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B Hacrosiiee Bpemst 3HaYNTETFHOE KOIUIECTBO HC-
CJICOBaHMI MOCBSIIEHO OLleHKE MOP}odyHKITMOHATE-
HBIX CBOMCTB MYJBTUIIOTEHTHBIX ME3€HXHMAaJIbHBIX
crpomanbHbIX k1eTok (MCK) U3 pa3au4HbIX HCTOYHUKOB
IIPY MOHOCJIOMHOM KYJIbTUBUPOBaHuUM in vitro [1]. Bmecte
C TEM MOHOCJIOWHOE KyJIbTHBHPOBAHUE HE MOXKET
MOJHOCTBI0 UIMUTUPOBATh IPUPOTHOE OKPYKEHUE KIETOK
in vivo. JInst OCTUXEHUS 00bEMHOI OpraHu3aluu Kie-
TOYHBIX 3JIECMEHTOB BHE OpPTaHU3Ma HCIIOIB3YIOT TPEX-
MepHbIe HocuTenH (ckaddoibl) Ha OCHOBE pa3TMYHBIX
MatepuaioB [2]. Panee Hamu ObUIHM IPOBEAEHBI UCCIIE-
JIOBaHN, OCBSIIEHHBIE OLleHKEe OMOCOBMECTHMOCTH, a
TaKXe CIOCOOHOCTH PAa3MUYHBIX TUIIOB MAaTPHI-HOCH-
Ternel 00eCcTIeunBaTh aATe3HI0, IPOIU(EPAITHIO H HATIPAB-
nennyo muddepenmuporky MCK npu 00beMHOM KYyITb-
TUBUpOBaHuH [4, 5]. Haubonee BoIpakeHHBIH pe3yabrar
OBUI MOJyYeH NPH HCIIOIB30BAHUH IIHPOKOIOPHCTHIX
KPHOTEJICBBIX aJbIUHAT-)KETaTHHOBLIX HOCHUTENCH — B
YCIOBHSAX TpexMepHoro kynstusuposanus MCK coxpa-
HSUIU CIIOCOOHOCTD K Nponu(epanu U MyJIbTHIMHEHHON
mppepenmponke [5]. Coznanne OHOIKBUBAIEHTOB TKa-
HU SIBISICTCS TPYZOEMKHM M CIOXHBIM IIPOIECCOM,
BKJIFOUAIOIIMM BbIJIEJIEHUE U SKCIIAHCHIO KIIETOK, 3acee-
HUE B 00BEMHBIC HOCUTENH U IOCIEAYIOIYy0 Tudde-
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Nowadays, a large number of investigations is
intended to evaluate morphological and functional
properties of multipotent mesenchymal stromal cells
(MSCs) from various sources during in vitro monolayer
culture [1]. However, the monolayer culture can not
adequately simulate the conditions the cells experiencing
in vivo. To realize spatial organization of cells ex vivo
the three-dimensional carriers (scaffolds) based on vari-
ous materials are used [2]. We reported previously the
evaluations of biocompatibility of different types of
carriers and their ability to promote adhesion, proli-
feration and induced differentiation of MSCs during
three-dimensional culture [4, 5]. The most remarkable
results were obtained when using the wide-porous cryo-
gel alginate-gelatin carriers: during three-dimensional
culture the MSCs retained the ability for proliferation
and multilineage differentiation [5]. The formation of
tissue bioequivalents is a time-consuming and complex
process, which involve the selection and expansion of
cells, their seeding into three-dimensional carriers and
subsequent differentiation in a given direction. This could
be supported by development of effective cryopreserva-
tion methods that will allow to preserve morphological
and functional characteristics of the cells in three-dimen-
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PEHLIMPOBKY B 33/IaHHOM HanpasjeHUU. B cBs3U ¢ aTUM
pa3paboTka 3PPEKTUBHBIX METOIOB KPHOKOHCEPBUPO-
BaHUS, TIO3BOJISIFOIIIUX COXPAHUTH MOPHODYHKITMOHAITE-
HbIE XapaKTEPUCTHUKU KJIETOK B COCTaBE TPEXMEPHBIX
MAaTpPHUL-HOCUTENEH, SIBIAETCA aKTyaJlbHOW 3afadei.
Lenbto HacTosAwIEel paboTHI OBLTIO YCTAHOBUTH BO3MOXK-
HOCTh KprokoHcepBupoBanusi MCK B cocTaBe anmbrusar-
xenatuHoBbIX ckaddonmor (AXKC), a Takke OIEHUTH
BIIMSTHUE CTENEHH PacIIaCThIBaHUS KJIETOK Ha TIOBEPX-
HOCTH HOCHUTEJISI Ha X KPUOTIOBPEXKACHHUE.

B pa6ote ucnonp3obanu MCK koctHOTO Mo3ra (KM)
B3pOCIIOro uesnoBeka 3—5 naccaxeld. KynsruBupoBanue
CTPOMAJIBHBIX KJIETOK MPOBOAWIHN B cpeae O-MEM,
nornoiHeHHOH 15% 3MOproHanbHOM chIBOpOTKH (DC)
KPYITHOTO POraroro ckora, meHuIumHa (50 en/mi),
crpentoMuniuHa (50 mr/min) u L-rytamuna (2 MM), B
unkybarope npu 37°C, 5% CO, u 95%-i BnaxkxHocTu.

AJBrUHAT-KETaTHHOBBIE CKa (OBl B BUIE TUCKOB
TOJIIMHOM 2 MM U uameTpoM 10 MM rmosry4dasu coriiacHO
METOy, OIUCaHHOMY paHee [5].

KpuoxoncepsupoBanue TpexmepHbix Kynbryp MCK
npoBoauin 4yepe3 0,5 u (rpynma 1) mociie 3aceneHus
MAaTpHII KJIETKaMH, a Takxke rmociie 2 9 (rpynmna 2) u 24 4
(rpynma 3) nHKyOaryu OMOKOHCTPYKIMHA B OMTUCAHHBIX
BbILIe ychoBusx. 3acenennsie MCK anbruHaT-xenaTuHo-
BbIE MaTPUIIbI IEPEHOCUIN B KpUOKOHTEHHEpHI ¢ 0,5 M
KpUO3aIIMTHOM Cpe/bl ciieqytomiero cocrasa: d-MEM,
15% 29C u 10% numermicyisdokcuna (AMCO). Hanee
00pa3nbl OXJaXIadu CO CKOPOCThIO 1 Tpaja/MuH IO
—80°C, moce 4ero norpy:kajiu B JKUIKUN a30T. Pazmo-
paxuBanue MCK B cocraBe AXKC npoBoiuin Ha BOsisI-
Holi 6ane mpu 37°C, 3aTeM BIIaKHBIE CTPYKTYPBI IEPEHO-
CWIH B 24-7TyHOYHBIE TUIAHLIETHI, B KOTOPBIX TPHIKIIBI
MSATKO OTMBIBAJIM OT KPUO3AIIUTHOM CPEIbl.

JKuzHecrmocoOHOCTh KIIETOK OIIEHUBAIIH 110 PE3yITbTa-
TaM KOMOHMHHPOBAaHHOTO OKpaIinBaHHs (yopecreHT-
HBIMU Kpacuteismu (iayopectient auarerarom (DJJA)
u >THayM 6pomuiom (OB). AHaH3 MpoOBOIMIN C TIOMO-
b0 KOH(POKAIBFHOTO CKaHUPYIONIET0 MHKpPOCKOTA
«LSM 510 Metay («Carl Zeiss», ['epmanust). Mopgoio-
THYeCKHe 0COOEHHOCTH KJIETOK OLIEHUBAJIH C UCIIOJIb30-
BaHUEM PACTPOBOTO BIECKTPOHHOTO MHUKPOCKOIA
«FESEM XL30» («Phillips», Hunepnanner).

[osryuenHsbie pe3ysbTaThl 00padaTbiBagy CTATUCTH-
YECKH C UCTIONIb30BaHuEM t-KpuTepusi CThIOIEHTA B IIPO-
rpamme Origin v.4.0. CTaTHCTHYECKU 3HAYUMBIMHU CUUTA-
JIY OTIIUYHS MEXKAY MapHBIMHU BhIOOpKaMu mipH p < 0,05.

Bce akcnepuMeEHTHI BBIIIOJNHEHBI C COONIOACHHEM
MPUHIMITOB OMOATHKA U HOPM OHOJIOTHYeCcKor Oe3omac-
HOCTH.

[IpoBeneHHsIi aHanu3 creneHy paciuiacteiBanns MCK
B aJIbI'MHAT-)KETaTHHOBBIX HOCUTEISX ITOKa3aJl, YTO Yyepe3
0,5 4 moce 3aceneHus: OOIBIIMHCTBO I e3UPOBABIINX
MCK 6sun okpymioit ¢opmsl (puc. 1, A). Uepes 2 4
nHKyOanuu Hekotopeie MCK Oputn pacmiacTaHbl Ha
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sional carriers. In this regard, the aim of this work was
to evaluate the possibility of cryopreservation of MSCs
within alginate-gelatin scaffolds (AGSs), as well as to
assess how the extent of cell spreading on the carrier’s
surfaces affects their cryodamage.

Human adult bone marrow (BM) mesenchymal stro-
mal cells from 375" passages were used in the study.
Culture of MSCs was performed in a-MEM, supple-
mented with 15% fetal calf serum (FCS), Penicillin
(50 U/ml), Streptomycin (50 mg/ml) and L-glutamine
(2 mM) in an incubator at 37°C/5% CO, and 95% humi-
dity.

Alginate-gelatin scaffolds were the 2 mm thick disks
with a diameter of 10 mm prepared according to our
method reported previously [5].

Cryopreservation of three-dimensional cultures of
MSCs was performed 0.5 hr (group 1) after cells seeding
into matrices, as well as 2 hrs (group 2) and 24 hrs
(group 3) post seeding and incubation of bioconstructs
in above described conditions. Alginate-gelatin carriers
populated with MSCs were transferred to cryovials filled
with 0.5 ml of cryoprotective medium: a-MEM, 15%
FCS and 10% dimethyl sulfoxide (Me SO). Thereafter
the samples were cooled with 1 deg/min rate down to
—80°C and then plunged into liquid nitrogen. Thawing
of MSCs within AGSs was performed in a water bath
at 37°C, the wet structures were then transferred to
24-well plates and three times gently washed free of
cryoprotective medium.

Cell viability was assessed by combined staining with
fluorescent dyes fluorescein diacetate (FDA) and ethi-
dium bromide (EB). Analysis was carried out using
a confocal laser scanning microscope LSM 510 Meta
(Carl Zeiss, Germany). Morphological characteristics
of cells were evaluated using scanning electron micro-
scope FESEM XL30 (Phillips, Netherlands).

The results obtained were statistically processed using
Student t-test and Origin v. 4.0 software. Differences
between paired samples were considered as significant
at p < 0.05.

All the experiments were conducted in compliance
with the bioethical principles and biosafety regulations.

The performed analysis of spreading extent observed
in MSCs during culture in alginate-gelatin carriers
showed that 0.5 hr post seeding the majority of adhered
MSCs had a rounded shape (Fig. 1A). After 2 hr in-
cubation, some MSCs were flattened on the substrate
surface; however, rounded cells were also observed
(Fig. 1B). After 24 hrs of culturing, almost all MSCs
within AGSs were flattened and had fibroblast-like
morphology (Fig. 1B).

Analysis of FDA/EB double staining MSCs within
AGSs revealed a high viability of the cells prior to
cryopreservation (Fig. 2A, B, and C): more than 95%
cells had the cytoplasm stained with FDA and nuclei
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Puc. 1. Me3eHx1marbHble CTPOManbHbIE KNETKM KyNbTUBUPOBAHHbBIE HA MOBEPXHOCTM LLIMPOKOMOPUCTbIX anbrmHaT-KenaTuHoBbIX
HocuTeTenen: A —yepes 0,5 4; B—2 y; C — 24 4 nocne 3aceneHus; pactpoBas 3M1IeKTPOHHAs MUKPOCKOMNWS; MacLUTabHbI OTPe30kK

10 MKM.

Fig. 1. Mesenchymal stromal cells cultured on the surfaces of wide-porous alginate-gelatin carriers: A— 0.5 hr; B—2 hrs; and C —

24 hrs post seeding; raster electron microscopy; bar 10 um.

MOBEPXHOCTU CyOCTpara, OAHAKO HAOIIONANUCH U OK-
pymisie kinetkH (puc. 1, B). Uepes 24 4 KyasTHBHPOBaHHS
npaktudecku Bce MCK B cocraBe AXKC Optn pactnac-
TaHbI 1 0013 1a1H HhudpobiacTomnogo06HoH MopdoToruei
(puc. 1, C).

Ananu3 nBoitHoro okpammBanus ®JJA/Ob MCK B
coctaBe AJYKC moxa3zan BBICOKYIO JKH3HECHOCOOHOCTD
KJIETOK 10 KpHOokKoHcepBupoBaHus (puc. 2, A, B, C):
6osee yeM y 95% KJIETOK LIMTOIUIa3Ma ObLIa OKpaleHa
®JIA, a aapa He umenu okpamuBaHusa Ob (DJA/Ob).
3HAYMMBIX OTIUYHAN MEXKTY TPYIIIaMU HE OTMEUCHO.

KpnokoHcepBrpoBaHue MPUBOIMIO K 3HAYUMOMY CHH-
MKEHUIO KU3HECIIOCOOHOCTH KIIETOK B COCTaBE TPEXMEP-
HBIX KOHCTpYKLUuii (puc. 2, D, E,
F). Ilpuuem B pa3HBIX TpyHIIax
BEJIMYMHA CHIDKCHHS TaHHOTO
MoKa3aresis ObLia HEOMUHAKOBOM.
B skcnepuMeHTaIbHBIX TPyIIIax
1 11 2 KOUYEeCTBO KHU3HECTIOCO0-
HbIX KJ1eTok (DJA/Db6") mocne
KPHUOKOHCEPBHUPOBAaHUS COCTaB-
asio (81 + 3)% u (81 = 5)%
COOTBETCTBEHHO. 3aMOpaKUBa-
Hue-ororpes AJKC uepes 24 g
MOCJie 3aceNeHUsl KJIEeTKaMHU
(rpymnna 3) nmpuBoauiIo K 6osee
BBIPOKEHHOMY CHIKCHUIO KH3-
Hecriocoonoctu MCK 1o (66 +
5)%.

Panee 6bu10 mokaszano [3],
YTO KU3HECIIOCOOHOCTh JIEKOH-
CEpBUPOBAHHBIX KJICTOK IIOCTIE
24 4 peKybTUBUPOBAHUSI MOXKET
3HAYUTEJIBHO OTJINYATHCS OT 0~
KazaTeJel, MoJIy4eHHbIX HEeTloC-
PEACTBEHHO TMocie oTorpena. B
CBA3M C 3TUM I Oojee Kop-
PEKTHOM OlleHKH 3((HEKTHBHOC-
TU KproKoHcepBuposanus MCK
B cocraBe TpexmepHbix AXKC,
MIPOBOJIMIIA aHAJN3 KH3HECIIO-
COOHOCTH KJIETOK ITOCIIE PEKYITb-
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unstained with EB (FDA/EB"). No significant differen-
ces between the groups were found.
Cryopreservation resulted in a significant fall in
viability of the cells within three-dimensional constructs
(Fig. 2D, E, and F). Moreover the decrease of this pa-
rameter was unequal among the groups. In the groups 1
and 2 the number of viable cells (FDA*/EB~) was (81 + 3)%
and (81 + 5)%, respectively. Freeze-thawing of AGSs
24 hrs post cell seeding (group 3) resulted in a greater
reduction in the viability of MSCs down to (66 + 5)%.
It was shown previously [3] that the viability of tha-
wed cells following 24 hrs re-culturing might differ signi-
ficantly from the values, assessed immediately after

Puc. 2. )KnsHecnocobHOCTb Me3eHX1MarnbHbIX CTPOMarbHbIX KIETOK B COCTaBe anbrmHaTt-
XenaTtuHoBbIx Hocutenen ao (A, B, C) un nocne (D, E, F) kpnokoHcepsupoBaHus: A, D —
rpynna 1 (0,5 4 nocne 3acenenus); B, E—rpynna 2 (2 4 nocne 3acenenus); C, F—rpynna 3 (24 4
rocre 3acerneHns); nasepHas KoHoKarnbHas MMKpocKonusi; okpawumsaHue ®OA (seneHbin)/Ob
(kpacHbIn); coBmeLLEHME KOHOKaNbHbIX N300paxkeHnin Baonb ocu z (Bbicota 100 Mkm)

Fig. 2. Viablity of mesenchymal stromal cells within alginate-gelatin carriers prior to (A, B, C)
and after (D, E, F) cryopreservation: A, D — group 1 (0.5 hr post seeding); B, E — group 2
(2 hrs post seeding); C, F —group 3 (24 hrs post seeding); confocal laser scanning microscopy;
double staining with FDA (green fluorescence)/EB (red fluorescence); merged stack of
confocal images along z axis (100 um).
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TUBHPOBAHUS JEKOHCEPBUPOBAHHLIX 00pa3ioB. [locie
24 4 peKynbTUBUPOBaHMS HAONIOAANOCH YBEIUYEHUE
konuuecTBa Db -kieTok B rpynmnax 1 u 2: )xu3zHecnoco0-
Hocth MCK cocrasisina (75 + 3)% u (77 + 3)% coot-
BETCTBEHHO; & B IPYIIE 3 HE U3MEHSIACh U COCTABIISIIA
(66 = 4)%. ITocne 48 4 pexyIETHBUPOBAHHS OONBIITHH-
ctBo MCK B cocrage mupoxonopucteix AXKC Bcex skc-
MepUMEHTANBHBIX TpymII o0nanany pudpodiacTornonoo-
HOW Mop¢omnorueii. XKu3HecnocoOHOCTh KIETOK HOCIEe
48 4 pexyabTUBUpOBaHUA cocTaBisiia (88 + 6), (93 +3)u
(91 +£3)% B rpynmnax 1, 2 1 3 COOTBETCTBEHHO.
Takum oOpaszoM, Hallle UCCIEAOBAHHUE MOKA3a10
BO3MOKHOCTb KpuokoHcepBupoBanus MCK B cocrase
00BEMHBIX AJIbIMHAT-KENAaTUHOBBIX HocuTenei. [1pu stom
OTMEUEHO BIIMSHUE CTENIEHH PACILIACThIBAHUS KJIETOK Ha
MTOBEPXHOCTH CyOCTpaTa Ha UX KpHOyCTOHINBOCTE. [To-
cllely1olee PeKyIbTHBUPOBAHUE AEKOHCEPBUPOBAHHBIX
MCK B cocTaBe 00bEMHBIX CTPYKTYP MIPHUBEIIO K YBEJIH-
YEHHIO OKA3aTelsl )KU3HECTIOCOOHOCTH BO BCEX IPyIIax.
B nemnoM moxydeHHBIC NaHHBIE MOTYT HOCIYXXHTH
OCHOBOM 1151 pa3paboTKy 3(p(heKTHBHBIX METOI0B KPHO-
KOHCEPBUPOBAHUSI 00bEMHBIX OMOMHKEHEPHBIX KOHC-
Tpykuui, cogepxamux MCK, u nocnenyrouero co3zaa-
HUSI HU3KOTEMIIEPaTypPHbIX OAHKOB OMOKOHCTPYKTOB ISt
pereHepaTuBHON MEAUIIMHBI U TKAHEBOW HHXKEHEPHUH.
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thawing. In this regard, to evaluate more correctly the
outcomes of MSCs cryopreservation within the three-
dimensional AGSs we performed the analysis of cell
viability following re-culturing of thawed samples. After
24 hrs re-culturing the increase of EB* cells number in
the group 1 (0.5 hr) and the group 2 (2 hrs) was observed:
viability of MSCs comprised (75 + 3)% and (77 = 3)%,
respectively. The viability of MSCs in group 3 did not
change during re-culturing and comprised (66 + 4)%.
After 48 hours of re-culturing the most MSCs within
wide-porous AGSs in all experimental groups were of
fibroblast-like morphology. The viability of MSCs after
48 hrs of re-culturing was (88 + 6), (93 + 3) and (91 +
3)%, respectively.

Collectively, our study showed the possibility to
cryopreserve MSCs within three-dimensional alginate-
gelatin carriers. The extent of cell spreading on the sub-
strate surface was shown to affect their cryostability.
Following re-culturing of thawed MSCs within three-
dimensional structures resulted in an increase of the
viability index. Overall, these data can serve as a basis
for the development of effective cryopreservation
methods intended for MSCs-comprising three-dimen-
sional bioengineered structures and the creation of low-
temperature banks of bioconstructs for regenerative
medicine and tissue engineering.
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