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Choice of Vitrification Mode for Macroporous
Matrices Seeded with Mesenchymal Stromal Cells

Pecpepar: B pabote Gbinn onpegeneHbl COCTaB pacTBopa KPUOMPOTEKTOPOB U YCNOBUS BUTpUdUKaLumM (CNocobbl HaChILLEHWS,
yaaneHus KpUonpoTEKTOPOB, PEXMMbI OXNaXAEHWUs-OTOrpeBa) TKaHEUHXKEHEPHbIX KOHCTPYKLUA Ha OCHOBE MaKPOMOPUCTbIX MaTpuL
(MIMM) n me3eHxMmanbHbIX cTpomanbHbIX knetok (MCK), npegynpexpatrowmx passuTve KpucTannusauuMum U pacTpeckuBaHuWe CTek-
noobpasHoi asbl, a TaKke UCCNefoBaHO BrUsiHWE paspaboTaHHbIX YCMOBUWA Ha XM3HECMOCOOHOCTb KMETOK U CTpykTypy MIM.
[Mpouecchl kpucTannusaummM W pacTPeckMBaHUS M3ydanu npu oxnaxaeHun un otorpeBe MIM B pacTBopax KpuOMpPOTEKTOPOB
B Kpuonpobupkax. XXusHecnocobHoctb MCK B cycneH3auu onpegensiny no oKpalMBaHWUIO TPUMNAHOBbIM CUHMM, B cocTaBe MMM —
Mo OKpallMBaHWIO 3TUANYM GpoMmaom u dnyopecuenH avaueratoM. Metabonuyeckyto aktmBHocTb MCK oueHunBanu no MTT-TecTy.
[MokasaHo, 4YTO BbiOpaHHbIe YCrnoBWUsi 0GecnevmBatoT BbICOKYH >kM3HecnocobHocTb MCK nocne ButpudmkaumMm B BUAE CyCNEH3uMU,
HO TpebyloT YCOBEPLUEHCTBOBAHUS ANl COXPaHEHUS KINETOK, 3aCefieHHbIX B MakpomnopucTble MaTpuLbl.

KnioueBble crnoBa: TKaHEUHXEHEpPHble KOHCTPYKLMKW, Makpomnopuctasi matpuua, BUTpudmMKauus, AeBUTPUdUKaUUS, pacTpec-
KMBaHWE, Me3eHXUMarbHble CTPOMarbHble KNETKM, XKM3HECTOCOOHOCTb.

Pedbepar: Y poboti Bynu Bu3HaueHi Cknaj pO34MHY KpIiOMpOTEKTOpiB i yMOBW BiTpudikauii (Cnocobu HacuuveHHsi, BUAANeHHs
KpiOMPOTEKTOPIB, PEXUMU OXONOMKEHHS-BIAIrPiBY) TKAHWHHOIHXEHEPHNX KOHCTPYKLI Ha OCHOBI Makponopuctnx matpuub (MITM)
i Me3eHximanbHnx ctpomanbhux KnitH (MCK), wo nonepepxanun po3BWUTOK KpucTanisauii Ta po3TpickyBaHHS ckrnoobpasHoi dasu, a
TaKOX AOCHIMKEHO BMMB PO3POOMEHMX YMOB Ha XUTTE3AATHICTb KNiTWH i cTpykTypy MIM. MNpouecn kpucTanisauii Ta po3TpiCKyBaHHS
BMBYaNM 3a yMOB OXONnoaxeHHs i Bigirpiy MMM y posumHax kpionpoTekTopiB y kpionpobipkax. »XuttesgatHicte MCK y cycneHsii
BM3Hayanu 3a 3abapBrneHHAM TpunaHoBMM cuHiM, y cknadi MMM — 3a cdapbysBaHHM eTugiym Gpomigom i dornyopecuein diauetatom.
MetaboniuHy aktmBHicTb MCK ouiHtioBann 3a MTT-Tectom. lNokasaHo, wo obpaxi ymoBu 3abe3nedyoTb BUCOKY xuTTesgaTHicTe MCK
nicns BiTpudikauii y BUrnagi cycnenasii, ane BumaratoTb YAOCKOHaNEHHs Ans 36epexeHHs KMiTUH, 3aceneHnx y MakponopucTi MaTpuLli.

Kno4yoBi crnoBa: TKaHVHHOIHXEHEPHI KOHCTPYKLi, MakpornopucTi MaTtpuui, BiTpudikaLis, AeBiTpudikaLis, po3TpiCKyBaHHS, Me3eHXi-
MarsbHi CTPOManbHi KNiTUHW, XUTTE3AATHICTb.

Abstract: The composition of the solution of cryoprotectants and vitrification conditions (saturation methods, removal of cryo-
protectants, cooling-warming modes) of tissue engineered constructs based on macroporous matrices (MPM) and mesenchymal stromal
cells (MSCs), preventing the development of crystallization and cracking of a glassy phase, were determined and the influence of
the developed conditions on cell viability and MPM structure was studied. Crystallization and cracking were investigated during
MPM cooling and warming in cryoprotectant solutions in cryovials. The viability of MSCs in suspension was determined by trypan
blue staining, and that as a part of MPM was examined by ethidium bromide and fluorescein diacetate staining. The MSCs metabolic
activity was evaluated with the MTT test. The selected conditions were shown to provide a high viability of MSCs after vitrification
in the form of a suspension, but required an improvement to preserve the cells seeded in macroporous matrices.

Key words: tissue engineered constructs, macroporous matrices, vitrification, devitrification, cracking, mesenchymal stromal
cells, viability.

Hcnonp3oBaHne TKaHEMH)KEHEPHBIX KOHCTPYK-
it (THUK) ra 6a3e makporopuctux marput] (MIIM)
W MYJBTUTIOTEHTHBIX ME3E€HXWMAJIbHBIX CTPOMAh-
HBIX KIIeToK (MCK) — mepcnieKTHBHOE HarpaBicHUE
peadunmuTay TOBPEXACHHBIX TKaHel [4, 9], ko-
TOpOE TIpHOOpEeTacT BCe OOJNBINICE 3HAYCHHE B pere-
HEpaTUBHOU MeIUIIMHE.
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The use of tissue-engineering constructs (TECs)
based on macroporous matrices (MPM) and multi-
potent mesenchymal stromal cells (MSCs) is a pro-
mising area for the rehabilitation of damaged tissues
[4, 9], which is getting increasingly important in
regenerative medicine.

Successful implementation of the TEC potential
requires the available effective methods for their

long-term storage and establishing the banks of
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JUITETILHOTO XPaHEHWs] W co3JaHue OaHKOB TOTO-
BBIX K HCHOJIB30BAaHUIO KOHCTPYKUMH. ['mmorepmu-
YECKHE yCJIOBUSI XPaHEHHs 00€CIEYNBAIOT BBICOKHE
(yskumroHaneHbie oka3arenu THUK Tombko B Tede-
HUE HENPOAOJKUTEIBHOrO BpeMeHu [7]. XpaHeHue
B YCIOBHUSIX KyJIbTHBHPOBAaHMS TaKXe KpaTKOBpE-
MEHHOE, IIPU 3TOM OHO TpeOyeT 3HAUYUTEIbHBIX
(bMHAHCOBBIX 3aTpar, MOXKET BbI3BaTh HM3MEHEHHS
(WK TIOJIHYIO TTOTEPr0) OMOJIOTHYECKUX (DYHKIMHA U
MOTEHIIMaa KJIETOK. MeTonsl KpPHOKOHCEPBUPO-
BaHMsI, OCHOBaHHBIC Ha BHUTpH(UKAIMH — 3aTBEp-
JIeBaHUM CHCTEMbl B amMOp(HOM COCTOSHUH (COC-
TOSHUU CTEKJa), SABISIOTCS MEPCIEeKTUBHBIMU JUIS
JINATEIBHOTO XPAHEHMS CIOXKHBIX TPEXMEPHBIX
Oouonornueckux cucrteM. Ilpm BuTpupukanmm He
MIPOMCXOIAT Tpouecchl (OpPMUPOBAHUS KPHCTAI-
JIOB JIbJ1a U CBSI3aHHOTO C ATUM KOHLEHTPUPOBAHMS
BHEKJIETOYHOTO PAcTBOPA 3JIEKTPOJINTOB, UTO MO3BO-
JISET COXPaHUTh Kak cTpykTypy MIIM, Tak u BbI-
COKYIO JKH3HECITOCOOHOCTH KIIeTOK B cocTaBe THUK.

OnHako Ha TPakTUKE NPUMEHEHHE BUTPH(H-
Kamuu Uil KpuokoncepBupoBanusi THUK cranku-
BaeTCs C ONpeAENeHHBIMU TpynHOCTAMHU. llepexon
CHCTEMBI B BUTPU(DUIIMPOBAHHOE COCTOSIHUE MPOHC-
XOJIUT MPH YIBTPABBICOKHUX CKOPOCTSX OXJIAXKICHHS
W/WIN  BBICOKHX KOHLEHTPALUHUSAX KPHOIPOTEKTOP-
HBIX BEUICCTB. YJBTPABBICOKHE CKOPOCTH OXJIAX-
JICHUSl KpailHEe CJOKHO IOJNyYUTb NPH HCIIOIb30-
BaHUM KOHTEHHEPOB 3aKPBITOTO THUIIA, PA3PEILIEHHBIX
B KJIIMHUYECKOM MpakTuke. B cinydyae ymMepeHHO BBbI-
COKHX CKOpPOCTEHl OXJIaKAEHHUs AJsl IepeBoia CHC-
TEMBI B CTEKJIIOOOPa3HOE COCTOSHHE HCIIONb3YIOT
BBICOKHE KOHIIEHTPAIMH KPUOMPOTEKTOPOB, TOKCHY-
HBIE JUIA KJIETOK. JTO, B CBOIO OUE€PEe/Ib, 3aTPYIHSIET
Haceienne TUK Butpuduuupyrommmes pact-
BOpOM U TpeOyeT Oosiee ATUTENBHOW SKCIO3UIHH.
Tak, TONBKO MOCIE YBENWYEHUS BPEMEHHU DKCIIO-
sunun npu Butpudpukaunn MCK B coctaBe anb-
TMHAaTHBIX MHUKpoc(ep MOoKazaTeaH XHU3HECI0Cco0-
HOCTH OBIIM CONOCTaBUMBI C IOJyYCHHBIMHU I10CIIE
purpudukarmmun MCK B Buae CyCHEH3WH B TaKOM
ke pactBope [22]. OmHako TpU TPOMOIDKUATEITH-
HOM KOHTAaKT€ KJIETOK C BBICOKMMH KOHIIEHTpAIlUs-
MU KPHOMPOTEKTOPOB TOBBIIIAETCS BEPOATHOCTD UX
TOKCHYECKOTO TIOBPEXKICHHS.

[lpu pa3paboTke MPOTOKOJIOB BHTPH(UKAIMH
HEOOXOJMMO YYHTBIBATh PUCK JACBUTPpUPUKAINN —
(dopMHpOBaHHMS KPHUCTAJIOB JIbJA Ha JTame OTo-
rpeBa NpeaBapUTEIbHO BUTPU(PULIUPOBAHHON CHC-
teMbl [14, 15]. [lokazaHo, 4yTo KpucCTaIM3alUsI HA
JTare OTOTrpeBa MPHUBOAUT K THOENW KIeTok [25].
Hnsa ycenemHon Butpudukannn TUK BakHo mpe-
IOYNPEANUTh IIOSBJICHUE TEPMOMEXAHWYECKHX Hall-
PSDKEHMH, IPUBOISIINX K PACTPECKUBAHUIO MACCUBA
CTEKJIa, YTO BJEYET pa3pylleHHEe TPEXMEPHOH MaT-
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ready-to-use constructs. Hypothermic storage pro-
vides high functional characteristics of TECs
only for a short time [7]. Storage under culture
conditions is also a short-term, while it requires
sound financial costs, can cause changes (or comp-
lete loss) of biological functions and cell poten-
tial. Cryopreservation methods based on vitrifica-
tion or solidification of the system in an amorphous
state (glass state) are promising for a long-term
storage of the complex three-dimensional biolo-
gical systems. During vitrification, no ice crystal
formation and the associated concentration of an
extracellular electrolyte solution occur, that enables
saving both the structure of the MPM and high
cell viability in the TEC.

However, in practice, the use of vitrification for
the TECs cryopreservation faces certain difficulties.
The system transition to a vitrified state occurs at
ultra-high cooling rates and / or high concentrations
of cryoprotective substances. Ultra-high cooling
rates are extremely difficult to obtain when using
the closed containers, permitted for clinical prac-
tice. In the case of moderately high cooling rates,
high concentrations of cryoprotectants toxic to
the cells are used to transfer the system to a glassy
state. This, in turn, makes it difficult to saturate
the TEC with a vitrification solution and requires
a longer exposure. So, only after an increase in
the exposure time during vitrification of MSCs as
a part of alginate microspheres, the viability in-
dices were comparable with those obtained after
vitrification of MSCs in the form of a suspension
in the same solution [22]. However, with a prolon-
ged contact of cells with high concentrations of
cryoprotectants, the probability of toxic damage
increases.

When developing vitrification protocols, it is
necessary to take into account the risk of de-
vitrification, i. e. the formation of ice crystals at
the stage of warming the pre-vitrified system [14,
15]. Crystallization at the warming stage was
shown to lead to a cell death [25]. For succes-
sful vitrification of TECs, it is important to prevent
the appearance of thermomechanical stresses re-
sulting in the glass bulk cracking which entails
the destruction of the three-dimensional mat-
rix [21], the induction of crystallization and cell
damage.

Thus, despite the prospect of vitrification for
a long-term storage of TECs, the questions of
choosing the composition of a cryoprotectant so-
lution, saturation and cooling-warming conditions
of the system remain open.

The purpose of this research was to determine
the composition of a cryoprotectant solution and
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punsl [21], MHAYKIMIO KPUCTAJUIN3ALUN U TTOBPEXK-
JIEHHUE KIIETOK.

Takum 00Opa3zoMm, HECMOTpPS Ha MEPCIEKTUBHOCTD
BUTpUUKAIMK Ui JuuTenbHoro xpaHeHus THUK,
OTKPBITBIMH OCTAIOTCSl BOIPOCHI BbIOOpa cOCTaBa
pacTBopa KpUONPOTEKTOPOB, PEXHMMOB HACBIICHUS
1 OXJIaXK/IEHUSI-0TOIPEBAa CUCTEMBI.

Lens paboTel — ompesieNienne cocTaBa pacTBoOpa
KpPHOTIPOTEKTOPOB W YCJIOBHH BUTpU(HUKAINN TKa-
HEWH)KEHEPHBIX KOHCTPYKIMM Ha OCHOBE MaKpo-
MOPUCTBIX MAaTPUIl ¥ ME3EHXUMAaJIbHBIX CTPOMab-
HBIX KJIETOK, MIO3BOJISIFOIIUX M30€KaTh pa3BUTHS KPH-
CTAINIM3AIMM ¥ PACTPECKUBAHUS 3aCTEKIOBAaHHOI'O
o0pasua, a TakKe M3yueHHe BIMSAHHUS pa3paboTaH-
HBIX YCJIOBUH Ha )KU3HECHOCOOHOCTH KIICTOK.

MarepuaJjibl U METOIbI

st pa3paboTkl cocTaBa BUTPHUDHUITAPYIOIINX-
CS pacTBOPOB HCIIONB30BAIN KOMIIO3WIIUU W3 JIH-
metuncynbdorcuna (JAMCO), stunerrmkons (O),
1,2-nmponananona (1,2-I1J[) u caxapo3sr (00o3Ha-
yeHHsie [|O11C) [22] B pa3audHBIX KOHIICHTPAIIHSIX.
B kauectBe 0a3oBOoro pactBopa Obul BbIOpaH (oc-
¢darupiii  Oydep wIM caxapo30-COJIEBOW PacTBOP
(CCP) [11]. B HEeKkoTOpBIX 3KCIIEPUMEHTaX B COCTaB
pPacTBOpPOB BKJIOUANHM ToMHATHIeHD KOs ([121-
400, TIDI'-8000), mommeuamMnoBei crupt (I[1BC-
9000), Bce peakTuBHI Tpon3BoicTBa «Sigmay (CLLIA).
B pabote ncnonp30Banu IUCKA albrHHAT-KETATHHO-
BbIXx MIIM, moJIyd4eHHBIX METOJIOM KPHOTPOITHOTO
reJIMPOBAHUS, TUAMETPOM 5 MM M TOJIIMHON 1 mMM.
Marpwuist 66111 TpenocTaniensl npod. B.U. Jlozunc-
kM (MHCTUTYT 3J1€MEHTOOPTraHMYECKHUX COeTUHe-
Huit M. A. H. HecmestnoBa, Poccutickoli akajgemMun
Hayk, Poccust), ux cBoiicTBa U OMOCOBMECTUMOCTb
¢ MCK onucanbl Hamu panee [17]. CkpuHHHT 3-
(DEeKTHBHBIX KOMIIO3WIMI NPOBOJUIN BHU3YaIbHO,
OLIEHMBAsl pa3BUTHE KpucTaumzanuu [3] mpu Obl-
ctpoM oxnaxaeHuu MIIM nytem norpyxeHusl B
KUJIKUHA a30T B pacTtBope odbemom 0,5 M B Kpuo-
npobupkax 1,8 mim («Nuncy, CIIIA) m mpu oror-
peBe Ha BomsHOHM Oane 37°C. CTekI000pa3yrouIyio
CITOCOOHOCTh PACTBOPOB OICHUBAIM B Oajuiax IIo
Pa3BUTHIO KPHUCTAJUIM3ALMU B aJIbIHHATHBIX HO-
CUTENSIX Ha JTale OTOTpeBa IOCJIe HACHIIIEHUS U
OBICTPOTO OXJIAXKJCHUS: | — HOCUTENb OEJoro IBe-
Ta, POPMUPOBAHNE KPUCTAILIOB JIbJIa BO BCEM 00beMe
Marpuubl, 2 — Oenasi OKpacka B IIGHTPEe HOCUTEIS,
KpHUCTaJNTU3alMs He BO BceM 00beMe MaTpuibl; 3 —
HOCHUTEIb TPO3PAYHbIM, OTCYTCTBHE KPHUCTAJUIM3a-
uu. Yucmo SKCrepuMeHTOB (#) I KaXKI0TO HCce-
JlyeMoro pactBopa cocrapisiio 8—10. Mcnons3oBanu
CIIEIYIONUE PEKUMBI OXJIAXKICHUS 00pasloB: OfI-
HOOSTANHBIA — MOTPY)KEHUE B KUJKUN a30T; ABYX-
STAHBIN — MOTPY)XKEHUE B KUAKUN a30T Ha 25 ¢ U
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vitrification modes for of tissue-engineering const-
ructs, based on macroporous matrices and mesen-
chymal stromal cells, which avoid the develop-
ment of crystallization and cracking of a vitrified
sample, as well as studying an influence of the
developed conditions on cell viability.

Materials and methods

To develop the composition vitrification solu-
tions, we used dimethyl sulfoxide (DMSO), ethy-
lene glycol (EG), 1,2-propanediol (1,2-PD), and
sucrose (abbreviated as DEPS) [22] at various
concentrations. A phosphate buffer or sucrose-salt
solution (SSS) was used as the baseline [11]. In
some experiments, the composition of the solu-
tions comprised polyethylene glycol (PEG-400,
PEG-8000), polyvinyl alcohol (PVA-9000), all
reagents used were of Sigma production (USA).
We used alginate-gelatin MPM disks obtained by
cryotropic gelation with a 5 mm diameter and of
1 mm thickness. The matrices were provided by
Prof. Lozinsky V.I. (A.N. Nesmeyanov Institute of
Organoelement Compounds of Russian Academy
of Sciences, Russia), their properties and bio-
compatibility with MSCs were described by us
earlier [17]. Effective compositions were visual-
ly screened, assessing the development of crys-
tallization [3] upon rapid cooling of MPM by
immersion into liquid nitrogen in a 0.5 ml solution
in 1.8 ml cryovials (Nunc, USA) and by warming
in a water bath 37°C. The glass-forming ability
of solutions was evaluated in points based on the
development of crystallization in alginate carriers
at the stage of warming after saturation and rapid
cooling: 1 — white carrier, the formation of ice
crystals in the entire matrix; 2 — white color in
the center of the carrier, crystallization is not
in the entire volume of matrix; 3 — transparent
carrier, lack of crystallization. The number n of
experiments for each test solution was 8-10. We
used the following modes of sample cooling:
one-stage — an immersion into liquid nitrogen;
two-stage — an immersion into liquid nitrogen for 25 s
and subsequent placement over the nitrogen mirror
(—130...—150°C), as well as warming modes: one-
stage — transfer from liquid nitrogen vapor to
a water bath (37-40°C); two-stage — transfer from
liquid nitrogen vapors to room temperature condi-
tions (20°C) for 30 s, then warming in a water bath
(37-40°C).

The experiments were performed in human
adult derma-derived MSCs, obtained in accordance
with the recommendations of the Helsinki Decla-
ration of the World Association for Biomedical
Research and in conformity with the requirements of
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MoCJIeAyIollee pa3MelleHe HaJa 3epKajloM a30Ta
(=130 ...—150°C), a Takxe pex)UMBbI OTOTpPEBA: OJI-
HOSTAlHBI — NEPEeHOC M3 MapoB >KUAKOTO a3oTa B
BomsiHyto OaHto (37—40°C); AByXdTamHbBI — Tepe-
HOC M3 IIapOB XMJKOTO a30Ta B YCJIOBHS KOMHATHOM
temrreparypsl (20°C) Ha 30 ¢, 3aTeM oTOrpeB Ha BO-
nstHoi 6ane (37-40°C).

OkcriepuMenTsl  BeimonHsimm Ha MCK  nmepmbt
B3pPOCJIOTO YEJIOBEKAa, KOTOpble ObLTH TOIYYEeHBI B
COOTBETCTBUM C PEKOMEHAAUSAMU XeIbCUHCKOU
JeKnapauu BceMupHOM accouMaluu Mo MnpoBeae-
HUIO OMOMETUIIMHCKUX HCCICIOBAaHHN M COIIACHO
TpeOoBaHUsSAM OHMOdTHUECKOoro KomuTera HHCTH-
TyTa NpoOJeM KPHOOMOIOTMH W KPUOMEIUIMHBI
HAH VYxpaunns! (r. XapbKoB).

Krnetku BeLIesM METOIOM 3KCIUIaHTaLuu (par-
MEHTOB KOXH [8]. MOHOCIIOHHOE U TpexMepHOe B
coctae MIIM kymeruBupoBanne MCK (4-10-to
maccaxeit) mposogmiin B cpeae o-MEM («PAAy,
Agcrpust) ¢ 10% smbOpuonanpHOi chBOpoTKH (DC)
KpymHoro poraroro ckota («PAAy»), 50 wmxr/mi
crpentoMuiiiHa ¥ 50 ea/MI TMEHUIMIUIMHA TIPH
37°C, 95% Bnaxnoctu u 5% CO,. [lng 3acenenns
MCK B MIIM npumensnu nepdy3HOHHBIH Me-
tox [16]. Ilepen Butpuduranueii MCK B cocrase
MIIM ux KynbTUBHPOBAIM B TCUCHUE HEJEIIH.

Konctpykuun na 6aze MCK u MIIM Hachl-
LTI PACTBOPOM KPHOIIPOTEKTOPOB ep(hy3MOHHBIM
MeronoM [16] wnm myTtem mepeHoca B BO3pacTaro-
LIeM TIpajueHTe KOHLEHTPALUid KPHOIPOTEKTOPOB.
Hacpmmenne cycrmemsmmn MCK  pactBopoM  Kpwo-
IIPOTEKTOPOB MOJEIMPOBAIHN CIEAYIONUM 00pa3oM:
nepQy3noHHBII METON — 25 MK CYCIIEH3WH KJle-
TOK cMemuBanu ¢ 25 Mk 20%-ro pactBopa JIMCO,
BBLIEp)KMBAIN TIpu Temmneparype 2—8°C B TedeHue
10 muH, mocme yero BHocuiu 950 mxn JIOIIC,
NepeMelInBaIil U BBLAEPKUBAIU 3 MMH; NEPEHOC
B IpaJUeHTE KOHUEHTPALUil — CYCHEH3UI0 KIETOK
BBIIEP>)KMBAIH 110 4 MUH B cMmecsx pactsopa ASIIC
u cpeasl [IMEM B cootHowmenusax 1:4, 3:2 u 1:0.
ITocne naceiuenus marpuny ¢ MCK unu cycnen-
3ui0 B oobeMe 0,5 MJT epeHOCHIN B KPHOTIPOOHP-
KH ¥ BUTPUDHUIIAPOBAIN JTHUOO yAAISIA KPHUOIPO-
TEKTOPHI O€3 3Tarna OXJIaKICHHUSI-0TOTPEBA.

Kpuomnporektopsl ymansnu myTeM BHECEHHUS K
JeKOHCEepBUpOBaHHOMY o0Opasiy 0,5 M pactBopa
caxapo3bl B cooTHomeHuu 1:10, 3aTeM MOCTENEeHHO
noGasnsiin paBHBIE 00beM cpensl JIMEM. Ilocne
yero Hocurenb ¢ MCK nepeHocwin B cpey Kyib-
TUBUPOBAHUs, a CYCIIEH3UIO KIETOK LEHTPU(YTHU-
poBamu 10 muH mpu 200g, ocamok CycneHIUpo-
Bamu B cpene o-MEM c 10% DOC. Xuznecnoco6-
Hocte MCK B cycneH3uu onpeaessijid ¢ NOMOILbIO
OKpalllMBaHWs TPUTIAHOBBIM CHHUM [19] meTabomu-
YeCcKyro akTUBHOCTh — 1mo MTT-recty [18]. XKuz-

the Bioethical Committee of the Institute for Prob-
lems of Cryobiology and Cryomedicine of the Na-
tional Academy of Sciences of Ukraine (Kharkiv).

Cells were isolated by skin fragment explanta-
tion [8]. Monolayer and three-dimensional, as
part of MPM, cultures of MSCs (4-10 passa-
ges) were performed in a-MEM medium (PAA,
Austria) with 10% fetal bovine serum (FBS) (PAA),
50 ug / ml streptomycin, and 50 units / ml peni-
cillin at 37°C, 95% humidity and 5% CO,. To
seed MSCs into MPM, the perfusion method
was used [16]. Prior to vitrification of MSCs as a
part of MPM, they were cultured for a week.

MSCs- and MPMs-based constructs were satu-
rated with a solution of cryoprotectants by perfusion
[16] or by transfer in series of cryoprotectant
solutions with increasing concentration gradient.
The saturation of the MSC suspension with a
cryoprotectant solution was performed as follows:
to model perfusion method 25 pl of the cell suspen-
sion was mixed with 25 ul of a 20% DMSO solu-
tion, kept at a temperature of 2-8°C for 10 min,
afterwards 950 ul of DPS was added, mixed and
kept 3 min; to model transfer in a concentration
gradient the cell suspension was kept for 4 min
in mixtures of DEPS solution and DMEM me-
dium in ratios of 1: 4, 3: 2, and 1: 0. After satura-
tion, the matrix with MSCs or 0.5 ml suspension
was transferred to cryovials and vitrified or cryo-
protectants were removed without a cooling-warming
step.

Cryoprotectants were removed by adding a
0.5 M sucrose solution to the warmed sample in
a ratio of 1:10, then an equal volume of DMEM
was gradually added. Afterwards the carrier with
MSCs was transferred to the culture medium, and
the cell suspension was centrifuged for 10 min at
200g, the pellet was suspended in a-MEM me-
dium with 10% FBS. MSC viability in suspension
was determined using trypan blue staining [19],
and metabolic activity using the MTT test [18].
The viability of MSCs in MPM was evaluated by
double staining with ethidium bromide (EB) / fluo-
rescein diacetate (FDA) [6]. The incorporation of
fluorescent dyes into cells was evaluated using
a LSM 510 META confocal laser scanning micro-
scope (Carl Zeiss, Germany).

The results were statistically processed using
the non-parametric Mann-Whitney test. Data were
presented as M + m; differences were considered
significant at p < 0.05.

Results and discussion
We previously showed that a solution containing
10% DMSO; 20% EG; 20% 1,2-PD; 0.5 M sucrose
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HeciocooHocTs MCK B coctae MIIM ouenuBamu
[0 JIBOWHOMY OKpAIIMBaHUIO 3TUAUYM OpPOMHUIOM
(BB)/ dnyopecuenn mauanerarom (DA) [6]. Brito-
yeHne (IyOpPEeCIeHTHBIX KpacuTelleld B KIETKH
OIIEHWBAJIM C WCIONB30BaHUEM KOH(OKAIHLHOTO Jia-
3epHOro ckaHupymomiero mukpockona «LSM 510
META» («Carl Zeiss», I'epmanus).

[TomryueHHble pe3yabTaThl CTATUCTHYECKH 00pa-
OaTpIBasM, WCIIONB3YSI HEMapaMEeTPUYECKH KpH-
Tepuil MaHHa-YuTHU. J[aHHBIE NPUBOAWUIU B BUJIE
M + m, pa3nuuus CYUTAIN CTATUCTUYECKH 3HAYH-
MbIMH TIpH p < 0,05.

PesyabTatsl u 00cyKaeHHe

Panee HamMu moxasaHo, 4TO pacTBOp, COZICpIKa-
mmid 10% AMCO; 20% OI'; 20% 1,2-I11; 0,5 M
caxapo3pl Ha 0aze (ocdarHoro Oydepa (oOo3Ha-
genansrid JIDOIIC 10/20/20), sddextuBer mis BUT-
pudukarmmm MCK kak B BuIE CyCHEH3WH, TaK H
B COCTaBe ajbruHATHBIX MuUKpocdep [22]. Kpome
TOTO YCTAHOBJIEHO, YTO U1 COXPAaHEHUS KHU3He-
cnocooHoctt MCK B cocraBe Mukpocdep HeoOxo-
VMO yBEJIMYEHHE BPEMEHH HACBHIICHHUS PACTBOPOM
KpHONPOTEeKTOpoB. Mcxoms W3 naHHBIX (aKTOB B
HacToseM uccienopanuu pacteop JOIIC 10/20/20
Obul BBIOpaH B KauecTBe HCXoAHoro. Ha mepsom
JTane padOoThl OLECHUBAIM BIUSHHUE IPOIODKHU-
TeabHOCTH HachimieHuss MIIM pactBopoM KpHO-
MIPOTEKTOPOB MeTomoM mepdy3nn Ha (HopMHpOBa-
HUE B HUX KPHUCTAJJIOB JIbJa BO BpEeMs ObICTPOro
oxJlakaeHuss u ororpesa. Ilpu BusyaiabHOM aHa-
JIN3€ yCTAHOBIIEHO, YTO B PACTBOPE, OKPYKAIOIIEM
MIIM, BuUAMMBIE KPHUCTAIIBI JIbA HE OOpa3yroTCs
Ha 3Tanax oxJaxJeHus U otorpesa. Bo Bcex o6pas-
nax MIIM, KkoTOpble IPENBAPUTENBHO HACHIILAIN
BUTpUDUIHMPYIOIKUMCS pacTBOpoM oT 1 g0 15 muH,
BU3yaJbHbIC NMPHU3HAKH KPUCTAJUIM3AIMKM Ha 3Tare
OXJIQKICHUSI HE ObUIM BBISBICHBI, HO HA ATAIe OTO-
rpeBa HaOmoo#anock (GOPMUPOBAHUE KPUCTAIUIOB
mpaa (tabm. 1). IlomydeHHBIE pe3ynbTaThl CBUJIE-
TEJILCTBYIOT O TOM, YTO MAaTpHULbl SIBJISIOTCS WH-
JYKTOpamMu KpucTauin3anuu. JleHcTBUTENbHO, He-
OJHOponHas nopucras crpykrypa MIIM wmoxer
YCHUJIMBATh T€TEPOreHHYIO HyKJealuto. B eme 60ib-
el CTerMeHW 3TO OTHOCHTCS K HCIIOJIb30BAHHBIM
B JjgaHHOH pabore MIIM, mpencraBisOMM CO-
00l Kpuorenu, MOpPbBl KOTOPBIX CHOPMHUPOBAHBI
MOJMKPUCTAJIIAMH PACTBOPHUTENS B 3aMOPOKEHHOM
coctosiHuu [17], 4TO, BEpOSATHO, MOBBIIMIAECT UX HY-
KJICALIMOHHYIO COCOOHOCTB.

B mocnenyrommx 3KCIEpUMEHTaX HCCIICA0BAIN
BJIMAHUE MOAU(UKALMNA UCXOAHOTO pacTBOpa Ha €ro
CTEKII0O00PA3YIOIIYIO CITOCOOHOCTD, KOTOPYIO OIICHH-
BaJIH 110 HAJIMYHUIO JIMOO OTCYTCTBHIO BU3YaJIbHBIX IIPU-
3HaKOB Kpuctayuzauuu B MIIM Ha 3Tane ororpesa.
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based on phosphate buffer (abbreviated as DEPS
10/20/20) is effective for vitrification of MSCs
both in the form of a suspension and as part of al-
ginate microspheres [22]. In addition, it was found
that in order to maintain the viability of MSCs as
a part of microspheres, it is necessary to increase
the time of saturation with a solution of cryo-
protectants. Based on these facts, in the present
study, solution DEPS 10/20/20 was chosen as the
initial one. At the first stage of the research, we
evaluated the effect of the duration of MPM satu-
ration with the cryoprotectant solution by perfusion
on the formation of ice crystals in matrices du-
ring rapid cooling and warming. A visual ana-
lysis showed that in the solution surrounding
the MPM, no visible ice crystals were formed at
the cooling and warming stages. In all samples
of MPM, preliminarily saturated with a vitrifica-
tion solution from 1 to 15 min, no visual signs of
crystallization were detected at the cooling stage,
but the ice crystals were formed at the warming
stage (Table 1). The results obtained indicate that
the matrices induce crystallization. Indeed, the
inhomogeneous porous structure of the MPM can
enhance heterogeneous nucleation. To an even
greater extent, this applies to the MPM used in this
work, which are the cryogels with the pores for-
med by polycrystals of the solvent in a frozen
state [17], likely increasing their nucleation ability.

In subsequent experiments, the effect of mo-
difications of the initial solution on its glass-for-
ming ability was studied, that was evaluated by the
presence or absence of visual signs of crystalliza-
tion in the MPM at the warming stage.

Fig. 1 demonstrates that an increased DMSO con-
centration improved the glass-forming ability of
the solutions to a greater extent than a rise in EG
concentration, that agrees with the data of Baudot A.
et al. [2, 3], indicating a higher glass-forming abi-
lity of DMSO if compared with EG. However, the
modified solutions did not completely prevent the
development of crystallization in MPM. The absence
of visual signs of crystallization was observed only
in the case of using a solution containing 20%
DMSO, 30% EG, 20% 1,2-PD. At the same time, it
should be borne in mind that these concentrations
of cryoprotectants are potentially highly toxic.

To suppress the formation of ice, sugars [12],
high molecular weight compounds [20] and synthetic
ice blockers (SIBs) [24, 25] are introduced into
the composition of vitrification solutions. We modi-
fied the initial solution by increasing the con-
centration of DMSO to 15% and using SSS as
the base solution (abbreviated as DEPS 15/20/20).
The composition of the initial and modified solu-
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W3 puc. 1 BugHO, 4YTO TOBBIIIE-
Hue koHueHtpauun JIMCO ymyuma-
JIO CTEKI000Pa3yrollyt0 CHOCOOHOCTh
pacTBOpoOB B OOJIbILEH CTENIEHH, YEM T10-

Passutune kpuctannusaumm 8 MMM B 3aBUCUMOCTU OT BPEMEHHU

HacblwweHnsa pactsopom A3MC 10/20/20

Crystallization development in MPM depending on time

of saturation with DEPS 10/20/20 solution

BBILICHUE KOHILIEHTpauuu JI, 4To cooT-
BETCTBYeT MaHHBIM A. Baudot 1 coasT.
[2, 3], cBumeTenbCTByIOMUM O Oojee
BBICOKOW CTEKJI000pa3yromieil crocoo-

Bpema HacbIleHWA pacTBOPOM, MUH
Time of saturation with solution, min

Pa3BuTre KpucTannusauum Ha aTanax
Development of crystallization

6bICTPOro oxnaaeHvA
at rapid cooling stage

oTorpesa
at warming stage

voctu JIMCO mo cpaBHenuto ¢ OI.

1 - +

OnHako MOIUQHIMPOBAHHBIE PACTBO-
pbl IOJHOCTBIO HE IPENOTBPALLAIN

pasButue kpucrtammzauun B MIIM.

OTCYTCTBI/IG BU3YAJIbHBIX [IPU3HAKOB
KpucTajlsin3aluun Ha6J'IIO)IaJ'II/I TOJIBKO

B CjIydac¢ MNpPUMCHCHUA pacTBOpa, CO-

nepxkawero 20% JAMCO, 30% OfI,
20% 1,2-I111. B T0 e Bpems ciexyer

2 - +
3 - +
5 - +
10 - +
15 - +

YUHUTHIBaTh, YTO yKa3aHHBIE KOHIIEHT-
pamyu KpHUOTPOTEKTOPOB MOTEHIINAb-
HO SIBJISIIOTCST BRICOKOTOKCHYHBIMH.

g nogasneHust 06pa3oBaHUA JIbJIA
B COCTaB BUTPUDUIMPYIOUIUXCS pac-
TBOPOB BBOJAT caxapa [12], BbIcOKO-
MOJIEKYJIsSIpHBIE coenuHeHus: [20] U CHHTETHYECKUe
Onokaropsl Jbaooopazosanus (CBJI) [24, 25]. Mbl
MOIU(MUIIUPOBAIA UCXOAHBIA PACTBOpP MyTEM II0O-
BoiieHust konuentpauuu AMCO nmo 15% u wuc-
nosnb3oBanus CCP B kauecTBe 0a30BOro pacrBopa
(ob6o3nauen JIDIIC 15/20/20). CocrtaB HCXOIHO-
ro ¥ MOTU(UIIMPOBAHHOTO PACTBOPOB JIOTIONHSI-
mu pasmuaaeiva CBJI (IT217-400 / T19I-8000 wmn
M[IBC).

YcranoBneno, uro fobasnenue ykazaHHbIx CBJI
B cocTtaB wucxoxHoro pacreopa JIDIIC 10/20/20
VAy4IIag0 €ro CTEKI000Pa3yIoIyl0 CIOCOOHOCTh
U yMEHbBIIAN0 KOJMYECTBO OOpPAa3yIOLIMXCS KpHC-
TaJUIOB JIbJa, HO TosbKO npucytcTBue 1% IIBC no:n-
HOCTBhIO MHTHMOMPOBAJIO pPa3BUTHUE KPHCTAJUIM3ALUU
(puc. 2). Kpucrammmsanus OTCYTCTBOBalla B pac-
tBOpe JIDIIC 15/20/20, mommomaenHoM 5% I121-400
mbo 1-5% I12I'-8000, au6o 1% IIBC. Pa3utue
kpuctammmm3anuu [IBC momasnsn B OonbImel cre-
riean, yeM [191, 910, BepOSATHO, CBA3aHO C Pa3JIHU-
HBIMU MexaHu3Mamu ux aeicrsus. Tak, IIBC 00-
JIaJaeT CIOCOOHOCTHIO OIOKMUPOBATh HYKJICANNIO H
MOJIABNIATh POCT KPUCTAJIIOB JIbJa U PEKPUCTAIIIH-
3al1I0, MPHUKPEIIISACh K MOBEPXHOCTH 3apOAbIIIeH
JIbJIa U TpaHsIM KpucTamios [24, 25]. B To xe Bpems
[I3I' umeer Oojee y3KOHANpaBICHHOE ACHCTBHE —
CBSI3BIBACT MOJICKYJIBI BOJBI IIyTeM (DOpMHUPOBaHUS
C HUMHU BOJOPOAHBIX CBsi3ed [5] U yMEHBIIAET KO-
JIUYECTBO MOJIEKYT BOJBI, KOTOPhIE MOTYT Iepe-
MENIaThCS K PacTylleMy KpUCTAILTy JibAa. Takum
o0Opa3oM, MoOmuGUKAIMSA HCXOJHOTO pacTBOpa Iy-
TeM moBbImeHus kKoHneHTpanuun JJMCO mo 15% u
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MpumeyaHus: «+» — matpuua nMeeT BGeny OKpacKky BCreacTBUE Kpu-
cTannusauumu; «—» — MaTpuua npo3pavHasi, OTCyTCTBUE BU3yarbHO BbIsB-
nsiemou Kpuctannmaaumu.

Notes: ‘+' —
‘=’ — transparent matrix, absence of visually detected crystallization.

whitening of matrix due to crystallization development;

tions was supplemented with various SIBs (PEG-
400/ PEG-8000 or PVA).

It was found that the addition of the indicated
SIBs to the composition of the initial DEPS 10/20/20
solution improved its glass forming ability and
reduced the number of ice crystals formed, but
only the presence of 1% PVA completely inhibited
the development of crystallization (Fig. 2). Crys-
tallization was absent in the DEPS 15/20/20 solu-

2 3
3
© g 1
g N
g8
C
s 1]
9
m —
[ e)]
FE 1 -
QE
55
g8
80
% 0 T T
5 10%O0MCO 15%0MCO 20%O0MCO
10%DMSO 15%DMSO 20%DMSO

BapuaHTbl pacteopos [A30C
DEPS solution variants
Puc. 1. Creknoobpasytowaa cnocobHOCTb pacTBOPOB

O3rC, cogepxalumx pasnuyHble KoHueHTpauun OMCO u
Ol (o0 —20%; m — 25%; m — 30%).

Fig. 1. Glass-forming tendency of DEPS solutions with
different concentrations of DMSO and EG (o — 20%; = —
25%; m — 30%).
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nobasnenuss 1% I[IBC mno3Bomsier
MPEIYNPEIUTh PA3BUTUE KPUCTA-
nu3auud B MIIM Ha sTane ororpesa
(puc. 3).

OnHO# U3 KPUTHIECKUX ITPOOIIEM
npu Butpudpukanum TUK sBrisercs
pacTpeckuBaHHe MaccuBa C(hOopMH-
POBAaHHOTO CTEKJa, HapyIIaroIiee
[IEJIOCTHOCTh TPEXMEPHON MAaTpPHIIBI.
PactpeckuBanue sBISETCS CIEACT-
BHEM TEPMOMEXaHUYECKOTO CcTpecca,
Pa3BUBAIOLIETOCS MPU BBICOKHUX CKO-
poctax oxmaxjaenus. [lpu kpwuo-
KOHCEPBUPOBAHHUM ITyTEM BUTPH-
¢ukamn  TUK  oxmaxkmaroTr, Kak
MIPaBHUIIO, TIOTPYKEHUEM B IKHIIKHN
a3oT [26], 4TO TOBBIIIAET BEPOSIT-
HOCTB pacTpecknBanus crekia. [Ipe-
IYyTPEIUTH 3TOT d(PPEKT MO3BOIIAET
MEUICHHOE W3MEHEHHE TEeMITeparyp
B JiMana3oHe, OJIM3KOM K TeMIiepa-
Type crekinonepexona (glass transi-
tion temperature, Tg) [21].

C 1enpI0 MUHUMHU3AIUH pacTpec-

o = N o
g = OO0 N O W O
1 1 1 1 1 1
*
*

o
!
|

Glass-forming tendency, points

1 2 3 4 5 o6 7 8 9

BapuaHTbl pactBopoB [3I1C
DEPS solution variants

Puc. 2. Creknoobpasytowias cnocobHocTe pacteopoB A3IC, cogepxalimx
pasnuyHble KoHueHTpauun AMCO (o — 10%; m — 15%) n cuHTeTu4eckme bno-
kaTopbl NbaoobpasoBaHus: 1 — 6e3 CBJ1; 2 — 1% MEM-400; 3 — 2% MEr-400;
4 — 5% MMEr-400; 5 — 1% TEr-8000; 6 — 2% MEM-8000; 7 — 5% IME-8000;
8 -1% MNBC; 9 — 1% INEM-8000 + 1% MNBC. * — pa3anuunsi CTaTUCTUYECKUN 3Ha-
YMMbI MO CPaABHEHUIO C COOTBETCTBYHLLMM pacTBopoM 6e3 fobasok, p < 0,05.

Fig. 2. Glass-forming tendency of DEPS solutions with different concentrations
of DMSO (o — 10%; m — 15%) and synthetic ice blockers: 1 — without SIBs;
2 — 1% PEG-400; 3 — 2% PEG-400; 4 — 5% PEG-400; 5 — 1% PEG-8000;
6 — 2% PEG-8000; 7 — 5% PEG-8000; 8 — 1% PVA; 9 — 1% PEG-8000 +
1% PVA. * — differences are significant if compared with corresponding solu-
tion without additives, p < 0.05.

Creknoobpa3ytoLasi cnocobHocTb, 6annbl

KHBAaHUS Mbl OILICHUBAIH BIIHSHUC
Pa3NUYHBIX PEKUMOB  OXJIAXK[e-
HUS U OTOTpEBa Ha IEIOCTHOCTb CTPYKTYPHI 3acTe-
xkioBanHoro obpasma (MIIM B pactBope JDIIC
15/20/20 ¢ 1% IIBC). Ha puc. 4, A BugHO, 9TO TIpH
OJIHOATAITHOM OXJIAXJICHUH (MOTPYKEHUE B IKU-
KAHA a30T) MPOHMCXOAWIIO pacTpecKuBaHue (popMHu-
pyromeiics crexiaooOpasHoii ¢asbl. [locnemyrommii
OJIHOATAIHBIN OTOIPEB YCHJIMBAJ HAYaBIINNCA MPO-
uecc pactpeckuBanus (puc. 4, B). JByxdTamHbiit
PEKUM OXJIKICHHUS, Pa3pabOoTaHHBIA C HMCIOIB30-

tion supplemented with 5% PEG-400 or 1-5%
PEG-8000, or 1% PVA. The development of by PVA
crystallization was suppressed to a greater extent
than by PEG, which is probably associated with
various mechanisms of their action. Thus, PVA
has the ability to block nucleation and suppress
the growth of ice crystals and recrystallization
by attaching to the ice nuclei and crystal sur-
faces [24, 25]. At the same time, PEG has a more

Puc. 3. MakponopucTble MaTpuubl Ha 3Tane OTOrpeBa Mocne npenBapuUTenbHOro ObICTPOro OXMaXaeHust B COOT-
BETCTBYIOLLEM KpuosawmtHom pacteope: A — OOMNC 15/20/20, passutne kpuctannu3aumm (6enas okpacka B LEHTpe
maTtpuubl); B — A3MNC 15/20/20 + 1% MNMBC, oTcyTcTBME BU3yarbHO BbISIBNSAEMON KpUcTannmsaumm (Matpuua npo3payHas).

Fig. 3. Macroporous matrices at warming stage after previous rapid cooling in corresponding cryoprotective solution:
A — DEPS 15/20/20, development of crystallization (whitening in the matrix center); B — DEPS 15/20/20 + 1%
PVA, absence of visually detected crystallization (transparent matrix).
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Puc. 4. CoctosHMe 06pasLIOoB B KpMO3aLLMTHOM PacTBOPE Ha aTanax oxXnaxaeHusi n otorpesa: A — pacTpeckvBaHue nocne
0HO3TAMHOIo OXNaXAeHWs (MOrpy>xeHneMm B Xnakuii asoT); B — pacTpecknBaHue, ogHO3TanHbIN OTOrpeB nNocre ogHo3Tan-
Horo oxnaxpaeHusi; C — ctabunbHas creknoobpasHas dasa nocre AByxaTanHoro oxnaxaeHus; D — ctabunbHas creknoo-
OpasHas hasa, AByX3TanHbIN OTOrPEB NOCMe ABYyX3TANHOro oxnaxaeHus. Heratme poTocHMMKa.

Fig. 4. State of specimens in cryoprotective solution at cooling and warming stages: A — cracking after one stage cooling
(plunging into liquid nitrogen); B — cracking, one stage warming after one stage cooling; C — stable glassy phase after two
stage cooling; D — stable glassy phase, two stage warming after two stage cooling. Negative.

BaHHEM paHee IOMYUYCHHBIX TEMIIEPaTypPHBIX Xa-
paKkTepUCTHUK uCcxXomHoro pactBopa JIDIIC [22],
npeaynpexnan pacrpeckuBanue (puc. 4, C). Ipu
9TOM CTaOMJIBHOCTH CTEKJI000pa3Hoi (asbl, oue-
BUHO, 00ECIIeUNBAIACH OBICTPBIM CHM)KEHHEM TEM-
mnepaTrypsl Ha I[EpPBOM JTale C MPEONOJICHUEM
KPUTUYECKOT0 JAMAaNa30Ha TEMIIEpaTyp, B KOTOPOM
BO3MOXKHO OOpazoBaHHME KPHUCTAJIIOB JIbJia, U MeEJ-
JICHHBIM TIEPEXO/IOM B TBepAoe aMopdHoe cocTos-
Hue depe3 Tg Ha BTOpOM OJTame, IOCTaTOYHBIM
[0 BPEMEHHU Ui pellaKCaIlliil TePMOMEXaHUIECKHIX
HanpspkeHud. [Ipu nocnenyroiiem JByX3TalmHOM OTO-
TpeBe pacTpecKuBaHue He Habmogamm (puc. 4, D).
[Ipu BEIOOpE YCIIOBHIA, 00ECTICUMBAIOIINX COX-
panenue ctpykrypsl MIIM B mporiecce BUTpHU(H-
Kalliu, HEOOXOIMMO YYUTHIBATh MX BIIMSHUE HA CO-
crosiuue Kiaetok B coctaBe TUK. B cBs3u ¢ atum
M3ydanau Ku3HecnocoOHocTh cycrieHsun MCK Ha
pPa3HBIX JTarmax BUTPUPHUKAIMH C TPUMEHEHHEM
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narrow action, i. e. it binds water molecules by
forming hydrogen bonds with them [5] and re-
duces the number of water molecules that can move
to a growing ice crystal. Thus, the modification
of the initial solution by increasing the DMSO
concentration up to 15% and adding 1% PVA al-
lows to prevent the development of crystallization
in MPM at the warming stage (Fig. 3).

One of the critical problems in the vitrification
of TECs is the cracking of the formed bulk of glass,
which impairs an integrity of the three-dimensio-
nal matrix. Cracking is a consequence of ther-
mo-mechanical stress that develops at high coo-
ling rates. During cryopreservation by vitrification,
TECs are cooled, as a rule, by immersion into liquid
nitrogen [26], which increases the likelihood of
glass cracking. This effect can be prevented by a
slow temperature change in the range close to
the glass transition temperature (Tg) [21].
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MOTU(UIIMPOBAHHBIX PACTBOPOB U  JIByXATAITHBIX
PSKUMOB  oxJakaeHus-ororpesa. [locne skcnosu-
umuu MCK B pactBopax JIDIIC 15/20/20 6e3 u ¢ no-
OaBnennem 1% I1I0I-8000 oTmewanu CcHUXEHUE
JKU3HECTIOCOOHOCTH TI0 OKPAIIMBAaHUIO TPHITAHO-
BbIM cHHUM Ha 20% 10 CpPaBHEHWIO C KOHTPOIIEM
(puc. 5). Ilocme SKCMO3WIIMKA B PacTBOpPE, IOMOJ-
HeaHoM 1% IIBC, n3HECOCOOHOCTh CHMJKAIACh
B Menbiieir crernenu (Ha 10%) u Obula 3HAYMMO
Beimie (p < 0,05), yem B pactBope 0e3 m00aBOK.
[Mocne Burpudukanuu nox aumroid A3I1C 15/20/20
6e3 CbJI u ¢ 1% II2I-8000 »xu3HECIIOCOOHOCTD
MCK 65ni1a ke Ha 40%, a ¢ 1% IIBC — na 20%
[0 OTHOIIEHUIO K KOHTpoir (puc. 5). Takum 00-
pasom, nobasnenue 1% IIBC B pactBop Kpuompo-
TEKTOPOB TIO3BOJIAET B OOIBIIEH CTENEHH COXPAHHUTh
s)ku3HecrnocooHocth MCK Kkak Iocie 3KCHO3UIMH,
TaK W TIOCJIEe BHUTPU(DHUKAIMHN. 3alIUTHBIR 3PQeKT
IIBC mpu KOHTaKTe KJIETOK C BBHICOKUMHU KOHIICHT-
panusMu KpUOIIPOTEKTOPOB Ha dTare 3KCHO3HIUH
0 CUX TIop He OBUI omucaH B JuTeparype. Me-
xaun3Mm 3ammrtHoro naerctBusa IIBC MoxeT OBITH
0OYCIIOBJICH €ro CBS3bIBAHUEM C MEMOpPaHOU KJIETOK,
YTO TIOBBIIIAET UX YCTOHYMBOCTH K TOKCHYECKOMY
JCHCTBUIO BBICOKMX KOHLEHTPALMH KPHOINPOTEKTO-
pOB.

Bompoc HackimeHust OMOIOTHYECKOTO O0OBEKTa
BUTPUPHUIMPYIOMIUMCS  PAaCTBOPOM  SIBIISIETCS  OT-
KpeITBIM, ocobenHo B ciydae TUK. IIpomomxu-
TENBHOCTh HACHIMICHUS JOJDKHA OBITH ONTHMAalb-
HOW, YTOOBI MHHUMH3HPOBATh KOHTAKT KIETOK C
TOKCUYHBIMU KOHIIGHTPAIIUSIMUA KPHOTIPOTEKTOPOB
W HE JONMYCTHTH 00pa30BaHWsi HEHACHIIICHHBIX 00-
nmacter MIIM. [lns waceimenns TUK wacto mpu-
MEHSIOT TEePeHOC B pacTylleM TIpajueHTe KOH-
LeHTpauui kpuomnporektopos [13, 26]. Taxoil noa-
XOJl OCHOBaH Ha MacCUBHOM nuddy3uu u HE Bceraa
o0ecreunBaeT paBHOMEPHOE MTPOHUKHOBEHUE U Pac-
IpeJieNieHne pacTBopa B MaTpulle. B Hamrelr paborte
st HaceleHus MIIM  pactBopamu  Kpuompo-
TEKTOPOB TPUMEHSTH nep(y3noHHBIA MeTom. UTo-
OBl OIpenenuTh, KaKOH W3 YKa3aHHBIX CIIOCOOOB
HAChIIIEHHUS sBseTcsa Ooiee magsammm miss MCK,
MBI MOJIETUPOBAIM MX Ha CycrleH3uH KieTok. Ilo-
cie Hacelienus pactsopom JIDIIC 15/20/20 ¢ 1%
[IBC u ynaneHus KpUONPOTEKTOPOB IOKA3aTelNlb
xu3Hecriocoonoctn  MCK  mpu  ucnons30BaHUM
nepdy3uoHHOTO Merona cHmkaics Ha 10%, a npu
[IEPEeHOCe B PACTBOPBI C BO3pACTarOIleld KOHIEHT-
panueil KpuonpoTekTopoB — Ha 20% 1o CpaBHEHUIO
C KOHTPOJBHOHW rpymmoit (puc. 6, A). Ilocie But-
puUKAIMK STOT TIOKa3aTelb OBII HIDKE KOHT-
pons Ha 20% mpu TpUMEHEHWH Tep(y3HOHHOTO
Merona u Ha 25% — TpW mepeHoce B TpaaueHTe
KOHIIEHTPAUKA KPHOMPOTEKTOPOB. AHamn3 metado-
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Puc. 5. XKusHnecnocobHocts MCK B coctaBe cycneHsun
nocrne aKkcnosvuun (o) u nocrneayoLlen BuTpugurkaummn (m)
nog 3awwmTow pacteopoB A3MNC 15/20/20 6e3 u ¢ gobas-
nexwuem CBI (n = 6). 1 — 6e3 CBJl; 2 — 1% MNEI 8000;
3-1%TMBC;4-1% NBC + 1% MNEI 8000. Pasnuuua cratnc-
TUYECKM 3HAYMMbl MO CPaBHEHMIO C KOHTponeM (*); ¢ aKc-
nosvuuei B pactBope 6e3 CBJ1 (*); ¢ Butpudmkaumnen B
pactBope 6e3 CBJ1 (%), p < 0,05.

Fig. 5. Viability of MSCs in suspension after exposure
(o) and subsequent vitrification (m) under protection of
DEPS 15/20/20 solutions without and with SIBs (n = 6).
1 — without SIBs; 2 — 1% PEG 8000; 3 — 1% PVA; 4 — 1%
PVA + 1% PEG 8000. Differences are statistically signifi-
cant if compared with control (*); exposure in solution
without SIBs (¥); vitrification in solution without SIBs (%),
p < 0.05.

In order to minimize cracking, we evaluated the
effect of various cooling and warming regimes on
the structure integrity of a vitrified sample (MPM
in a 15/20/20 DEPS solution with 1% PVA). In
Fig. 4A, it can be seen that during one-stage coo-
ling (immersion in liquid nitrogen), a cracking of
the formed glassy phase occurred. The subsequent
one-stage warming intensified the cracking pro-
cess (Fig. 4B). The two-stage cooling regime de-
veloped using the previously obtained tempe-
rature characteristics of the initial DEPS solution
[22] prevented cracking (Fig. 4C). In this case, the
stability of the glassy phase was obviously ensured
by a rapid decrease in temperature at the first
stage, overcoming the critical temperature range in
which ice crystals can form, and a slow transition
to a solid amorphous state through Tg at the second
stage, sufficient in time for relaxation of thermo-
mechanical stresses. During the subsequent two-
stage warming, no cracking was observed (Fig. 4D).

When choosing the conditions ensuring the
preservation of the MPM structure during vitrifi-
cation, it is necessary to take into account their
effect on the state of cells in the TEC. In this regard,
the viability of the MSC suspension was studied
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Puc. 6. BniusiHne cnocoba HacblLLeHWsi pacTBOPOM KPYOMPOTEKTOPOB Ha KM3HECNOCOBHOCTb (A) U MeTabonuyeckyto ak-
TmBHOCTb (B) MCK nocne akcnosuumm (o) n nocneaytoLlen sButpudukauum (m) B coctaBe cycneHaum (n = 6). 1 — nepdyau-
OHHbIN MeTof; 2 — MEPEHOC B rpaAMeHTe KOHLEHTpauui. Pasnmums cTaTUCTUYECKM 3HaUYMMbl MO CPABHEHMIO C KOHTPOMEM

(*); c akcnosuuueli B pactBope kpuonpotektopos (*), p < 0,05.

Fig. 6. Effect of method of saturation with cryoprotectant solution on viability (A) and metabolic activity (B) of MSCs after
exposure (o) and subsequent vitrification (m) in suspension (n = 6). 1 — perfusion; 2 — transfer in concentration gradient.
Differences are statistically significant if compared with control (*); exposure in solution of cryoprotectants (¥), p < 0.05.

JIMYECKOH aKTHBHOCTH KJIETOK I103BOJIMJI BBISBUTD
eme Oospmue pa3muuus B A(DPEKTUBHOCTH ABYX
Ccroco0oB HachImeHus. Tak, TMocie AKCIO3UINN
C pacTBOPOM KpPHUOMNPOTEKTOPOB MeTaboInyecKas
aKTHBHOCTh B CiIy4ae IpHMEHEeHus rnepdy3non-
HOTO METoJa HEe OmIMYalach OT IOKazaTels KOH-
TPOJIBHOM TpyHmbl, a IpH HACBIEHUH ITyTEM
MepeHoca B PacTBOPBI C BO3pacTarolleld KOHILEHT-
panueil KpHONpOTEKTOpoB CcHWKamack Ha 10%
(puc. 6, B). Ilocne BUTpUUKALUN OTIUYHS MIPOSIB-
JSUINCH B ele Oonbliel cTeneHu: MeTaboanmuecKast
aKTMBHOCTb IIPHU HACBHILEHUH NepQY3MOHHBIM Me-
ToZIOM ObLTa HMXKE Ha 25%, a TpH MepeHoce B pac-
TYLIEM TIpaJUeHTe KOHLEHTPAaLUuil KPHOIPOTEKTO-
poB — Ha 55% mo cpaBHeHHIO ¢ KOHTpojeMm. [Ipu-
BEJICHHBIC JIaHHBIC MTOKA3bIBAIOT, YTO HACHIIICHNE
C HCIOJIb30BaHUEM Nep(Qy3UMOHHOTO METOo/a OKa-
3bIBAaeT MeHee noBpesxaatoee aericteue Ha MCK.

[pu Burpuduxaumn MCK, 3acenennsix B MIIM,
C TpUMEHEHHEM Mep(y3MOHHOIO METOAa HachIlie-
HUS TaKOKe yNaJoCh MOMYYUTh Ooliee BBICOKUE TTOKa-
3aTesll COXPaHHOCTH, YeM IIPU MEPEHOCE B IpaJUeHTe
KOHIICHTPAUN KPHOMPOTEKTOPOB (puc. 7). OmHako
xu3Hecrocoonocts  MCK  mocnie  BuTpudukanum
pesko cHmkanach u cocrasmsina (20,2 + 6,5)%. Ilpu
3TOM KHM3HECHOCOOHOCTh IOCJIE 3KCIIO3ULUM C PacT-
BOPOM KPHOMPOTEKTOPOB HE OTIIMYAIACh OT KOHTPOJIb-
HOW rpynnbl. IlodydeHHBIE JaHHBIE CBUJETENBCT-
BYIOT O TOM, YTO T'M0ellb KJIETOK IPU BUTPUPUKALUH
B cocrae MIIM npoucXoauT HE BCIEACTBHE TOK-
CHUYECKOTo JEeMCTBUA KPHUOIPOTEKTOPOB, a, OYEBH]I-
HO, B pe3yNbTaTe pa3BUTHs HE BBIABIIEMOI BU3yallb-
HO BHYTPHMKJIETOYHON KpHUCTAJUIM3alMM Ha dSTamnax
OXJIQKICHUS-OTOTPEBA.
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at different stages of vitrification using modified
solutions and two-stage cooling-warming modes.
After exposure of MSCs in DEPS 15/20/20 solu-
tions without and with the addition of 1% PEG-
8000, a 20% decrease in viability for trypan blue
staining was noted in comparison with the control
(Fig. 5). After exposure in a solution supple-
mented with 1% PVA, viability decreased to a
lesser extent (10%) and was significantly higher
(p < 0.05) than in a solution without additives.
After vitrification under the protection of DEPS
15/20/20 without SIBs and with 1% PEG-8000,
the MSC viability was lower by 40%, and with 1%
PVA — by 20% with respect to the control (Fig. 5).
Thus, the addition of 1% PVA to the solution of
cryoprotectants allows a higher preservation rate
of the viability of MSCs both after exposure and
after vitrification. The protective effect of PVA
upon contact of cells with high cryoprotectant
concentrations at the exposure stage has not yet
been reported. The mechanism of the protective
action of PVA may be due to its binding to the
cell membrane, which increases their resistance
to the toxic effect of high concentrations of cryo-
protectants.

The issue of saturation of the specimen with
a vitrification solution has remained open, espe-
cially for the TECs. The saturation duration should
be optimal in order to minimize the contact of
cells with toxic concentrations of cryoprotectants
and to prevent the formation of unsaturated MPM
regions. To saturate the TECs, transfer in a growing
gradient of cryoprotectant concentrations is of-
ten used [13, 26]. This approach is based on a pas-
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Puc. 7. PacnpegeneHue un xunsHecnocobHocte MCK B co-
ctaBe MIM: koHTponbHas rpynna (A), akcno3uumsa B pac-
TBOpe KpuornpoTtekTopos (B), Butpndukauus nocne Hacbl-
LeHnsa nyTeM nepeHoca B rpagueHTte KoHueHTpauun (C),
BUTPMdMKaLMA NOCre HacbIWeHns nepdy3noHHbIM MEeTO-
aom (D) KoHdokanbHas driyopecLeHTHass MUKPOCKOMNMUS,
okpawwmBaHue ®OA/OB.

Fig. 7. Distribution and viability of MSCs in MPM: control
group (A), exposure with cryoprotective solution (B),
vitrification after saturation by transfer in concentration
gradient (C), vitrification after saturation by perfusion
method (D). Confocal fluorescent microscopy, FDA/EB stai-
ning.

Panee Hamm ObLIO MOKa3aHo [22], 4To moOcCIe
Butpupukarmu MCK B cocraBe anbrnHaTHBIX MHUK-
pocdep, roe KIETKHM HAXOOITCS B TelIeBOH Mar-
pHUlle TOro e CcOoCTaBa, YTO M HCIOJIb30BaHHAs B
HacTosiier padbore MIIM (anpruHar), HO B Heajre-
3MBHOM COCTOSIHUH U 0€3 MEKKJIETOUHBIX KOHTaKTOB,
PE3KOr0 CHMXKEHMSI JKU3HECIIOCOOHOCTH He Halo-
JAoCh. B COBOKYITHOCTH TONMy4YEHHBIE pPEe3yiIbTaThl
MTO3BOJISIIOT MIPEITONOKNATh, YTO B3aWMOJIEHCTBHE
KJIETOK JIPYT C JPYTOM U C MOBEPXHOCTHIO TIOP CITO-
COOCTBYET pa3BUTHIO KPUCTAIIH3AIMK TPH BUTPHU-
¢ukaun MCK B cocrae MIIM. [lanHoe mpen-
MOJIOKEHHE COTMacyeTcsl ¢ JAaHHBIMH 00 MHIYKLUH
BHYTPUKJIETOYHOM KpUCTAJUIM3ALlMM 32 CUET MeX-
KJICTOYHBIX KOHTaKTOB M 0oJiee BBHICOKOH YyBCTBU-
TEJILHOCTH K JACUCTBHIO (DAKTOPOB KPHOKOHCEp-
BHPOBaHHUsl KIIETOK, aJAre3MpPOBAHHBIX Ha MOBEPX-
HOCTH, TIOJIYYEHHBIX C HCIOJB30BAHUEM KYIBTYP
thubpodmacros [1] m HepG2 [10].

B nacrosmieit pabore chenaH miar K CO3IaHHIO
texnonmoruu Butpudukarmuun TUK Ha ocHoBEe Ma-
kporopucteix Marpun 1 MCK B 3akpbITOii cUCTeMe
OTHOCHUTEIILHO OOINBIIOr0 00beMa — CTaHIAPTHBIX
KkpuonpoOupkax. OmnpeaeracHa COBOKYNHOCTb YC-
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sive diffusion and does not always ensure uni-
form penetration and distribution of the solution in
matrix. In our research the perfusion method was
used to saturate the MPM with cryoprotectant
solutions. To determine which of these saturation
methods is more mild for MSCs, we simulated them
in a cell suspension. After saturation with DEPS
15/20/20 with 1% PVA and removal of cryopro-
tectants, the MSC viability index in case of the per-
fusion method decreased by 10%, and in case of
transfer in gradient of concentration model by 20%
compared with the control group (Fig. 6A). After
vitrification this index was lower than the control
by 20% when using the perfusion method model
and by 25% for transfer in gradient of concent-
ration model. Analysis of the metabolic activity of
the cells revealed even greater differences in the
effectiveness of the two saturation methods. So,
after exposure to a solution of cryoprotectants, the
metabolic activity in the case of applying the per-
fusion method did not differ from that of the control
group, and when saturated by transferring to
solutions with an increasing concentration gradient
of cryoprotectants, it decreased by 10% (Fig. 6B).
After vitrification, the differences were even more
pronounced: metabolic activity when saturated with
the perfusion method was 25% lower, and when
transferred in gradient of cryoprotectant concent-
rations, by 55% compared with the control. The data
presented show that saturation using the perfusion
method has a less damaging effect on MSCs.

By vitrifying MSCs seeded in the MPM using
the perfusion saturation method, it was also pos-
sible to obtain higher safety indices than for transfer
in a concentration gradient (Fig. 7). However,
the viability of MSCs after vitrification sharply
decreased and amounted to (20.2 £ 6.5)%. In this
case, the viability after exposure to a solution of
cryoprotectants did not differ from the control
group. The data obtained indicate that cell death
during vitrification as part of the MPM does not
occur due to the toxic effects of cryoprotectants,
but, obviously, as a result of the development of vi-
sually undetectable intracellular crystallization at
the cooling-warming stages.

We previously showed [22] that after vitrifica-
tion of MSCs as part of alginate microspheres, where
the cells are in a gel matrix of the same compo-
sition as the MPM (alginate) used in this work, but
in a non-adhesive state and without intercellular
contacts, a sharp decrease in viability was not
observed. Collectively, the results suggest that
the interaction of cells with each other and with
the pore surface contributes to the development
of crystallization during vitrification of MSCs as
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JOBUH, HEOOXOOMMBIX sl BUTPU(HUKALIUH pacT-
Bopa cHapyxu U BHyTpu MIIM 0e3 oOpazoBaHus
KpUCTAJIJIOB JIbJa M TPEIIMH B XOJ€ OXJIAXKICHUS
u ororpeBa. BrlOpaHHBIE YCIOBUS BUTPHU(PHUKALUH
OKa3aJINCh JIOCTAaTOYHBIMHU [UII COXPAHEHUS JKU3-
HECIIOCOOHOCTH M METa0OoJIIN4YEeCKOH aKTUBHOCTH
MCK B cycrieH3un. B To ke Bpems KIETKH, pacTy-
mue Ha noepxHoctu nop MIIM B TeueHue 7 cy-
TOK, YCIEIIHO MEePeXUBAIN SKCIO3UIHNIO B BUTPH-
¢dunmpyromemMcsi pacTBope, HO He MOCIEIYIOIIHe
oxJlax/eHue u otorpes. llodydeHHbIe pe3ynbTaThl
CBUJETEIBCTBYIOT O MPUHIUIHAIBLHOW BO3MOXKHOC-
TH KPUOKOHCEPBHPOBAHUS TKaHEHMH)KEHEPHBIX KOH-
CTPYKUUH METOAOM BUTPU(PHKALMK M CYXKaloT
Kpyr JalbHEHIINX HCCIEeI0BaHUN, HaIpaBIEHHBIX
Ha pa3paboTKy Oe3omacHbIX W 3(PQPEKTHBHBIX Me-
TOJOB MX XpaHEHMs sl MOCIEIYIOIIEro KINHH-
YECKOTO IIPUMEHEHHS.

BriBoabI

1. B pabore ompenencHsl yCIOBHS BUTpHU(DUKA-
MU (cocTaB KPHO3AIIUTHOTO PacTBOpPAa, METO/bI
HAaCBhIIICHUS, PEIKUMBI OXJIAXKACHUA-OTOTpEBa U yaa-
JICHUSI KPUOIIPOTEKTOPOB), KOTOPHIE MO3BOJISIIOT TIpe-
IYTIPEIUTh PACTPECKUBAHUE CTEKIO00pa3HO#l (asbl
1 00pa3oBaHKE KPUCTAIUIOB JIbJa B MaKPOIIOPHCTHIX
MaTpHIax.

2. BriOpaHHbIe ycioBHsI 00€CIIEYHBAIOT BEICOKYIO
)u3HecrnocooHocTh MCK mocie KpuoKOHCEpPBUPO-
BaHUS MyTeM BUTPH(HUKAINN B COCTaBE CYCIICH3HH,
HO TpeOYIOT JaJbHEHIIEr0 YCOBEPIIEHCTBOBAHUS
JUIS COXpaHEHHWs KIETOK B COCTaBe TKaHEHWHIKe-
HEPHBIX KOHCTPYKLUI.
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part of the MPM. This assumption is consistent
with the data on the induction of intracel-
lular crystallization due to intercellular contacts
and higher sensitivity to the action of cryopreserva-
tion factors of cells adhered to the surface obtained
using fibroblast cultures [1] and HepG2 [10].

In this work, we have stepped towards creating
the vitrification technique for the TECs based on
macroporous matrices and MSCs in a closed system
of relatively large volume, i. e. standard cryovials.
The set of conditions necessary for vitrification
of the solution outside and inside the MPM wit-
hout the formation of ice crystals and cracks during
cooling and warming is determined. The selected
vitrification modes were sufficient to maintain
the viability and metabolic activity of MSCs in
suspension. At the same time, the cells growing
on the pore surface of MPM for 7 days successfully
survived exposure in a vitrifying solution, but
not subsequent cooling and warming. The results
obtained indicate the fundamental possibility of
cryopreservation of tissue-engineering structures
by the method of vitrification and narrow the scope
of further research aimed at developing safe and
effective methods for their storage for subsequent
clinical use.

Conclusions

1. The vitrification conditions (composition of
a cryoprotective solution, saturation methods,
cooling-warming and cryoprotectant removal mo-
des), which prevent cracking of a glassy phase and
formation of ice crystals in macroporous matrices,
were determined.

2. The selected conditions ensured a high via-
bility of MSCs after cryopreservation by vitrifica-
tion in the suspension, but required further
improvement to preserve the cells in the tissue-
engineering constructs.
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