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NPUMEHEHUE TEXHOAOTUU TKAHEBOﬁ WHXXEHEPUU
AN POPMUPOBAHUA XPALLEBOWU TKAHU HEAOBEKA
B MPOTOYHOM BUOPEAKTOPE

B.U. Cesacmuvsanos, FO.b. bacox, A.M. I pucopwes, JI.A. Kupcanosa, B.H. Bacuney

PIBY (HAUMOHOAbHbBIM MEANLIUHCKUM MCCAEAOBATEABCKMM LLEHTP TOAHCAAQHTOAOTMM M MCKYCCTBEHHbIX
OPraHOB MMeEHM akaaemmKka B.M. LLiymakosay MuH3Apasa Poccum, Mocksa, Poccuinckas Peaepaums

B cnenmanpHO paspaboTaHHOM OHMOpeakTope MPOBEAEHBI AKCIIEPUMEHTHI 10 ()OPMHUPOBAHHUIO TKAHEHHKEHEP-
HOW KOHCTPYKLIMH XpsilieBoi TkaHu. Ha nepBom arane O6buta chopMUpOBaHa KJIETOUHO-MHKEHEPHAs! KOHCTPYK-
LUs1, COCTOAIIAs U3 OHMOMOIMMEPHOIO0 MUKPOCTPYKTYPHUPOBAHHOTO KOJIJIAr€HCOAEPIKAIIEro ruIporesis, Me3eH-
XUMAaJIbHBIX CTPOMAJIFHBIX KIETOK >kMpoBoi Tkanw denoBeka (MCK JKT4) m MHIyKIIMOHHOW XOHAPOTEHHON
KyJIbTYPajIbHOU Cpeabl, KOTopas Oblia IOMEIeHa B IIPOTOYHBIN Onopeakrop. B xone skcrepumenTa ycTaHoBIe-
HO, 4T0 Ha 16-e cytku MCK XKTu nmproOpeTraroT XapakTepHyo ISl XOHAPOOIACTOB YIUIOMEHHYO (OPMY U IIPO-
SIBJISIFOT BBICOKYIO MPONK(EPaTUBHYIO aKTUBHOCTD € (POPMHPOBaHHUEM COOCTBEHHOTO BHEKJIETOUHOTO MaTPHKCA.
AHaJn3 THCTOJIOTUYECKON KapTHHBI [TOKa3all, YTO Ha JaHHOM 3Talle MOYKHO TOBOPUTH O Hadase OpMHUPOBAHUS
TKaHEWH)KEHEPHOH KOHCTPYKIMH XPSAIIEBOM TKaHH YeJI0BeKa.

Kniouesvie cnosa: npomqublﬁ 6u0peal<m0p, KI1emo4YHO- U MKAHEUHICEHEPHASI KOHCMPYKYUU,
6u0n0JlMM€prZZZ MAMPUKC, MEZEHXUMAIbHbLE CMPOMANIbHbLE KIIEMKU, XPAULEBAsl NMKAHb.

APPLICATION OF TISSUE ENGINEERING TECHNOLOGY
FOR FORMATION OF HUMAN ARTICULAR CARTILAGE
IN PERFUSION BIOREACTOR

V1. Sevastianov, Yu.B. Basok, A.M. Grigoriev, L.A. Kirsanova, V.N. Vasilets

V.l. Shumakov National Medical Research Center of Transplantology and Arfificial Organs
of the Ministry of Healthcare of the Russian Federation, Moscow, Russian Federation

Formation of tissue-engineered construct was performed in a specially developed bioreactor. At first, a cell-
engineered construct of human cartilage tissue consisting of biopolymer microstructured collagen-containing
hydrogel, mesenchymal stromal cells of human adipose tissue (hRADMSCs) and induction chondrogenic culture
medium was prepared and placed in a perfusion bioreactor. As a result, on the 16™ day of the study hADMSCs
obtain a flattened shape typical for chondroblasts and demonstrate high proliferative activity with the formation
of their own extracellular matrix. Histological analysis of the cultured system indicates the beginning of the for-
mation of a tissue-engineered construct of human cartilage tissue.

Key words: perfusion bioreactor, cell-engineered construct of human articular tissue, tissue-engineered
construct of human articular tissue, biopolymer matrix, mesenchymal stromal cells, cartilage tissue.
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pom u3 nomerieHHoi B Hero KUK XTu dopmupy-

ercss TUK XTu ¢ mocnenyromieit ee uMIIIaHTauei

MAUUEHTY AJIs MOJMHON WM YaCTUYHOM 3aMEHBI MO-

BPEXACHHOIO Xpslia.

B 00oux cinyuasx KK XTu, cocrosiiyto u3 pe3op-
OMpyeMOro MaTpHuKca, ayTOJOTHYHBIX XOHAPOLHTOB
(AX) w/umm CTBOJIOBBIX KIIETOK, a TaKKe HHIYKIIH-
OHHOM XOHIIPOTEHHOM cpendpl, comepikaimieii HeoOxo-
JIUMBIE CHTHAJIbHbIE OMOMOJIEKYINBI, MPeIBAPUTEIHHO
KYJIBTUBUPYIOT iR VItro.

[Ipu ucnonszoBanuu KUK XTy gis ctumynuposa-
HUS pEreHepanuy MOBPEXACHHOIO Xpslla OCHOBHAs
(GYHKIMST MaTpuKca CBOTUTCA K OOecIieueHHI0 (yHK-
LIMOHAJILHON aKTHBHOCTH KJIETOK B MECTE MMIUIaHTa-
LU B TEUEHHE BPEMEHH, NOCTATOYHOIO ISl 3aITycKa
MIPOIIECCOB BOCCTAHOBJICHHS XPAIIEBO TkaHu. B Ono-
peakTope MaTpuKC UIPAET POJb BPEMEHHOTO HCKYCCT-
BEHHOTO BHEKJIETOUHOTO MaTpHKCa, 00€CIIeUnBaIOIIETO
JUTUTENTBHOE BpEMsI HEOOXOUMBIE YCIOBUS VISl TIPOJIH-
(depanun/audPepeHITNPOBKNA KIETOK W CHHTE3a HMH
Cc0oOCTBEeHHOTO BHEKJIETOUHOTO MaTpukca (BKM).

Leanio nccaenoBanus sBIIOCh n3ydeHune 3ddek-
tuBHOCTH KUK XTHu, cocTosimux u3 OMONOIMMEPHOTO
MHUKPOCTPYKTYPUPOBAHHOTO  KOJUIAr€HCOAEPIKAIIETO
ruaporeneBoro Marpukca (bMKI'), Me3eHXUMambHBIX
CTPOMAaJIbHBIX KJIETOK KHPOBOM TKaHU uenoBeka (MCK
2KTu) 1 MHAYKIMOHHOM XOHAPOT€HHOM Cpenbl IS pe-
TeHepaIny MOBPEXIEHHOTO CYCTaBHOTO Xpsmia U dop-
mupoBadus TUK X T4 B mpoTodHOM OHopeakTope.

MATEPUAADBI U METOADI

BbMonoAuMMeEpHbIM reTeporeHHbIn
FTMAPOreAeBbiIi MATPUKC

B kadecTBe OmomerpaaupyeMoro MaTpukca s Co-
3MIaHUsl KJICTOUYHO-WHXKCHEPHOW KOHCTPYKIIUU XpsIIia
Obut BeIOpaH BMKI' u3 auHEWHOTro psijia KOMIIO3UIIHH
UMIUTaHTUpYyeMoro rereporeHHoro rens Cdepo®renb
(AO «buommp cepBuc», T. KpacHO3HaAMEHCK).
Cdepo®renb, nHbEKIIMOHHAS (POpPMa OHOIIOIUMEPHO-
T'O TETEPOTeHHOTO THAPOTENS, 3apPETUCTPUPOBAHHOTO B
Poccuu 1uist KIMHUYECKOTO IPUMEHEHUS, TPOU3BOUT-
Cs Ha OCHOBE KOMIIOHEHTOB TKaHeBoro BKM cenncko-
XO3SIICTBECHHBIX KUBOTHBIX M XapaKTEPHU3YETCs BBICO-
KO OHMOCOBMECTHMMOCTBIO U OHOCTHMYJIHPYIOIIUMH
cBorictBamu. OnuceiBaeMbiii BMKI npenna3znauen ans
3aMeHHI JIe(heKTOB MATKHUX TKaHeW, BKITIoUas IpuMeHe-
HUE B 00J1aCTH KJIETOUYHBIX TEXHOIOTHH [3—6].

MOAroToBKO ME3€HXMMAAbHbIX CTPOMAAbHbIX
kaeToK u coctas KUK XTy

B skcniepuMeHTe MCHOIB30BAIM ME3EHXUMAJIBHBIE
CTpOMAaJIbHBIE KJIETKH YXUPOBOW TKaHH, IMOJTYyYCHHbIE
ot 3n0poBoro noHopa B ®I'BY «DHII TpancmnaHTo-
JIOTUM U UCKYCCTBEHHBIX OpraHoB um. ak. B.M. Ily-
MakoBa» MuHnznpasa Poccun npu nHOOPMHPOBAHHOM
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comtacuu manuenTta. KieTku BBIIETSIN U KyJIbTHBH-
POBAJIM 10 CTAHJAPTHONH METOJUKE Ha IOJHOH POCTO-
Boit cpene (IIPC) mms Me3eHXUMaNTbHBIX CTBOJIOBBIX
kieTok demoBeka MesenPRO RS™ (e3 mmoramuHa
(Gibco®byLifeTechnologies™, CIIIA) c nobasie-
HUEM pOCTOBBIX A00aBok MesenPRO RS™ Growth-
Supplement (Gibco®byLifeTechnologies™, CIIIA) u
L-I'myramuna 2 MM (ITanDxo, Poccus). [lnst coznanus
KWK XTu ucnonb3oBanu KJIETKH 2-TO Maccaxa.

Bce npoueaypsl npoBOaMIN B aCENITUYECKUX YCIIO-
Busx. KileTku CHUMaNu ¢ KyJabTypajbHOTO IUIACTHKA
peaktuBoM TrypLe (Invitrogen, CILIA) mocie npombIB-
K MOHOCJIOST pacTBopoM Bepcena (ITanDxo, Poccus).
3areM 1EHTPU(YTUPOBAHUEM CYCIICH3MIO KJICTOK B
[MPC noBomuiu 0 HEOOXOMMMOM KOHIIEHTpAIHH 6 X
10° xo/mor. J{ns monmyuenuss KUK XTu 500 Mk mosy-
YEeHHOHN CYCHEH3UH MOCIOWHO cMemmBaiu ¢ 1 mi 6mo-
marpukca BMKI'. Ilomy4uennsrii oOpasen HaHOCHIIN Ha
HEHUJIOHOBYIO TIOJUTOKKY W TTOMEIIANN B TUeHKy Omope-
aKTopa.

OKCNEePUMEHTAABHAS MOAEAD
(uccaeaoBaHue in vivo)

Jns ananuza in vivo BIMSIHUA BHYTPHUCYCTaBHOTO
BBefennss KUK XTu Ha perenepanuio rmagdHOBOTO
Xpsiia 60bIION GepIIoBOi KOCTH KPOJIUKA HCIIONB30-
BaJIN SKCIIEPUMEHTATILHYIO MOJICIb 8]TbI0OBAHTHOTO apT-
puTa (KpOJIHMKH, CAMKH, COBETCKAs IIIMHIITHIIIA) C JTajTh-
HEUM pa3BuTHEM B 0cTeoapTpo3 (OA) B coueTaHHH
C KJIMHUYECKUMH, OMOXHMHUYECKUMH, PEHTTCHOJIOTH-
YECKUMHU U TUCTOXHMUYECKUMHU HCCIeNOBaHUAMH [7].
[IpaBbIii cycTaB CIyXHJI B KadeCTBE OTPHUIIATEIHHO-
rO KOHTPOJS; a B JIEBBIM OJHOHM Ipymme >XKHBOTHBIX
(n = 5) BBogun BMKI, a apyroit rpynme (n = 5) —
KUK XTu.

OnucaxHue 6uopeakTopa

s mpoBefieHUsT SKCIIEPUMEHTOB 0 (OpMUpPOBa-
Huto TUK XTu 3 KUK XTu 6pu1 pa3padoran 6mope-
aKTop, CXeMa KOTOpOro mpejicTaBicHa Ha puc. 1. buo-
Matpukc BMKI' ¢ kieTkamMu mmoMenanya Ha MeMOpaHy
n3 HermoHa ¢ pasmepom mop 10 mxm (Merck Millipore
Ltd., Upmanmus), koTopas pa3Mmeniaiach Ha TOPHUCTOM
MOJUTOKKE pabodeid TYeiKu OnopeakTopa.

B xone mpemBapuTeNbHBIX HCTBITAaHUNA Ha (HUOPO-
omacrax Meimu auaunk NIH 3T3 Oblio mokasano,
YTO HEWJIOHOBBIE MEMOpaHbl HE MPOSBISIOT IO OT-
HOIIIEHUIO K KIIETKaM KaKHX-JIM0O ITMTOTOKCHYECKUX
CBOMCTB MO0 BIUsSHYS Ha MOpdosoruio kieTok. Cre-
AYCT TaKKE€ OTMCTUTD, UTO TOJILKO CAMHUYHBIC KIICTKU
MPUKPEIUIUITUCH K TTOBEPXHOCTH HEUJIOHOBBIX MeMOpaH
0e3 mampHeimei npoiardeparum.

Bbuopeakrop Bxitogasn B ce0si ABe HE3ABUCHMBIE CHC-
TeMbl LUPKYJISIIUK. B ka0l U3 HUX K pe3epByapy C
KyJIBTYpalbHOU Cpeoi MapayienbHO NOAKIIOYAIIN IBE
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Puc. 1. Cxema Guopeakropa: 1 — pesepByap co cpenoit; 2 —
pabouas siueiika OnopeakTopa; 3 — MepUCTaIbTUICCKUN Ha-
€0C; 4 — KOHTPOJUIEP, YIPABIAEMBIN KOMITBIOTEPOM; 5 — cTe-
PWIBHBIN QUIIBTP

paboune sueiiku (BBICOTA 5 MM, AHAMETP OCHOBAHMS
22 mm). [TocTOSHHYTO IUPKYISIIAIO CPEAbI C 3aAaHHOM
CKOPOCTBIO 00eCIeYrBa Il YETHIPbMS MEPUCTATIBTHYC-
ckumu Hacocamu (MasterFlex, CIIIA), pa3memnieHHbI-
mu cHapyxu CO,-uHKyOatopa. YpaBleHHE MOTOKOM
OCYILECTBIISUIN Yepe3 CBA3aHHBIA C KOMITBIOTEPOM KOH-
tposutep (Harvard Apparatus, CIIIA) ¢ moMoIibko mpo-
rpammuoro obecrieueHust ORCA Controller Software.
Paboune sgeiiku 1 pe3epByapsl CO Cpefol MoMeIIamn
B MHKyOaTOp, IIe moanepkuBaym temmneparypy 37 °C,
OTHOCHUTENBHYIO BIakHOCTh 90—100%, cocTa ra30Boi
cmecu CO, — 5% u O, — 20%.

MpUXun3HeHHOe OKPALUMBAHUE KAETOK
komnaekcom LIVE/DEAD

Uepes onpeneseHHbI OTPE30K BPEMEHHU KYJIBTH-
BupoBanus oopazery KUK XTu uzBnexanu u3 sueiiku
OnopeaxTopa, nomenany B amky [letpu n okpammsa-
JIA KOMIUIEKCOM (MTFOOPECIIEHTHRIX KpacuTenei Live/
Dead (Invitrogen, CIIIA). /laHHBIH KOMILJIEKC COCTO-
UT U3 JIBYX KOMIIOHEHTOB: calcein AM naer 3ejeHyro
(ITIOOPECIEHINIO KHUBBIX KJIETOK, PErHCTPUPYEMYIO
mpu anuHe BOMHBI 515 HM, ethidium homodimer-1,
MPOHMKAsl Yepe3 MOBPEXKJCHHYI0 MEMOpaHy KIETOK M
ces3biBasich ¢ JIHK, nmaer kpacuyto duroopecreHmto
npu 635 uM. Kpacutenu oTnu4aroTcsi O4eHb HU3KUMHU
3HAYCHUAMH (DOHOBOTO CBeUEHUs M Xopomreh muddy-
3Mel B THIPOTEITh, YTO MO3BOJISET UCTIONB30BATh MX JIJIS
OLIGHKM COCTOSTHHSI KJIETOK B oOpasne. HeoOxomumele
KOJIMYECTBA KpacHUTeNlell CMEUIMBaId B CTEPHIILHOM
¢docdaraom Oydepe DPBS, mocne gero nobammsimu B
yamky Iletpu ¢ ¢pparmenrom TUK. Yepes 30 munyT
WHKYOMpOBaHHS TPH KOMHATHOHM TemIiieparype, oOpa-
3en (ororpadupoBanu ¢ MCHONB30BaHKUEM (roopec-
neHTHOTO MHKpockomna Nikon Eclipse TS100.
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fMcToAorMyeckue MeToAbl UCCAEAOBAHMUS
o6pasuos

O6pasupbl pukcupoBanu B 10-nporieHTHOM 3a0yde-
peHHOM pacTBope hopmanuHa (He MeHee 4 4), IPOMBI-
BajJH B Te4eHHe 15 MHUHYT B MPOTOYHOM Boze U 00€3-
BOKMBAJIM B CHUPTaX BOCXOMSIINX KOHIIEHTpaunui (B
neyx mopumsix 70, 80, 96% 3taHONa, MO 5 MUHYT B
Ka)XJIOH CMEHE CHMPTOBOIO PACTBOPA), BBIACPKUBAIN
Mo 5—7 MHHYT B CMECH 3TaHOINIa U XJI0opodopMa, B XJI0-
podopme u 3anuBanu B napadud. Cpessl TOMHUHON
4-5 MKM, TIOTy4eHHBIE ¢ TIOMOIIBI0 MUKpoToMa Leica
RM3255, nenapaduHUpOBaliM, PETHAPATHPOBATH U
OKpAaIlWBaJIY, Clelysl CTaHJAPTHBIM METOANKAM, reMa-
TOKCUJIMHOM U 303WHOM, aJIbIIUaHOBBIM CUHUM JJIs BBI-
SIBJIEHUS] MYKOIOJIMCAaXapuA0B U Ha COEANHUTENIbHYIO
TKaHb N0 MeTomy MaccoHa. AHainu3 U (OTOCHEMKY
MOJTyYEHHBIX MPETapaToB MPOBOANIH, UCTIONb3YS MUK-
pockorn Nikon Eclipse, ocHaniennblii iudposoii ¢horto-
Kamepoi.

OkpawunsaHne napacUHOBbLIX CPE30B
06pasLL0B reMAOTOKCMAMHOM U 303UHOM

Cpe3bl OKpalmBail reMaTokcuInHoM Maiiepa B Te-
yenue 10 MUH, MPOMBIBAIU B IPOTOYHOM BoziE 3—5 MUH,
OTOJIACKMBANIM JUCTUINIMPOBAaHHON BOAOM M OKpalu-
Bamu 1% pactBopom 303uHa 30-50 c. OnonackuBaan
JIUCTHJUTMPOBAHHOM BOJIOW, 00C3BOXKHMBAIIA B 3TAHOJIC
¢ BocxonsamuMu koHreHTpamnusmu (70, 80, 96%), npo-
CBETVISUTH B KapOOJI-KCHIIONE, KCUJIOJE M 3aKII0Yajil B
Oanb3aMm.

OkpawmeaHue napaduHOBbLIX CPE30B
OAbLLUAHOBbIM CUHUM

[y mpUroToBIeHUs pacTBOpa albLIMaHOBOTO CHHE-
ro (Sigma, CIA) 1 r kpacurens pactBopsiu B 100 mi
3% yxcycHoii kuciotsl. PacTBop GpuiasTpoBasv U HaHO-
CHJIM Ha JienapaHUPOBAaHHBIE U PETUAPATUPOBAHHEIE
cpesbl Ha 30 MUHYT, IOCIIE Yero MPOMBIBATHN B TUCTHUII-
JUPOBAHHOM BOJIE U TOKpAIINBAIHU B TedeHue 10 MUHYT
remarokcmimHOM. CTeKIa co cpe3aMu BBIICPKUBAIH B
MPOTOYHOH Bozie 3—5 MUHYT, 00€3BOJKHBAJIH B CITUPTAX
BOCXOJIIIINX KOHLEHTPALUI, KCHIIONIE U 3aKI04aad B
Oanb3aMm.

OxpawmsaHue napacdoMHOBbIX CPe30B
no metoAy MaccoHa

HenapaduHupoBaHHbIE, PETUAPATUPOBAHHBIC Cpe-
3Bl OKpAILIUBAIH XKEJIC3HBIM TeéMaTOKCHIIMHOM Beiirep-
Ta B TEUCHHE 2 MHHYT, IIPOMBIBAIM BOJOIPOBOTHOM
BOJOH 15 MUHYT M OKpalIMBald KUCIBIM (DYKCHHOM
2 munyTHL. [locme gero cpes3sl OBICTPO OIMOIACKUBAIIH
MACTHJUTNPOBAHHON BOJOW W TOMEIIANN B 1-TIpOIIeH-
THEIH pacTBOp GochOpHOBOIBPPAMOBOI KUCIOTHI Ha
10 MuHyT. PacTBOp KMCIIOTHI CIIUBAJIM, HE OTIOJIACKUBASI
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Cpesbl B BOJIe, U MOMEIAIH CTeKIa B PaCTBOpP aHWIIU-
HOBOT'O CHMHEro Ha 1—2 MUHYTBHL. 3aTeM Cpe3bl Omojac-
KHMBaJIl BOIOIPOBOAHOHN Booil n nuddepeHnupoBain
B 1-NIPOIIEHTHOM PacTBOPE YKCYCHOM KHUCIIOTHI B Te4e-
Hue 10 munyT. [IpoBoaunm 00e3BOKMBaHKE B CIIUPTAX
BOCXOJISIIIIMX KOHLEHTPAaLUWH, NTPOCBETIISUIN B KCHIIOJIE
U 3aKiaouanu B Oanp3aM. IIpu 3TOM coenuHHTENBHO-
TKaHHBIE BOJOKHA OKPAIIMBAIOTCS B CHHHM IIBET, siApa
KJIETOK — B YEpHBIA WIIM TEeMHO-CHHHH, IIMTOILIAa3Ma
KJIETOK — B MaJMHOBO-PO30BBIM MJIM KPaCHBIN.

PE3YABTATbI U OBCYXAEHUE

1. BHyTpucyctasHoe BeepeHne KUK XTy
AAS pereHepaumm NOBPEXAEHHOro
CYCTOBHOroO XpAwa

Ha 90-e cyTku mocie MOIENUPOBAaHUS OCTEOAPT-
po3a (OA) cycTaBoB B KOHTPOJIE OTMEUEHBI 3PO3UH U
OTCJIOCHHE TOBEPXHOCTHBIX CIIOEB, Pa3peKeHUe Kiie-
TOK B DIyOOKHX CJIOSX, HMCUYC3HOBEHHE CTOJIOUATOM
CTPYKTYpPBI, Xa0THYHOE PACIIONIOKEHUE XPSILEBBIX KIIe-
TOK M JIOKaJIbHOE Pa3beINHEHNE XPSIIEBOTO MaTpHKca
(puc. 2, a). Ha 60-e cytku nmocie nabeximn bMKI B
MOPaKEHHBI CyCcTaB MOP(OJIOTHUECKUX OTIHYHHA B
TKaHU 110 CPAaBHEHHIO C OTPHLATEILHBIM KOHTPOJIEM
He Obut0. [IpHu 3 TOM OoTMedany Havano GopMUPOBaHUS
CTOJIOYATON CTPYKTYPbl M OTHOCHUTEJBHYIO IIE€JIOCT-
HOCTh TIOBEPXHOCTHOTO cJ0sl. IHTepecHo, 4To 3a TOT
ke nepuof nocne uMinantauuu KUK XTd B TpaBMu-
POBaHHBIHM CycTaB B TKaHU IIPUCYTCTBOBAJIN IIPU3HAKU
YaCTUYHOW pereHepanuu XpsaueBoi CTPYKTYpbl, TAKUE
Kak 00pa30BaHUs CTOJIOIIOB XOHJPOIIUTOB B CPEIHEM
CJIoe, BOCCTaHOBIICHHE ITOBEPXHOCTHOTO cjosi (yBe-
JMYCHUE KOIMYECTBA KJIETOK), IOSBJIEHHE M30T€HHBIX
rpynn kierok B BKM (puc. 2, 6). Paguonoruueckue

L'l-

WCCIEeNOBaHUs TUHAMUKH pa3BUTHI OA KOJIEHHOTO
CyCTaBa HE IIO3BOJIMWIM HaOIIOATh IPOLIECC pEreHe-
pauuu ruaiauHoBOro xpsima nocne uHbekuuun KUK
XTu. [lony4yeHnHsle pe3ynsraTsl (PyHKINOHATBHOM (-
¢dextuBaocTn KUK XTu Ha skcniepuMeHTaIbHONH MO-
JIeNd, sl KOTOPOM KIIETOYHBIM KOMIIOHEHT SIBIISIJICS
KCEHOT'€HHBIM, MOJKHO OOBSICHUTH CTUMYJIHPYIOIIUM
nercteueM KUK XTy Ha npouecchl pereHepaiuu cyc-
TaBHOTO Xpsmma. MoXXKHO NPEION0XKNUTh, YTO pereHe-
patuBHbIi norennuan KUK XTg Op11 CBSI3aH ¢ aKTHBU-
PYIOIIUM BIUSHHEM Ha MHUTPALUIO CTBOJIOBBIX KJIETOK
U3 OKpPYXKaIOUIMX TKAHEW B MOBPEXKACHHBIM y4acTOK U
ux nocneaytomei auddepeHInpoBKOi B XOHIPOLHTHL.

2. Popmuposanune TUK XT4 us KUK XTy
B NPOTOMHOM GuopeakTope

B MHOrOCYTOYHOM DKCIIEPUMEHTE Ha KaXKIYI0 MEM-
Opany u3 Heisiona (Millipore, Mpnanaus) HaHOCHIH
obpazeny KK XTu B Buge 1,5 mn cycnensun MCK
’KTu B poctoBoii cpene MesenPRO RS™, nocnoitHo
cmemanHbelx ¢ 1 a1 BMKI' marpukca. Ilpu atom xo-
HEYHass KOHIEHTpaLUs KJIETOK B CMECH COCTaBjslIa
2 % 10° knerok Ha 1,0 1 KUK XTu. Yetsipe paboune
sueiiku Ouopeakropa ¢ KUK XT oxnu cyTku HHKYOH-
poBanu B poctoBoii cpene MesenPRO RS™ (Gibco®
by Life Technologies™, CILIA) B cratuke. [lanee Bce
YeThIpe STYCHKH ITOMEINAIH B IPEABAPUTEIIFHO 3aIl0J-
HEHHYIO POCTOBOM cpemoil cuctemy OuopeakTopa
MHKYOMPOBAJIM B YCIIOBUSAX MOTOKAa NMPH CKOPOCTH H
o0beme nupKynupytomieit cpeast 0,5 mu/mMud u 110 Mo
COOTBETCTBEHHO. Uepes 24 9 IMUPKYISAIHHA POCTOBOU
cpenbl oAHy sueiiky c¢ obpasuom (Ne 1) u3Bnexnu w3
OMopeakTopa U MPOBEIN B OMOPEAKTOpEe 3aMEHy pOC-
ToBo# cpensl Ha cpeny STEMPRO® (Gibco® by Life

Puc. 2. Tuctonornveckas CTpyKTypa Xpsiiia cycTaBa OOIBIION OepIIOBOM KOCTH KPOJIMKA B IKCIIEpUMEHTaIbHOM Momemn OA
Ha 120-e cyTKH OT Hayasa SKCIIEpPIMEHTA: a — [IPaBbIi KOJIEHHBIH cycTaB yepe3 90 cyTok nocie moaenupoBanus OA (oTpuia-
TEJBHBIA KOHTPOIIB); O — JIEBBI KOJICHHBIN cycTaB depe3 90 cyTok mocue monenupoBarns OA u 60 cyTok mociie BHyTpPHUCYC-
taBHOTO BBeieHUs] KK XTu. Okpacka — reMaTOKCHIMH U 303uH. %200
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Puc. 3. Mukpodororpadus moBepxHocTu oOpasma Ne 3: 14 CyTOK KyJbTUBUPOBAHUSA B TUPPEPESHIMPOBOYHON cpele
STEMPRO® B ycnoBusix noroka. MCK XXTu na nmoBepxHoctn Mukpodactuisl BMKI. OkpammBanue ¢uryopecieHTHBIMU
kpacuremssmu Live/Dead (Invitrogen, CIIIA); a — x50, 6 — x100. 1 — ckornenne kietok; 2 — BMKD

Technologies™, CIIA), nHIyIHPYIOUIYIO XOHIPOTEH-
Hyto auddepeHnnpoBKy. Ha cnenyromnuii neHb dKcrie-
puMeHTa (48 4 KyIbTUBUPOBAHUS B YCIOBHSIX IIOTOKA,
u3 HUX 24 9 B tudpepeHnmpoBodHOi cpene) u3 Onope-
akTopa ObliIa U3bsITa BTopas suciika ¢ oopasmom (Ne 2).
Ha 14-ii nennp kynastuBupoBaHus B AuddepeHmupo-
BOYHOH cpene u3 OHOpeakTopa MU3BJIEKIN MOCICIHION
stueiiky (oOpaser Ne 3). 3ameny auddepeHIpoBOIHOM
Cpeabl MPOBOAMIIH KXy HENEIIO.

O6pasnp! Ne 1 u Ne 3 1omoaHUTENBHO OKpaIIUBaIN
(uIyopecleHTHBIM BUTAIbHBIM Kpacuteiem Live/Dead
(Invitrogen, CILIA) a71st KOHTPOJIA KU3HECTIOCOOHOCTH
KJIETOK COIVIACHO METOIUKE, W3JIOKEHHOH B MHCTPYK-
mn pupMeI-iponsBoauTens. Yepes cyTku mocie Ha-
Yajia SKCIEPUMEHTa KJIETKH B OOJNBLIOM KOJIMYECTBE
NPUKPEIUBUTUCh K YacTHLAM THUAPOTeNsl, pacIiiacThl-
Banuch. OLEHKA COCTOSIHUS KJIETOK Yepe3 ABe Helenu
nocJyie 3aMeHbI cpeibl Ha Iu(GepeHINPOBOYHYO TTOKa-
3a51a, 4TO Ha MmoBepxHOocTH MHUKpoudacTuy BMKI' uaer
nponudepanys MPUKPENUBLUINXCSA KIETOK, H COOTBET-
CTBEHHO, POCT KJIETOYHOH Macchl (puc. 3) ¢ oOpa3oBa-
HUEM Ha HEKOTOPBIX y4YacTKaxX THUAPOreNs CIUIOLIHBIX
KJIETOYHBIX IJIACTOB C BBICOKOW INIOTHOCTBIO KJIETOK.

I'uctonornyeckoe wuccnenoBanue oOpasma Ne 1
MOKa3aJio, 4YTO 4Yepe3 ABOE CYTOK KyJIHTHBHPOBAHHS B
pocroBoii cpene MesenPRO RS™ (24 4 B cratuke n
24 4 B yCIOBHX MOTOKA) KJIETOYHAs Macca Ha MOBEPX-
HOCTH THAporens Obula He3HaunTenbHoW. Kietku, 00-
HapyXuBaeMble Ha otaenbHblx yactuunax BMKI, xa-
PaKTEepPH30BAIUCH YIIOMICHHOH, BHITSHYTOH (opMoi
U OBaJIbHBIM siipoM. [IpukpenuBIIMECS KIETKH ObLTH
PAacIIoIoOKeHbl CTPOTo Ha OBEPXHOCTH YacTUL] THAPO-
relis ¥ He TIPOHUKAIN B TOJIIy Onomarpukca (puc. 4).
UYepes 24 4 mocne 3aMEHBl pOCTOBOM cpenbl Ha Audg-
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tdepennmpoBounyto STEMPRO® (ob6pazer Ne 2) mpo-
HCXOIMJIO 3aMETHOE HapacTaHWe KIETOYHOH Macchl u
pacnpocTpaHeHHe KIETOK IO TTOBEPXHOCTH IIPAaKTH-
4yeckn Bcex (parmentoB runporens. [1o cpaBHeHHIoO ¢
OpeAbITYyIMM 00pa3loM yBEIHYUBAIOCHh KOJIMYECTBO
MHOTOCIIOWHBIX TPYIIN KJIETOK, B KOTOPBIX OMpeess-
JIUCh J1Ba MOP(OIOrMYECKU PAa3IUYHBIX KJICTOYHBIX
THIA: KJICTKN YIUIOIIEHHOW (OPMBI U KJICTKH CHIapo-
BUIHOW (OPMBI C OKpyrIbIM simpoM (puc. 5). Taxxke
HaOII01a10Ch IpopacTaHue KIETOK B TOJILy Ouomar-
pHKca, COIpoBOXKAAoLIeecs Pe30pOLMell THAPOTEs.
KrneTtku nmpuobpeTanu yrionieHnyw Gopmy u hopmu-
POBAJIM CKOIIJICHUS B BHJIE IIACTOB.

Puc. 4. l'ucronornyeckast kapruna obpasna Ne 1: KynbTUBU-
posanue KK XTu B pocroBoii cpene MesenPRO RS™ B te-
yeHue 24 4 B cratuke U 24 4 B ycnoBusx noroka. Pocr MCK
’KTu na moepxHoctn 6uomarpukca BMKI. OxpammBanne
reMarokcuiauHoM 1 303uHOM. X200. 1 — BMKT'; 2 — kitetkun
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Yepes 14 cytoxk HMHKYyOanuM B YCIOBHSX IIOTO-
ka B muddepenuuposounoir cpexe STEMPRO®, na
16-e cyTku 3kcniepuMmenTta B obpasue Ne 3 Habmroma-
JM 3HAUUTEIbHOE HApacTaHUE KIETOYHOH Macchl ¢
MPOTPECCUBHBIM YBEJIIMYEHUEM JOJIH BHEKIECTOYHOTO
marpukca (BKM), 4To cBUIETENHCTBOBAIO HE TOJBKO
0 mponudepaTUBHON, HO U BEICOKOW (DYHKIIHOHAIBHOM
AKTUBHOCTH KJIETOK.

CoOTHOIIIEHNE KIETOK M MaTphKca MpU 3TOM Me-
HSUIOCH B TIOJIB3Y TOCJEAHEr0. BONbIIMHCTBO KIIETOK B
9THUX TPEXMEPHBIX CTPYKTypax umeinno ¢pudpodnactono-
noOHYT0 Gopmy.

OkpammBanne 00pasloB Ha COCIUHUTCIHHYIO
TKaHb 1O MeToAy MaccoHa TO3BOJSUIO OMPEACIHTH

Puc. 5. I'ncronoruueckas kaptiuHa oopasia Ne 2: KyJbTHBH-
poBanue 24 4 B nuddepenimpoBounoii cpere STEMPRO®
B yCIOBHUSX NoToka. Hawano ¢opMupoBaHHs TpexMepHOH
KJIETOYHOH CTpYKTYypbl U npopactanne MCK JKTu B Tommry
6uomarpukca. OKpalInBaHHE TEMATOKCHINHOM M 303WHOM.
x200. 1 — BMKT'; 2 — ckorjieHe KJIETOK

BO BHEKJICTOYHOM MATpPHKCE HE TOJBKO HAIUYUE KO-
JlareHa, HO M BBISBISUIO CTPYKTYPHYIO OpraHH3aLuio
MaTpHKca: TOHKHE CHHUE BOJIOKHA (POPMHUPOBANIH CETh,
OKpyXarolyr ¢GudpodmactononodHsie kieTku. [Ipu
9TOM HauOoJIee MIOTHAS YIIAKOBKA KOJIJIAreHOBBIX (PHO-
pwu1 ObUIa B HEMOCPEACTBEHHOW OJIHM30CTH KJIETOK-
MPOAYIICHTOB (pHC. 6).

Hcnonb3oBaHue anbliHaHOBOTO CUHETO JIJ1s1 BBISIBIIC-
HUSI MYKOITOJIMCAaXapHI0B BO BHEKJICTOYHOM MaTpUKCE
JIaBaJio ciaboe CHHe-3elIeHOe OKpalliBaHUe, PacleHH-
BaeMO€ HaMHM KaK O3UTHBHYIO PEaKLHUIO Ha MOsIBICHUE
B cocrabe BKM, cHHTE€3UpPOBaHHOIO KJIETKaMH, IJIH-
KO3aMHHOTIIMKAaHOB (puc. 7). IlomydeHnHsie pesynbTa-
ThI, BEPOSTHO, CBUJICTEIILCTBYIOT O AU PEePEHIIUPOBKE

Puc. 6. T'ucronornueckas xaptuHa obOpasma Ne 3: 14 cy-
TOK KyJIBTHBHPOBaHUS B An(depeHIupOBOYHON cpese
STEMPRO® B ycioBusix noroka. KomnareHoBbsle BOJOKHA
BO BHEKJIETOUHOM MaTpukce. OkpamiBanue rno metony Mac-
cona. x200. 1 — BMKT'; 2 — knetka; 3 — BKM

Puc. 7. T'ncronornueckas kaptuHa oopasna Ne 3: 14 cyTrok KynsruBupoBaHus B anddepeniupoBodnoi cpene STEMPRO®
B YCJIOBHSIX TOTOKA. [103UTHBHOE OKpAIllMBAHUE BHEKJIETOYHOTO MATPHUKCA ajblUaHOBbIM cuHUM. a — x100. 6 — x200. 1 —
knetku; 2 — BKM; 3 — BMKT
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MCK KTu B XOHIpOULHMTHI U Hayaie (GpopMUpOBaHUS
TUK XTu.

CrnenyeT OTMETHUTD CYLIECTBEHHOE Pa3iInyHe B THC-
Toyorndeckoit kapruae oopaszioB KUK XTu mpu Kyib-
TUBHPOBAaHUHU B CTATHUKE M B YCIOBHUAX MOTOKa. [Ipum
kynsTuBupoBaHnd MCK XKTu ¢ 6nomarpukcom BMKI
B XOHJpPOTeHHOU cpene B cratuke [8] yepe3 14 cytok
HaOmonam 00pa3oBaHNe TPEXMEPHBIX CTPYKTYp (MHK-
pocdep) pazmepom ~ 30—300 MKM, 4TO HE OBLIIO OTME-
yeHo npu KyneruBupoBaHun KWK XTu B nmporounom
ouopeakrope. Kak Ha cpokax 14 u 28 cyrok mudde-
PEHIIMPOBKY B CTaTUKE, TaK M Ha cpokax 14 cyTok nud-
(epeHINPOBKY B YCIOBUSX TOTOKAa, HAM HE YIAJIOCh
BBISIBUTH Hajuuue koyareHa I Tuma B mosmyueHHBIX
KOHCTPYKLHUSX, YTO MOXKET OBITH CBA3aHO C MAJIBIM Bpe-
MeHeM An(pepeHIUPOBKY. 3aMETUM, YTO IPHU KYJIBTHU-
BupoBanuu KMK XTu B cTaruke HUTOMIIA3MATUYECKOE
OKpallIMBaHKHE KJIETOK aHTUTEJIaMU K KOJUIareHy 4elnno-
Beka II 6bu10 OOHAPYKEHO TONBKO K 42-M CyTKaMm XOH-
JporeHHon nuddepeHupoBkH [8].

INTRODUCTION

Recently, the development of new approaches to
the treatment of cartilage tissue damage based on the
use of tissue-engineering technologies and regenerative
medicine attracted major attention [1, 2]. The existing
technologies can be divided in two basic groups [3]:

— in situ implantation of cell-engineered construct of
human articular tissue (CEC ATh) for the stimula-
tion of regenerative processes of damaged articular
cartilage;

creation of a tissue-engineered construct of human
articular tissue (TEC ATh) using a special device —
a bioreactor where TEC ATh is formed from the
placed in it CEC ATh with a subsequent implantati-
on for full or partial replacement of damaged carti-
lage.

In both cases CEC ATh consisting of resorbable ma-
trix, autologous chondrocytes (ACs) and/or stem cells,
as well as induction chondrogenic culture medium,
containing the necessary signal biomolecules, is preli-
minarily cultured in vitro.

When using CEC ATh for the stimulation of the re-
generation of damaged cartilage, the main matrix func-
tion is the provision of functional cellular activity at the
site of implantation during a time period sufficient for
the launch of regenerative processes of cartilage tissue.
In a bioreactor the matrix plays a role of a temporary
artificial extracellular matrix which for a long period
of time provides the conditions necessary for cell proli-
feration/differentiation and their synthesis of their own
extracellular matrix (ECM).

The goal of this work was a study of the effectiven-
ess of CEC ATh consisting of biopolymer microstructu-
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red collagen-containing hydrogel (BMCH), mesenchy-
mal stromal cells of human adipose tissue (hADMSCs),
and induction chondrogenic culture as for the regene-
ration of damaged articular cartilage and the formation
of TEC ATh in a dynamic environment of a perfusion
bioreactor.

MATERIALS AND METHODS
Biopolymer heterogeneous hydrogel matrix

As a biodegradable matrix to develop cell-enginee-
red construct of cartilage, the heterogeneous compositi-
on of the implantable gel Sphero® GEL (ZAO «Biomir
service», Krasnoznamensk, Moscow Region) was se-
lected. Sphero®GEL, an injectable form of biopolymer
heterogeneous hydrogel registered in Russia for clini-
cal use, is produced on the basis of tissue extracellu-
lar matrix components of farm animals, possesses high
biocompatible and biostimulating properties, and is
designed for soft tissue defects replacement, including
application in cell technology [3-6].

Preparation of mesenchymal stromal cells
and composition of CEC ATh

The study used hADMSCs obtained from a healthy
donor at the Academician V.I. Shumakov Federal
Research Center of Transplantology and Artificial
Organs of the Ministry of Health of the Russian Fe-
deration with patient’s informed consent. The cells
were separated and cultured using the standard me-
thods [12] on a complete growth medium (CGM) for
mesenchymal human stem cells MesenPRO RS™
without glutamine (Gibco®byLifeTechnologies™,
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USA) using MesenPRO RS™ GrowthSupplement
(Gibco®byLifeTechnologies™, USA) and L-Gluta-
mine 2 mM (PanEko, Russia). In order to create CEC
hATh the second passage cells were used. All proce-
dures were conducted in aseptic conditions. Cells were
removed from culture plastic using a reagent TrypLe
(Invitrogen, USA) after rinsing the monolayer with
Versene solution (PanEko, Russia). Then the cell sus-
pension in CGM was centrifuged to the needed concen-
tration of 6 x 10° cells/ml. In order to obtain CEC ATh,
500 pl of the suspension obtained were mixed in layers
with 1 ml of BMCH biomatrix. The obtained sample
was applied to a nylon polymer membrane and placed
in a bioreactor culture chamber.

Experimental model (in vivo study)

An analysis in vivo of the influence of intra-articular
introduction of CEC ATh on the regeneration of hyaline
cartilage of the rabbit tibia was performed on the expe-
rimental model of the adjuvant arthritis (female Soviet
Chinchilla rabbits) with the further development into
osteoarthrosis (OA) confirmed by the clinical, bioche-
mical, and radiological trials [7]. The right joint served
as a negative control; the left one was injected with the
BMCH scaffold only for one group of animals (n = 5),
while the other group (n = 5) received CEC hAC.

Description of a bioreactor

In order to conduct a study of formation of TEC ATh
from CEC ATh, a bioreactor was developed as seen in
Fig. 1. A BMCH matrix with cells was placed on a ny-
lon membrane with pore size 10 um (Merck Millipore
Ltd., Ireland) which was located on the porous substra-
te of a bioreactor culture chamber.

During the preliminary trials on cell line NIH 3T3
mouse fibroblasts it had been shown that nylon memb-

I>—=

Fig. 1. Bioreactor set-up: 1 — reservoir with medium; 2 — cul-
ture chamber; 3 — peristaltic pump; 4 — computer-guided con-
troller; 5 — sterile filter
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ranes are not cytotoxic to cells nor influence their mor-
phology. It has to be noted that only singular cells were
attaching to the surface of nylon membranes without
further proliferation.

Bioreactor contained two independent circulation
systems. In each of them two culture chambers (height
5 mm, base diameter 22 mm) were simultaneously at-
tached to the reservoir with culture medium. Constant
medium circulation with a given speed was provided by
four peristaltic pumps (MasterFlex, USA) located out-
side the CO, incubator. The flow control was performed
via the controller connected to a computer (Harvard Ap-
paratus, USA) using ORCA Controller Software. Cul-
ture chambers and reservoirs with medium were placed
in an incubator where 37 °C temperature, 90—-100% re-
lative humidity, and composition of gas mixture CO, —
5% and O, — 20% were maintained.

Vital cell LIVE/DEAD staining

After a defined time period a sample of CEC ATh
was taken out of a bioreactor culture chamber, placed
in a Petri dish and stained with fluorescent dyes Live/
Dead. (Invitrogen, USA). This set consists of two
components: calcein AM produces green fluorescence
of live cells registered at 515 nm wave length, while
ethidium homodimer-1 penetrating the damaged cell
membrane and linking with DNA, results in red fluo-
rescence at 635 nm. The dyes are distinguished by low
flash values and good hydrogel diffusion which allows
to use them for evaluation of cell condition in a samp-
le. The needed amount of dyes was mixed with sterile
phosphate buffer DPBS and then added to the Petri dish
with a TEC fragment. After 30 minutes of incubation at
room temperature the picture of the sample was taken
with a fluorescent microscope Nikon Eclipse TS100.

Histological study of samples

The samples were fixated in 10% buffered forma-
lin solution (no less than 4 h), rinsed during 15 minutes
in running water and dehydrated in alcohols of rising
concentrations (in two portions of 70, 80, 96% ethanol;
5 minutes in each replacement of alcohol solution), let
stand 5—7 minutes in a mixture of ethanol and chloro-
form, in chloroform, and poured into paraffin. Sections
with a thickness of 4-5 um obtained using microtome
Leica RM3255 were deparaffinized, rehydrated and
stained per the standard methods with hematoxylin and
eosin, alcian blue to detect mucopolysaccharides and
connective tissue using Masson’s method. The analysis
and imaging of the samples obtained were conducted
using Nikon Eclipse microscope with a digital camera.

Staining of paraffin sections of samples
with hematoxylin and eosin

Sections were stained with Mayer’s hematoxylin
during 10 min, washed in running water for 3—5 min,



OB30OPbl AUTEPATYPHI

rinsed with distilled water and stained with 1% eosin
solution for 3050 sec. Then they were rinsed in dis-
tilled water, dehydrated in ethanol with rising concen-
trations (70, 80, 96%), clarified in carbolxylol, xylene
and placed in balm.

Staining of paraffin sections with alcian blue

In order to prepare an alcian blue solution (Sigma,
USA) 1 g of dye was diluted in 100 ml of 3% acetic acid.
The solution was filtered and applied to deparaffinized
and rehydrated sections for 30 minutes after which they
were rinsed in distilled water and additionally stained
during 10 minutes with hematoxylin. Section slides
were placed in running water for 3—5 minutes, dehyd-
rated in alcohols of rising concentrations, xylene, and
placed in balm.

Masson'’s staining of paraffin sections

Deparaffinized rehydrated sections were stained
with Weigert’s iron hematoxylin for 2 minutes, rinsed
with running water for 15 minutes and stained with acid
fuchsine for 2 minutes. Afterwards the sections were
quickly rinsed with distilled water and placed into 1%
solution of phosphatotungstic acid for 10 minutes. The
acid solution was drained without rinsing the sections
and the slides were placed in aniline blue for 1-2 minu-
tes. Then the sections were rinsed with running water
and differentiated in 1% solution of acetic acid. Dehy-
dration was performed in alcohols of rising concentra-
tions, the sections were clarified in xylene and placed
in balm. During this process the connective tissue fibers
are stained blue, cell nuclei — black or dark-blue, cell

cytoplasm — raspberry pink or red.

.rifll-..{‘,
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RESULTS AND DISCUSSION

1. Intra-articular introduction of CEC ATh
for the regeneration of damaged articular
cartilage

On Day 90 after OA modeling the control joints de-
monstrated erosion and exfoliation of the superficial
lamina, deep layer cellular rarefaction, columnar struc-
ture disappearance, chaotic location of cartilage cells
and local separation of cartilage matrix (Fig. 2, a). On
Day 60 after the injection of the BMCH scaffold alone
into the affected joint the morphological difference in
the tissue specimens compared to the negative control
is not pronounced. The beginning of columnar struc-
ture formation and the relative superficial layer integri-
ty were observed. Meanwhile, over the same timeframe
following the implantation of CEC hAC into the inju-
red joint the specimens demonstrate the signs of parti-
al cartilage structure regeneration such as chondrocyte
columnar formation in the middle layer, rejuvenation of
superficial layer (the cell number increase), the emer-
gence of isogenic cartilage cell groups in the extracel-
lular matrix (Fig. 2, b). Radiological studies of the dy-
namics of the knee joint OA development did not allow
to monitor the process of hyaline cartilage regeneration
upon the injection of CEC hAC. The obtained results
of the functional effectiveness of CEC hAC on the ex-
perimental model which is xenogenic by the cellular
component to the recipient animal can be explained by
the stimulating action of CEC hAC on the regenerati-
on processes of articular cartilage. It can be assumed
that the regeneration potential of CEC hAC is due to
its activating effect on migration of stem cells from the
surrounding tissue into the damaged area with the sub-
sequent differentiation into chondrocytes.

Fig. 2. The histological structure of the cartilage in the joints of the tibia in the rabbit experimental model of OA 120 days
from the start of the experiment: a — the right knee joint after 90 days after modeling OA (negative control); b — left knee joint
after 90 days after modeling OA and 60 days after intra-articular introduction of CEC hATh. Colouring with hematoxylin and
eosin (x200)
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Fig. 3. Microphotograph of Sample Ne 3 surface: 14 days of culturing in STEMPRO® differential medium in flow conditions.
hADMSCs on the surface of BMCH microparticle. Staining with fluorescent dyes Live/Dead (Invitrogen, USA). a — x50,

b —x100. 1 — cell cluster; 2 — BMCH

2. The formation of TEC ATh from CEC ATh
in a flow-through bioreactor

In amulti-day trial a sample of CEC ATh was applied
to each nylon membrane (Millipore, Ireland) as 1.5 ml
of hADMSC suspension in MesenPRO RS™ growth
medium mixed by layers with 1 ml of matrix BMCH. At
that, the final cell concentration in the mix was compo-
sed of 2 x 10° cells per 1.0 ml of CEC ATh. Four culture
chambers of a bioreactor with CEC ATh were incubated
for one day in MesenPRO RS™ growth medium (Gib-
co® by Life Technologies™, USA) in static conditions.
Afterwards all four culture chambers were placed in a
bioreactor system previously filled with growth medi-
um and incubated in flow conditions at speed and vo-
lume of circulating medium of 0.5 ml/min and 110 ml
respectively. After 24 h of growth medium circulation
one culture chamber with a sample (Ne 1) was removed
from a bioreactor, while the growth medium in the bio-
reactor was replaced with a STEMPRO® (Gibco® by
Life Technologies™, USA) medium inducing chondro-
genic differentiation. On the next day of study (48 h of
culturing in flow conditions, including 24 h in differen-
tial medium) the second culture chamber with Sample
Ne 2 was removed from a bioreactor. On Day 14 of cul-
turing in differential medium the last culture chamber
(Sample Ne 3) was removed from the bioreactor. The
differential medium was changed weekly. Samples Ne 1
and Ne 3 were additionally stained with fluorescent vital
stain Live/Dead (Invitrogen, USA) to control cell vi-
ability according to manufacturer’s instructions. After
one day of the beginning of the study large amounts of
cells were attaching to hydrogel particles while flatte-
ning. The cell state evaluation after two weeks of me-
dium replacement with the differential one has shown
that on the surface of BMCH microparticles there was a
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proliferation of the attached cells and, correspondingly,
the growth of cellular mass (Fig. 3) with the formation
on some hydrogel areas of uniform cellular layers with
high cellular thickness.

Histological study of Sample Ne 1 demonstrated that
after 2 days of culturing in MesenPRO RS™ growth
medium (24 h in static and 24 h in flow conditions) the
cell mass on the hydrogel surface was insignificant.
Cells found on some BMCH particles were characte-
rized by flattened elongated shape and oval nucleus.
The attached cells were located strictly on the surface
of hydrogel particles without penetration into biomatrix
(Fig. 4). 24 h after the growth medium was replaced
with STEMPRO® differential medium (Sample Ne 2),

Fig. 4. Histologic pattern of Sample Ne 1: culturing of CEC
ATh in MesenPRO RS™ growth medium during 24 h in
static conditions and 24 h in flow conditions. Growth of
hADMSCs on the BMCH matrix surface. Hematoxylin and
eosin staining. X200. 1 - BMCH; 2 — cells
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a noticeable growth of cellular mass took place as well
as the distribution of cells on the surface of practically
all hydrogel fragments. Compared to a previous sam-
ple, the amount of multilayered cellular groups has
increased where two morphologically different cel-
lular types could be detected: cells of flattened shape
and cigar-shaped cells with rounded nucleus (Fig. 5).
Additionally, a penetration of cells into biomatrix was
observed accompanied by hydrogel resorption. Cells
obtained a flattened shape and formed layers.

After 14 days of flow incubation in STEMPRO®
differential medium, on Day 16 of the study in Sample
Ne 3 a significant increase in cellular mass was obser-
ved with progressive increase in the share of extracel-
lular matrix (ECM) which proved not only proliferative
but also high functional cellular activity.

The proportion of cells and matrix was changing
in favor of the latter. The majority of cells in those
three-dimensional structures had fibroblast-like shape.
Masson’s staining for connective tissue allowed not
only to determine the presence of collagen in the ext-
racellular matrix but also to reveal the matrix structure:
thin blue fibers formed a net surrounding the fibroblast-
like cells. At that, the densest packaging of collagen
fibrils was in the immediate surrounding of producer
cells (Fig. 6).

The use of alcian blue in order to detect mucopoly-
saccharides in extracellular matrix resulted in a weak
blue-green staining which we evaluated as a positive
reaction to glycosaminoglycans appearing in the cell-
synthesized ECM (Fig. 7). The results obtained possib-

Fig. 5. Histologic pattern of Sample Ne 2: 24 h in STEM-
PRO® differential medium in flow conditions. The begin-
ning of the formation of three-dimensional cellular structure
and penetration of hADMSCs into biomatrix. Hematoxylin-
eosin staining. x200. 1 — BMCH; 2 — cell clusters

Fig. 6. Histological pattern of Sample Ne 3: 14 days of cultu-
ring in STEMPRO® differential medium in flow conditions.
Collagen fibers in extracellular matrix. Masson’s staining.
x200. 1 — BMCH; 2 —cell; 3 - ECM

Fig. 7. Histologic pattern of Sample Ne 3: 14 days of flow culturing in STEMPRO® differential medium. Positive staining of
extracellular matrix with alcian blue. a — x100, b — x200. 1 — cells; 2 — ECM; 3 - BMCH
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ly indicate the differentiation of hADMSCs into chond-
rocytes and the beginning of TEC ATh formation.

It is important to note a significant difference in his-
tologic pattern of CEC ATh samples in static and flow
culturing. While culturing hADMSCs with BMCH ma-
trix in chondrogenic medium in static conditions [8], af-
ter 14 days a formation of three-dimensional structures
(microspheres) size ~ 30—300 um was observed which
was not noted while culturing CEC ATh in a perfusion
bioreactor. Both at Day 14 and 28 in static conditions,
as well as at Day 14 in flow differentiation conditions
we were unable to detect the presence of type Il colla-
gen in the constructs obtained which may be caused by
the short differentiation time. Let it be noted that during
static culturing of CEC ATh, the cytoplasmic cell stai-
ning with human collagen II antibodies was detected
only on Day 42 of chondrogenic differentiation [§].

Thus, the test results have shown that in a bioreactor
at a flow rate of 0.5 ml/min after 14 days of hADMSC
culturing with BMCH biomatrix in chondrogenic me-
dium, an active cellular proliferation with a progressi-
ve increase of ECM produced by cells takes place. A
histochemical analysis of samples at that time revealed
the presence of collagen and glycosaminoglycans. The
observed morphological changes in a bioreactor-cultu-
red CEC ATh confirm that the formation of TEC ATh
started on Day 16 of the study.

CONCLUSIONS

The obtained results demonstrate the effectiveness
of CEC ATh consisting of biopolymer microstructured
collagen-containing hydrogel (BMCH), mesenchymal
stromal cells of human adipose tissue (hADMSCs), and
induction chondrogenic culture as for the regeneration
of damaged articular cartilage in experimental model of
osteoarthrosis and the formation of TEC ATh in a dyna-
mic environment of a perfusion bioreactor.

This work was partially supported by Russian Foun-
dation of Basic Research grant Ne 16-29-07322.
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