca 4epe3 Iia3MaTHIecKyro MeMOpaHy MoJie-
KyJ BOJbl U PAaCTBOPEHHOTO BEUIECTBA COOTBETCT-
BEHHO; R — yHHBEpCalbHas ra3oBas MOCTOSHHAA
(8,314 x/Ixx/monbldpan).

[Iporuo3upoBaHrue 0CMOTHYECKOTO TOBEICHUS
KJIETOK TP 3aMOPaKHBAHUH C PA3HBIMU CKOPOCTIMHI
OCYIIIECTBIISLIIH, TTOJICTABIISS B ypAaBHEHHS MOJICIIH Hali-
JICHHBIC 3HAYCHUS Lp u K. IcXo/is1 U3 JIMTepaTypHbIX
JAHHBIX TSI Pa3HBIX TUTIOB KJIETOK MPUHUMAIH CPEI-
Hue 3Havenus E, (20-40 x/Dx/monn), £, (60—
90 xx/moms) [7, 10, 25].

[Tepexon x HOBBIM MEPEMEHHBIM MPOU3BOIUICS
CIICAYIOIIUM 00pa3oM:

b AT
dt dT

e 3 — CKOPOCTh OXJIAKICHHUS.

Cucrema nudepeHnnansHbIX ypaBHEHHH, OTTHCHI-
BaIOIIAs KAHETUKY N3MEHEHHSI OTHOCUTEIIBHOTO 00he-
Ma KIIETKH U KOHIIGHTPAIUIO MPOHUKAIOIIETO Yepes
IUIa3MaTHYECKYI0 MEMOpaHy BelecTBa BHYTPb KIIET-
KU B IPOLIECCE BHEKJIETOYHON KPUCTAIUIN3AINH, UMEET

- _dr
_dTEB’B dl"

BUJL;
g 0 ., 1-a 0
T+ -

Bdy:pe}(‘pay(r_l) Tq y-a Q
Hr T, o Te(1-08) ~ T (=g, 0D
0 " m.(l-ag,)~(1-ajg, O B 3
= 0 1-a O g )
- T+ = (1+0,®,, i x|l -0, ), e x
gt _ p éﬁ”ﬁ " -a (+0i,, ) B‘k o ng]@
d - - _
ET g G%@XP%LT 0%(1("2”—%,Tﬁ’”)em%—(TT I)E E
rie

_M,(l-ag,) - (y-o)g,

out T[ZOO(I—GgO)—(l—C()gO
o :thoo(l_ago)_(l_u)go
2 s
l1-yg, —x(1-ag,)
T, T,(T, E, E,
371€Ch pzi‘),qs of 0),aE L h=—4
BT, T(T,) R T, R T,
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U 0, l-a_ 0
W af-)g " T 0
BdT ? p% T +0 T[loo(l_ago)_]—';”(y_a)go%l;urg
O ' (l-ag,)-(1-a)g, O H 3)
D b
O o, 1-a WO L xD
O éﬁm o glroe) HX[(I o), -] @

d - - _ _
el e
where

_M,(l-ag,) - (y-o)g,
out n,(l-ag,)-(1-a)g,
T[out:T[th(l_agO)_(l_a)go
2 )
l-yg, - x(l-ag,)
T T,(T, E, E,
herepzio9 qE O( O)aaE . ) = : ’g()_
BTO TI(T;)) ROTE) ROTE)

initial value of the ratio of the total cell volume to the
total volume of the system.

In our calculations the kinetics of change in the
concentration (C) of extracellular solution during freez-
ing was analytically set by the approximation [26] of
phase diagram of DMSO aqueous solution melting as
follows:

C=-0.000557°-0.063487>—2.78524T,;

where T was the current temperature.

From the system of equations (3) we obtained the
dependences of cell volume vs. freezing temperature
for certain transport features of cells and chosen cooling
rates. Taking into account the dehydration rate either
possibility or impossibility of intracellular crystallization
in MSCs at the considered cooling protocol could be
assumed.

As the cryoprotective medium we have used
o-MEM with 10% FBS and 1 M DMSO (final concen-
tration). The medium with double concentration of
DMSO and FBS was slowly dropwise added to an
equal volume of culture medium containing either
suspended or AMS encapsulated MSCs. The samples
were incubated for 15 min at 4°C and frozen in cryovials
(Nunc, USA), 1 ml (1x10° cells/ml). Cooling of the
samples was performed using a programmable freezer
UOP-6 (Special Designing and Technical Bureau with
Experimental Unit of the [IPC&C of the National
Academy of Sciences of Ukraine) at a cooling rate of
0.5; 1; 10 and 20 deg/ min down to—40°C, followed by
plunging them into liquid nitrogen (-196°C).

After storage for 1-2 days the samples were
thawed in a water bath at 37°C and the cryoprotectant
was removed by slow dilution of frozen-thawed
suspension by a-MEM with 10% FBS in 1:10 ratio.
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g, — HayaJbHOE 3HAYEHWE OTHOUIEHHSA CyMMapHOIo
00beMa KJIETOK K MOJHOMY 0ObEMY CHCTEMBI.
Kuneruky nzmenenus konuentpanuu (C) BHEKIIe-
TOYHOT'0 PacTBOpa B MPOLECCE 3aMOPaKUBAHUS MPU
pacdeTrax 3a/1aBajiil aHAJTUTHYECKH ITyTEM alpPOKCH-
Manuu [8] $ha3oBoil ruarpamMmbl TUIABJIECHUS BOJHOTO
pactBopa mist JIMCO B cremyromemM BUe:

C=-0,000557"-0,063487*—2,78524T;

rae T — Tekymias TeMIeparypa.

W3 cuctembl ypaBHeHUH (3) A ONpeeIeHHBIX
TPaHCIOPTHBIX XapaKTEPUCTHK KJIETOK U BEIOPaHHBIX
CKOpOCTEH OXJaXXKIECHUsS MONydald 3aBUCUMOCTH
o0beMa KJIETOK OT TeMIEepaTyphbl 3aMOpPaKHBAHHMS.
Y4uuTBIBas CTENEHD ACTHIPATALIMN, MOXKHO IPEATIOIIO-
KUTHh O BOBMOKHOCTH MJIM HEBO3MOKHOCTH BHYTPH-
kieTouHo kpuctaymianny B MCK npu ganaom pe-
KUME OXJIaXKICHUS.

B xauecTBe KpHO3aLIUTHON Cpeabl UCIIOIB30BAIIN
cpeny 0-MEM, conepxamyto 10% 29C u IMCO B
KoHeUHOW KoHIeHTpanuu 1 M. Cpeny ¢ aBoitHOM
koHUeHTpanueit [IMCO u O9C MenaeHHo o Karism
N00aBIsUIM B PaBHBIN 00BEM KyJIbTYpalbHON CPEabl,
colieprKalllel CyCIeH3HuI0 Wil 3akioueHHbie B AMC
MCK. O0pa3iipl SKBUTHOPUPOBAJIH B TeUeHHE 15 MUH
npu Temrnepatype 4°C 1 3aMOpakuBajl B KPUOIIPO-
oupkax («Nuncy, CIITA) o6bemom 1 mi (1X10° ki1/m).
Oxnmaxaerane oOpa3IoB MPOBOJUIHN C MTOMOIIBIO
nporpamMmHoro 3amopaxkuBarenst «YOII-6» (CKTh
¢ OIT UIIKuK HAH VYxpaussl) npu cKOpoCTAX
oxnaxaenus 0,5; 1; 10 u 20 rpag/MuH 10 JOCTHKEHUS
temneparypbl —40°C, ¢ moCIeAyIONUM HX TIOTPyXKe-
HHEM B XKHIKHH a30T (—196°C).

[ocne xpanenus B TeueHne 1—2-X cyTok, 0Opasiubl
oTorpeBany Ha BoxsiHOW Oane mpu 37°C u ygpansim
KpUONPOTEKTOP MyTEM MEJJIEHHOTO pa3BeJCHUS Je-
KOHCEPBUPOBAHHOM cycnieH3uu cpenoit a-MEM ¢ 10%
OC B cootHoeHnu 1:10. CycrnieH3nto KIETOK HEHTPH-
(dbyruposanu mipu 150g B TeueHWe 7 MHUH, K OCaIAKy
nmo6aBisuH CBEXYI0 cpeny 0-MEM ¢ OC u omnpene-
JISLTH )KU3HECTIOCOOHOCTD KIIETOK.

Kuznecmoco6rocTs MCK olieHMBaN C TOMOIIHIO
MTT-tecra [26]. [l oTor0 K 1 MJI CyClIEH3UH KIETOK
no6asmsimu 100 mxn penokc-uaaukaropa MTT (3-(4,5-
JUMETHII-2-THa30nun)-2,5-mudenun-2H-rerpazonus)
opomuaa («Sigma-Aldrich») B KoHLIEHTpamu 5 Mr/mi.
[Mocne 2 u unkyOanuu npu Temneparype 37°C obpas-
LBl HEHTPU(YTUPOBAIH, OCATAOK CYCICHIUPOBAIH B
(PU3NOTIOTHYECKOM PAcTBOPE M MOACYUTHIBAIIN KOJIH-
YeCTBO KJETOK B KaMepe [opsieBa cormacHo CTaH-
nmapTHO# MeToauke [27]. )Ku3HecmocoOHOCTH orpeie-
JISTA Kak oTHoIIeHue Koiandectsa MCK, HakomuBIImx
(hopmazan, kK 00IIeMy KOJTHUECTBY KJIETOK H BRIPAYKAIIH
B IPOLIEHTAX.
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The cell suspension was centrifuged at 150g for 7 min,
the fresh a-MEM with FBS was added to the sediment
and the cell viability was examined.

Viability of MSCs was assessed using MTT assay
[21]. With this aim 100 ml redox indicator MTT
(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium)bromide (Sigma-Aldrich) at a concentration of
5 mg/ml was added to 1 ml cell suspension. After 2 hrs
of incubation at 37°C the samples were centrifuged,
the pellet was re-suspended in physiological saline and
the number of cells was counted in a Goryaev’s
chamber according to the standard procedures [23].
Viability was defined as the ratio of the number of
MSCs, which accumulated formazan, to the total
number of cells and was expressed as a percentage.

The results were statistically processed using the
Excel software (Microsoft, USA) and Past Statistic
v/3/01 (Sweden). Depending on the nature of the distri-
bution of a data set, significance of the differences
between the indices was assessed using a parametric
Student’s t-test or nonparametric Mann-Whitney test.
The differences between the samples were considered
as significant at p < 0.05.

Results and discussion

We have carried out a series of experiments to
investigate the osmotic reaction of MSCs either
suspended or encapsulated in AMS occured during
the contact with 1M DMSO solution at 22°C. Figure 1
shows the experimental data and theoretical curves
representing the kinetics of cell volume changes during
of their contact with the cryoprotectant solution.

Calculations using mathematical model allowed to
fit theoretical curve and the experimental data if the
coefficients of permeability of MSCs membranes for
water molecules (Lp) and DMSO (K|) were in sus-
pension: L= (3.38 £ 1.1)x10"* m*/NlSec; K, = (1.60 +
0.21)x10°® m/sec; and in AMS: L =203+ 1.4)x10™
m?/Nlsec; K, =(1.07 £0.18)x10°* m/sec.

Thus, the rate of water and DMSO penetration
through membranes of the MSCs encapsulated in AMS
was lower than that of the membranes in suspended cells.

Using the obtained permeability coefficients and
the mathematical model, describing the kinetics of chan-
ges in relative volume of MSCs during extracellular
crystallization of a suspension, we have predicted the
rate of cell dehydration, depending on the cooling rate
of MSCs suspension and cells, encapsulated in AMS
(Fig. 2). Figure 2 shows that the predicted dehydration
of cells which were cooled with the rates from 0.5 to
20 deg/min down to —40°C was different. Thus, at a
cooling rate of 0.5 deg/min the calculated relative
volume of MSCs in suspension was 0.49 and in AMS
it was 0.57; at 1 deg/min these were 0.62 and 0.74,
respectively. Cooling with higher rates resulted in the
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[Tony4ennsie pe3ynbTaTsl 00padaTeiBaId CTATHC-
THYECKH ¢ momouipio nporpamm «Excel» («Micro-
softy, CIILIA) u «Past Statistic v/3/01» (LLBerus).
B 3aBucumocTH OT xapakTepa pacrpeneseHus AaH-
HBIX, 3HAUUMOCTh Pa3iUuuil MEXIy MOKa3aTesiMu
OLICHHBAJI, UCITOJIb3YsI TAapAMETPUUECKUH t-KPUTEPHIL
CrplofieHTa MM HeMmapaMeTprIecKuil Kpurepuit Man-
Ha-YuTHU. Paznnuus Mexnay BBIOOpPKAMHU CUHTAIU
3HaYUMBIMU 1IpH p < 0,05.

Pe3syabTarsl m o0cyxaeHune

Hamu Obu1a mpoBeeHa cepusi SKCIEPUMEHTOB 110
nccie0BaHnui0 ocMoTudeckoit peakuuu MCK, Haxo-
Jsuxcst B cycrnensuu u B cocrase AMC, ¢ 1 M pact-
BopoMm JIMCO mnpu temneparype 22°C. Ha puc. 1
MPECTABIEHBl MOJTYUYEHHBIE YKCIIEPUMEHTAIbHbBIE
JTAaHHBIE U TEOPETHUYECKNE KPUBBIE KHHETUKH H3MEHE-
HUS KJIETOYHOTO 00beMa OT BpeMEHH UX HaXOXKICHUS
B pacTBOpe KPHOMPOTEKTOPA.

Pacuer ¢ ucnons3oBanmeM (pU3NKO-MaTeMaTHIEC-
KOM MOJIeNTM TTOKa3bIBAET, YTO TEOpETHIECKast KprBas
KOPPEKTHO OIHCHIBAET HKCTIEPUMEHTAIbHBIE TAHHBIC
pu ko3¢ punrenTax npoHunaeMoctu memopan MCK
JUTSL MOJICKYIT BOJIBI (Lp) u JIMCO (K) B cycnensun —
L= (3,38 1,1)x10 " M/HId; K, = (1,60 +0,21)x10°* m/c;
B AMC - L = (2,03 + 14)x10™ M/HId; K, = (1,07 +
0,18)x10°% /.

CrnenoBarenbHO, CKOPOCTh POHUKHOBEHHUS BOJIBI
n JIMCO uepe3 mem6pans MCK, koTopble 3akitode-
Hbl B AMC MeHbIile, 9eM yepe3 MeMOpaHbl KIETOK B
CYCTIEH3HUH.

[Moacrapnss monydeHHbIe KOAPPHUIUEHTHI IPOHU-
[IaeMOCTH B (PM3UKO-MaTEeMaTHIECKYIO MOJIEIb, KOTO-
past ONMCHIBAET KNHETUKY U3MEHEHHSI OTHOCUTEIBHOTO
oobema MCK B mpouecce BHEKIETOUYHON KpUCTa-
JIN3aLlUU CYCIIEH3UH, MBI CIIPOTHO3UPOBAJIHN CTENEHb
00e3BOKMBAHUS KIETOK B 3aBUCHMOCTH OT CKOPOCTH
oxyaxaeHua cycnensun MCK u kneTok, 3akitoueH-
HbIX B AMC (puc. 2). U3 puc. 2. BUIHO, YTO TPOT-
HO3UpyeMoe 00€3BOKMBAHNE KIIETOK, KOTOPBIE 3aMO-
paxuBanu co ckopoctsamu ot 0,5 o 20 rpan/mMuH pu
—40°C, Ob110 pa3HbIM. Tak, IPH CKOPOCTH OXJTAXKICHUS
0,5 rpan/MuH pacCYUTAaHHBI OTHOCHTEIBHBIN 00heM
MCK B cycnensuu paBasuics 0,49, a 8 AMC — 0,57;
mpu 1 rpan/mus — 0,62 u 0,74 cootrBeTcTBEeHHO. B TO
BpeMs KakK IMPHU BBICOKHUX CKOPOCTAX OXJa)XJAEHUs
OTHOCHUTEIBHBIN 00beM KieTok jgocturai 0,96 (MCK
B CyCIICH3UH, CKOPOCTh OXJIaXKAeHUs OT 10 rpaa/mMuH)
n 0,99 (MCK B AMC cKOpOCTh OXJIQXKJICHUS OT
20 rpan/MuH).

Ucxons u3 mporHo3a HaMH OBLIM TPOBEICHEI
JKCIEepUMEHTHI 1o 3aMopaxuBannio MCK B cyc-
neH3nd 1 AMC B KpHO3aIUTHOMN cpefie MPH pa3HbIX
ckopoctax oxnaxaeHus (0,5, 1, 10 u 20 rpag/mun).
bricTpoe oxnaskmeHne oOpas3ioB co CKOpocThio 10 u
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Pwuc. 1. OcmoTtnyeckas peakunst MCK Ha koHTakT ¢ 1 M pacT-
sBopom [IMCO; O @ — sKkcneprMeHTanbHble 3HaYeHNS;
— — — —TteopeTuyeckue kpusbie; O —MCK
Ha ctekne; ® — — — — MCK B anbruHaTHbIX cdepax.
Fig. 1. Osmotic reaction of MSCs during contact with 1 M
DMSO solution; O @ — experimental data; ——_—_——- theo-
retical data; O —MSCs on glass, ®————
MSCs on alginate microspheres.

OtHocuTenbHbIN 06bem VIV,
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Temnepatypa, °C
Temperature, °C

Puc. 2. lNporHo3upyemasi KnHeTMka n3ameHeHus obbema
MCK B cycneH3uu (cnnowHas nvHusa) n B coctase AMC
(wTpuxoBas nNuHMA) Npu ckopocTax oxnaxgerus 0,5 (1),
1(2), 10 (3) n 20 (4) °C/MuH.

Fig. 2. Predicted kinetics of MSCs volume change in
suspension (solid line) and as components of AMS (dotted
line) at various cooling rates: 0.5 (1), 1 (2), 10 (3) u
20 (4) °C/min.
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20 rpaa/MuH npUBOAHIIO K Tubenu ~80% KIIeTok, Haxo-
JAIIMXCsl KaK B BUJE CYCIEH3HMM, TaK U B COCTaBe
AMC (puc. 3). Cremxyer OTMETUTB, YTO €CIU MPHU
ckopocTH oxiaxzaeHus 20 rpaj/MUH KHU3HECTIOCO0-
Hoctb MCK B cycnien3un u B AMC He oTiMyanace,
To pu 10 rpaj/MUH KU3HECTTOCOOHOCTH KJIIETOK B
cocrae AMC 0ObUTa HECKOIBKO BEINIE, YeM B CyC-
neH3un. Bo3MokHO, 3TO CBSI3aHO C 3aIIUTHBIM JIEHCT-
BHEM aJIbITHATHOTO THAPOTENs, KOTOPOE TPOSBISIETCS
TIPH TaHHOW CKOPOCTH OXJIAXKICHUSI.

[Ipu ncnonp30BaHUM BEICOKHX CKOPOCTEH OXJIaXkK-
JIEHUsI OTMEYanoch HapyuieHue ueiroctnoctu AMC
Y HaJIM4YWe B IEMHKATICYIMPOBAaHHBIX 00pa3iax ¢par-
MEHTOB Pa3pyIIEHHOTO aJlbIMHATHOTO TUAPOTENS U
CTPYKTYPHBIX KOMIIOHEHTOB KJIeTOK. [ mOens Oombieit
YacTH KJIETOK MPH BBICOKUX CKOPOCTSIX OXJIaXKACHHUA,
BEPOSATHO, OOBSICHSAETCS (JOPMHUPOBAHUEM BHY TPUKJIE-
TOYHBIX KPUCTAJUIOB JIb/Ia 33 CYET YMEHBIIIEHHUS Bpe-
MEHH JIETHIpaTallii KIETOK.

[Tocne KpHMOKOHCEPBUPOBAHHUS, BKIIOYAIOIIETO
HHU3KHE CKopocTH oxnaxaeHus 0,5 u 1 rpang/muH, He
OBUIO BBISBICHO HapymieHni nemnoctHoctd AMC, a
XKHU3HECIIOCOOHOCTh KJIETOK COCTaBIIsAJia HE MEHee
75%. MakcuManbHbIC 3HAUCHUS )KU3HECTIOCOOHOCTH
((88 £ 4)%) ObUIM TOYYEHBI ITOCIIE KPUOKOHCEPBHU-
poBanust MCK B cycrieH3uu co CKOPOCTBIO OXJIaXKe-
Hus 1 rpag/muH. JKu3HecnocoOHOCTh KJIETOK IOce
KPHOKOHCEPBUPOBAHUS 10 ITON IPOTrpaMMe B COCTABE
AMC 0pl1a HECKOITBKO HIDKE 1 cocTaBisuia (81 +4)%.
Crnemyer OTMETHTB, YTO MTOO00HBIE PE3YITBTAThI PaHee
OBUTM HAMH TIOJIYYEHBI NMPU KPHOKOHCEPBUPOBAHUHU
MCK B cycrnienzun 1 AMC 6ombirero pazmepa (500—
1000 mMxm) [6]. B mpoBeEHHBIX SKCTIEPUMEHTAX HAM
yAaJI0Ch MOBBICUTS ku3HecnocoOHocTs MCK B AMC
JI0 YPOBHS CYCHEH3UH C TOMOIIBI0 HHUIIUAIIIH KpPHC-
TayiooOpa3oBaHusl. B HacToseM uccneoBaHiK Oau-
HaKOBbIE 3HaYeHHs1 )kn3HecriocooHoctr MCK B cycrien-
3um 1 B cocTaBe AMC ObUIH 1Oy 4eHbI IPH CHHKCHUH
CKOpOCTH oxyaxaeHus 10 0,5 rpaa/MuH. DTH JaHHbIE
CBUJETENHCTBYIOT O TOM, YTO aJbTWHATHBIN THIPO-
reib 3aMeIgeT ACTHAPATANI0 U OTPAaHNYUBAET
nieperoc JIMCO B kiretky. Haubonee mpocTsiM 1 10C-
TYIHBIM CTIOCOOOM MPEOI0IIECHHSI 3TOTO OTPAHUICHHUS
SBIISIETCS] CHHYKEHNE CKOPOCTH OXJIAXKICHUS 00pasa.
Tor (hakT, 94TO MOCIIE KPHOKOHCEPBUPOBAHHUS C ITPHME-
HEHHEM CKOpOocTH oxJaxaeHus 0,5 rpai/MuH xu3He-
CHOCOOHOCTD OblIa HECKOJBKO HIKE MAKCHMAIIBHBIX
3HAYCHUH, TTOJTYUYCHHBIX IPU OXJIAXKICHUU CYCIICH3UN
CO CKOPOCTBIO | Tpaji/MUH, OOBICHSETCS, OUYEBUIHO,
Tokcuueckum aeicteueMm AMCO, koTopoe mposiB-
JIIETCS TIPH €70 JUTUTETBHOM SKCIO3ULIMEN C KJIETKaMH.

Pesynprarer HacTosmiei paboThl CBUIACTEILCT-
BYIOT O TOM, 4TO KpuokoHcepBupoBanue MCK B
coctaBe AMC nop 3amquroii 1 M JIMCO c¢ ncnoiib3o-
BaHMEM HU3KHX CKOPOCTEH OXJIaXKIEHHUS ITO3BOJISIET
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Puc. 3. >KusHecnoco6Hoctb MCK B cycneHsuu (E) u 3aknto-
YeHHbIXx B AMC (O) nocne KpMOKOHCEPBUPOBaHUS B
npucytcteun 1 M OMCO npu pasnumyHbiX CKOPOCTHAX
oxnaxgeHunsa. Pasnuyns 3Ha4ynMmbl MO OTHOLUEHUIO K
1 rpag/muH (*) n k cycnensun MCK (*), p < 0,05.

Fig. 3. Viability of suspended (H) and encapsulated ()
MSCs after cryopreservation with 1 M DMSO at various
cooling rates. Differences are significant comparing with
data for 1 deg/min (*) and suspended MSCs (*), p < 0.05.

relative cell volume of 0.96 (MSCs in suspension,
cooling rate of 10 deg/min) and 0.99 (MSCs in AMS,
cooling rate of 20 deg/min).

To test the outcome of simulations we have perfor-
med the experiments on freezing of suspended and
encapsulated MSCs in cryoprotective medium with
different cooling rates (0.5, 1, 10 and 20 deg/min). Rapid
cooling of samples with the rates of 10 and 20 deg/min
resulted in a death of almost 80% cells either suspended
or encapsulated in AMS (Fig. 3). It should be noted,
that MSCs viability in suspension and in AMS did not
differ if cooling rate of 20 deg/min was used, while at
10 deg/min the viability of encapsulated cells was
slightly higher than in suspended ones. This was likely
due to a protective effect of alginate hydrogel manifes-
ted at the given cooling rate.

After using high cooling rates we observed the
partial disintegration of AMS and presence of the
fragments of destroyed alginate hydrogel and structural
components of cells in de-encapsulated samples. The
death of most cells at high cooling rates was probably
caused by the formation of intracellular ice crystals
because of the reduced time of cell dehydration.

After cryopreservation using low cooling rates of
0.5 and 1 deg/min we have not found any disintegrated
AMS and cell viability made as much as 75%. Maxi-




JOOUTHCS BRICOKHX TIOKa3aTeNel )KU3HECTIOCOOHOCTH,
COIMOCTABUMBIX C pe3ybTaTaMu, IOTYYECHHBIMU paHee
[6]. IIpoBeneHHBIE UCCIIEIOBAHUS SABJISIOTCS OCHOBOU
Ui CO3aHusl HU3KoTeMIepaTypHbeix 0ankoB MCK,
3aKJTIOYCHHBIX B aJIbTHHATHBIE MUKPOCQEpHI, Il
JAJTbHEHIIIETO UCTIONIb30BaHMSI B PA3IHMUHBIX 00JIACTSIX
pereHepaTUBHON MEIUITIHBI.

BoiBoabI

1. 3amopaxusanne MCK no —40°C B npucyTcTBUH
1 M IMCO co ckopoctamu oxnaxaenud 0,5 u
1 rpan/muH oOecrieunBaeT JOCTATOYHYIO UX IETHIpa-
TaLMIO JJIs1 MPEIOTBPALLCHUS TOBPEKICHUHN, CBSI3aH-
HBIX C BHYTPUKIIETOUHON KpUCTAIIU3ALIUCH.

2. Ocmotnueckas peakiust MCK B coctrae AMC
3aMeJIeHa 10 CPaBHEHUIO C KIETKaMU B CYCIICH3UM,
KO3 PHUIMEHTHI TPOHUIIAEMOCTH COCTABIISIOT COOT-
BETCTBEHHO Lp = (2,03 £ 1,4)x10"* M*/HId; K, =
(1,07 £0,18)x10* M/c Lp =(3,38 £ 1,1)x10"* m¥/HIg;
K, =(1,60+0,21)x10°® m/c.

3. TeopeTudeckuii pacyeT U SKCIIEPUMEHTAIIbHBIE
HCCIIEIOBAHUS TIOKA3aJIi, 9YTO KPHOKOHCEPBUPOBAHIE
co ckopocTsimu oxJtaxaenus 0,5 u 1 rpaj/MuH 03Bo-
nseT cHu3uTh BausiHue AMC Ha cTeneHb aeruapa-
tarid MCK u moOUTBCS BBICOKHX IOKa3aTellel Mx
JKA3HECIIOCOOHOCTH.
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mum viability values ((88 + 4)%) were obtained after
cryopreservation of MSCs in a suspension at a cooling
rate of 1 deg/min. Viability of the encapsulated MSCs
after cryopreservation according to this protocol was
slightly lower ((81 £4)%). It should be noted that simi-
lar results were previously obtained by us when the MSCs
were cryopreserved both in a suspension and AMS of
larger size (500—1,000 pm) [6]. In the present research
we succeded to improve the viability of MSCs in AMS
up to the level observed in the suspended cells if ice
seeding was used. For example, the same values of
MSC:s viability in suspension and in AMS were obtai-
ned if cooling rate was decreased down to 0.5 deg/min.
These data indicate that the alginate hydrogel slowed
down the dehydration and limited the transfer of DMSO
into a cell. The most simple and affordable way to
overcome this limitation was to reduce the cooling rate
of the sample. Cryopreservation using the cooling rate
0f 0.5 deg/min resulted in the viability which was slightly
lower than the maximum values obtained when cooling
a suspension with the rate of 1 deg/min, and this fact
could be apparently explained by toxic effect of DMSO
manifested during long-term cell incubation.

The results of this research indicated that cryopre-
servation of the encapsulated MSCs under 1 M DMSO
protection using low cooling rates allowed to achieve
high viability rates, which were similar to the values
obtained previously [22]. The performed studies could
be the basis for the establishment of low-temperature
banks of the cells encapsulated into alginate microsphe-
res to be used in various fields of regenerative medicine.

Conclusions

1. Cooling of MSCs down to —40°C in 1 M DMSO
presence with the rates of 0.5 and 1 deg/min provides
a sufficient dehydration to prevent their damage
resulted from intracellular crystallization.

2. Osmotic reaction of MSCs encapsulated in AMS
was delayed as compared with the cells in suspension,
permeability coefficients were respectively L =(2.03 £+
1.4)x10" m*/NiSec; K, = (1.07 £0.18)x10 ¥m/sec and
L =338+ 1.1)x10"* m*/N[Sec; K, = (1.60 =+
0.21)x10® m/sec.

3. Theoretical calculations and experimental studies
have shown that cryopreservation at a cooling rate of
0.5 and 1 deg/min enabled to reduce the impact of
AMS encapsulation on the dehydration rate of MSCs
and achieve higher viability indices.
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