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OPraHoOB MMEHK akaaemmka B.M. LLiymakosan MmH3ApaBa Poccum, Mockea, Poccumnckas Peaepaums

®opmupyeMble (CIIMBAaEMBIE) in Situ TUAPOTENN IMHUPOKO MPUMEHSIOTCS B KAUYECTBE TePANeBTUYECKUX UMILIAH-
TaTOB M CHCTEM JIOCTaBKH JUIS Pa3WYHBIX OMOMEAMIMHCKHX TEXHOJIOTHH, BKIIOUAsl TKAHEBYIO MHXEHEPHIO,
pereHepaTuBHYI0 MEAULIUHY U (hapMaKkoJIOTuio, Oaarogapsi 0MOCOBMECTUMOCTH THAPOTeTeH U MPOCTOTE HHKOP-
[OPUPOBAaHMS B HUX JIEKAPCTBEHHBIX BELIECTB, KJICTOK WJIM CUTHAIBHBIX MOJEKYJ B Ipolecce 0O0pa3oBaHUS
CeTYaTol CTPYKTYphl. B mocnenHee BpeMs THApOrenaeBble MaTepralbl YaCTO UCIIONb3YIOTCSA B KAY€CTBE HUCKYC-
CTBEHHOTO BHEKJIETOYHOTO MaTPUKCA M3-3a UX CTPYKTYPHOTO CXOJICTBA C HATUBHBIM BHEKJIETOUHBIM MaTPHUKCOM
YeNlOBEKa, a TAaKXKe M3-32 BO3MOXKHOCTH PETYIHPOBaTh UX MHOTOOOpa3HbIE CBOMCTBA. B KadecTBe KIETOYHOM
MHUKpPOCpPEAb! (MaTpUKCOB, HOCUTENEH) Ha OCHOBE Pa3IMYHBIX TEXHOJOTHIA CITUBKH OBUT pa3paboTaH psj CHHTE-
THYECKUX, IPUPOAHBIX U MOIYCHUHTETUIECKUX Tuaporenei. B nanHOM 0030pe 00Cy>KAat0TCsl BOIIPOCHI CO3IAHHS
(hopMHUPYEMBIX i1 Situ TUAPOTENIEH C PeryaIupyeMbIMH (HU3NUECKUMH, XUMHUUECKUMH 1 OHOJIOTHYECKUMHU CBOKC-
TBaMHU. byner crenan Takxe aHaIM3 HOBBIX METOAOB IPUMEHEHNS HHHOBALMOHHBIX THAPOTEIEBbIX MaTEPHAIIOB
JUTSL CO3/IaHUs KIIETOYHOW MHUKPOCPEIbl KaK MaTPUKCOB JIIsl OMOMEINIINHCKIAX TKaHEBbIX MPOIYKTOB, TaK U CUC-
TEM JIOCTaBKHU KJIETOK U JIEKAPCTBEHHBIX BEIECTB.

Knrouesvie cnosa: nonumepnsiti cuopoeeins, gopmupyemvlii eudpozenb, CUUBKA, MKAHE8AS UHICEHepUs,
peceHepamusHas MeOuyUHa, KIemoyHas MUKpocpeoa, UMNIAHmMam, HOCUMmenb.

IN SITU CROSSLINKABLE HYDROGELS FOR ENGINEERED
CELLULAR MICROENVIRONMENTS

Kyung Min Park’, Ki Dong Park’, V.I. Sevastianov’, E.A. Nemetz’, V.N. Vasilets’

' Division of Bioengineering, College of Life Sciences and Bioengineering,

Incheon National University, Incheon 22012, Republic of Korea

2 Department of Molecular Science and Technology, Ajou University, Suwon 443-749,
Republic of Korea

*V.I. Shumakov National Medical Research Center of Transplantology and Artificial Organs
of the Ministry of Healthcare of the Russian Federation, Moscow, Russian Federation

In situ crosslinkable hydrogels have been widely used as therapeutic implants and vehicles for a broad range of
biomedical applications including tissue regenerative medicine because of their biocompatibility and easiness
of encapsulation of cells or signaling molecules during hydrogel formation. Recently, these hydrogel materials
have been widely utilized as an artificial extracellular matrix (aECM) because of its structural similarity with the
native extracellular matrix (ECM) of the human body and its multi-tunable properties. Various synthetic, natural,
and semisynthetic hydrogels have been developed as engineered cellular microenvironments by using various
crosslinking strategies. In this review, we discuss how in situ forming hydrogels are being created with tunable
physical, chemical, and biological properties. In particular, we focus on emerging techniques to apply advanced
hydrogel materials for engineered cellular microenvironments.

Key words: polymeric hydrogel, in situ forming hydrogel, crosslinkable hydrogel, tissue engineering,
regenerative medicine, engineered cellular microenvironments, implant, carrier.

Corresponding author: Ki Dong Park. Department of Molecular Science and Technology, Ajou University, 5 Woncheon, Yeongtong,
Suwon 443-749, Republic of Korea.
Tel. +82-31-219-1846. E-mail address: kdp@ajou.ac.kr

53



BECTHVIK TPAHCTIAAHTOAOTNIN N MCKYCCTBEHHBIX OPTAHOB

ToM XIX  Ne 3-2017

BBEAEHUE

[NonuMepHbIe THIPOTENN NPEACTABISIOT COO0H Trj-
podmibHBIe TpexMepHbIie (3D) ceTku, KOTOphIe TOTIIO-
IIAIOT U YIEPKHUBAIOT OOJBIIOE KOJTUYECTBO BOIHI [1,
2]. DT MoNMMMEpHBIE CHCTEMBI IIMMPOKO UCTIONB3YIOTCS
B KauecTBE TEPaNeBTUYECKUX MMIUIAHTATOB U CHCTEM
JIOCTABKH JUTS PA3IIUYHBIX OMOMEIUIIUTHCKHUX MTPUMEHE-
HUH, BKIIIOYAsl TKAHEBYIO HMH)KEHEPHUIO, pereHepaTuB-
HYI0 MEIMLIMHY U AOCTaBKy JekapcTB [3—6]. [mapore-
JM MOKHO pa3lesITh Ha [[Ba THUIIA B COOTBETCTBHUU C
METOJaMH UX MOTYUYECHUS: IPeABAPUTENHHO CHOPMHPO-
BaHHbIE TUAPOTEIH U GOPMUPYEMBIE in Situ TUIPOTEIIN.
B uactHOCTH, opMUpyeMBIe in Situ THAPOTENU TpPH-
BJIEKAIOT 3HAYUTEIbHOE BHUMAHNE KaK HCKYCCTBEHHAs!
MHUKpPOCpe/ia M3-3a2 MPOCTOTHl WHKAINCYISALIUN KIETOK,
CUTHAJILHBIX MOJIEKYJI WJIH JIEKApCTBEHHBIX CyOCTaH-
mui B mporecce GopmupoBanus rugporens [7]. s
co3nanus GOpPMUPYEMBIX ix Sify THIPOTEIICH UCTIONb3Y-
I0TCSI pa3IWYHbIe IPUPOIHBIE, CHHTETHYECKUE U MOTY-
CHUHTETHYECKUE TMOJMMEPHI, BKIIOYas MOJIHCAXapHIBL,
0€JKH, CHHTETUYECKHE TIOJIMMEPB] M UX IPOU3BOJHbIC
[8]. C momouipio 3THX Pa3sHOOOPA3HBIX MaTEPHATIOB
ObUTH pa3paboTaHbl Pa3IUIHBIC TEXHOJIOTHHU CITHBKH
Ut GOPMHUPOBAHUS TTOTMMEPHBIX CETOK in Situ, BKIIO-
yas pU3MYeCKUe U XUMHUECKue MeTobl. Kpome Toro,
MOYKHO JIETKO U3MEHSATh (PU3UKO-XUMHUYECKHE CBOIICTBA
THIpOTelNieil MyTeM BapbUpOBaHUs KOHIEHTPALUH TI0-
JMMEPOB, COCTaBa IOJIMMEPHONH KOMIIO3UIIMHU, CTeIe-
HU CIIMBKH M COCO00B (POPMHUPOBAaHUS MOTUMEPHOI
cetku. IlomuMo 3TOoro, OHMONOTMYECKYI0 AKTUBHOCTD
9THUX TUAPOTEJIEBBIX MaTepPUANIOB MOKHO IIPOCTO Pery-
JTUpPOBaTh MOMUGUIIUPOBAHHEM (ITPUBHUBKOM) pazind-
HBIX OMOAKTUBHBIX MOJIEKYN (HAlpUMep, KIETOYHBIX
aIFe3UBHBIX MENTHJOB M MPOTCONUTHYECKUX METH-
J0B). OTH YHUKaJIbHBIE CBOICTBA ITO3BOJIMIN HCIONb-
30BaTh OPMHUPYEMBIC i1 Situ THIPOTEIH JIJISl PEIICHUSI
pasIn4HBIX OMOMEAMIMHCKUX 3a/1ad, BKIIIOYas paspa-
00TKy OMOMH)KEHEPHBIX KOHCTPYKUMH TKaHeH s pe-
TeHepaTUBHOW MEAMLUHBI, IIaT(opM Al CKPUHUHTA
JIEKapCTB W M3Y4YEHHUS (QyHIAMEHTAIBHBIX BOIPOCOB
KJIETOYHOI OMOJIOTHH.

-
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o
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!

B 3tom 0030pe MBI 00CymuM, Kak co3aaBath (op-
MUpYEMBIE i7 Sifu TUAPOTENHN C PETyIUPyEeMbIMU CBOMC-
TBaMM U KaK UX MOXKHO HCIIOJIb30BaTh B KaU€CTBE MC-
KyCCTBEHHBIX BHEKJIETOUHBIX MarpukcoB (BKM) mus
CO3JaHMsl MHXEHEPHBIX MOZEJIeH TKaHeil B cOueTaHuU
C HOBBIMHM TE€XHOJIOTHSAMHU JJI51 HHHOBALIMOHHBIX OHOMe-
JUIMHCKUX MPUMEHEHUH, BKIIOYAs pEreHepaTUBHYIO
MEIUIMHY TKaHEeH 1 BO3MOXHBIE aJIbTEPHATHBEI HKCTIe-
PUMEHTAJIBLHBIM MOJEIISIM C )KUBOTHBIMHU.

NU3rOTOBAEHUE POPMUPYEMBIX IN SITU
TMAPOTEAEN C MOMOLLbIO PA3AUYHbIX
METOAOB CLUUBKU

B 3aBucHMMOCTH OT METO/1a CIIIMBKH HCIIONIE3YIOT JIBA
THUTIA TEXHOJIOTHI I U3TOTOBJICHUS (DOPMUPYEMBIX in
Situ TUApOTENen: pU3NIecKas WM XUMHUYECKast CIINB-
ka (puc. 1). ®uznueckre METOABI CIIMBKY BKIHOYAIOT
WOHHYIO CIIWBKY, YYBCTBUTENBHYIO K CTHMYJSIHH
caMocOOpKy (HampuMep, TEPMOUYBCTBUTEIHHYIO HIIH
pH-uyBCcTBUTENbHYIO) M B3aUMOAEHWCTBHE THIA «XO-
3SMH-TOCTHY». DU3NYecKas CIIMBKAa yJI00HA TeM, YTO
reseoOpa3oBanue (00pa30BaHKUE CETIATON CTPYKTYPHI)
OOBIYHO MMPOUCXOAUT B MATKUX YCJIOBHAX U BOAHOM
pactBope 0€3 XMMHUYECKHX CIIUBAIOIINX areHTOB HIIH
KaTaJIn3aTopoB, KOTOPBIE MOTYT O0JIafiaTh TOKCUIHOC-
Tht0. HemoctarkoM (hu3nueckoli CIIUBKY SIBJISIETCS BBI-
COKasl BSI3KOCTh 00Pa3yIONIUXCs UCXOIHBIX TEeJeid, 4TO
BBI3BIBAET MPOOIEMBI C JIOCTIKEHHEM PaBHOMEPHOTO
pacripeiefieHds] B HUX JICKAPCTBEHHBIX CPENCTB, (ak-
TOPOB pocTa u KieTok. Kpome Toro, HU3KMe MexaHnve-
CKHE CBOHCTBA (DM3MYCCKH CIIUTHIX THAPOTEICH MOTYT
OrpaHUYMBaTh UX IMPUMECHCHUC B PA3JIMYHBIX O6J'IaCTHX
OMOMEIUITUHCKUX UCCIIE0OBaHUM.

XuMmudeckass CIIMBKAa BKIo9aeT B cebs  doto-
CIIMBKY, KJIUK-PEAKIUI0 U (EPMEHT-OTIOCPEAOBAHHYIO
cimBky. [lo cpaBHeHHMIO co criocobaMu GHU3MUECKOI
CIIMBKH XVUMHYECKH CIIUTHIE THAPOTENN TPOSBISAIOT
OoJsiee BHICOKHME MEXaHHYECKHE CBOWCTBA 3a cHeT 00-
pa3oBaHUs KOBAJIICHTHBIX XUMHUYECKUX CBsized. Kpome
TOTO, BA3KOCTh MCXOJHOTO PAacTBOpa MOXKET OBITH OT-

#= Phisical or chemical crosslinking

— Ionic interaction

— pH/Thermosensitivity

— Host-guest interaction

— Photo crosslinking

— Click chemistry

— Michael-type reaction

— Enzyme-mediated reaction

Puc. 1. Cxemarmdaeckoe n3o0paxeHne GOPMUPOBAHHUS THIPOTENS in Situ C TIOMOIIBIO PA3IMYHBIX PEeaKIui (QH3HUecKOr 1

XUMHYECKON CITUBKU
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HOCHUTEIbHO HHM3KOW Oyaromapsi BO3MOXKHOCTH BapbH-
POBaHUS PA3IUYHBIX TEXHOJOTHYECKUX MapaMeTpoB B
MpoIllecce XUMHUIECKo cimuBku. OHAKO KaTaau3aTop,
WCTIOJIb3YEMBIH It JOPMHUPOBAHUS CETKH, MOXET 00-
JagaTh TOKCHYHOCTBIO. B 3TOM pasmene Ml oOCyanM
COBpPEMEHHBIE TTOJXObI K CO3JIaHUI0 (POPMHUPYEMBIX in
Situ TUAPOTENIeN ¢ PeryIupyeMbIMA CBOMCTBAMU C TO-
MOIIBI0 PA3IMYHBIX METOJOB (PU3UYECKON MM XUMHU-
YECKOU CILMBKHU.

Pusmyeckas CLUMBKA

Crioco06 MOHHOW CIIMBKM Hauboiee IIUPOKO HC-
MOJIB3YeTCs Ul M3TOTOBIEHUS (HOPMUPYEMBIX in Situ
rHAporeneil 1 MoKeT ObITH TpUBIICUEH il 00pa3oBa-
HUS TOJMMEPHBIX CETOK, BKIIOYAs MOIMKapOOKCHIIa-
ThI, UCTONB3YIOIIUE AW~ W/UIU TPEXBaJICHTHBIC HOHBI
(marrpumep, kanbumii [Ca®"], Gapuii [Ba®] n marumii
[Mg®]) [9]. AnbruHar — aHUOHHBIA MOIMCAXAPHI,
CoAepIKaIluiicsl B KJIETOYHBIX MeMOpaHax OyphIX BO-
JIOpocIie, 4acTo MPHUMEHSIOT ISl CO3/JaHUs HOHHO-
CIIUTBIX TUAporese. AIbruHAaTHBIE THMAPOresin ObIC-
TPO 00pa3yroT THAPOTEIEBYIO CETKY NMPHU BHECEHHH B
TIOJIMMEPHBIH pacTBop MoHOB Ca’’. du3MKo-XxuMHUIEC-
KM€ CBOMCTBA aJbIMHATHBIX THIPOTEJIEH MOXKHO JIETKO
KOHTPOJIMPOBATh, BAPbUPYsI JINOO KOHIICHTPALUH TOJIU-
Mepa, 6o conepkanue nonos Ca’’. Biarogaps mpo-
CTOMY IIpOLIECCY H3rOTOBJICHUS U OMOCOBMECTUMBIM
CBOMCTBaM, TUIPOTEIH HA OCHOBE aJbIrHHATA IIMPOKO
HCIOJB3YIOT B pET€HEPATUBHON MEUIIMHE, JUTSI 3aXKUB-
JICHUS. PaH U CUCTEM JOCTAaBKH KIIETOK M JIEKApPCTBEH-
Hbix BemiecTB [10-12]. XoTa u3BECTHO NpPUMEHEHHE
aIbIMHATHBIX THAPOTeed B Ka4eCTBE MHBEKIIMOHHBIX
MaTpPUKCOB, B TOM YHCJIE B BHJE MaKpOKaICyl, HO He-
JOCTaTKaMH 3THX Teliell ABISI0TCS HU3KHE MeXaHn4ec-
KW CBOMCTBa U TOTEPs PYHKIIMOHATIHHOH aKTUBHOCTH
MHKAICYJIMPOBAHHBIX B HHUX KJIETOK. Tseng et al. pas-
paboTanu Ha OCHOBE aNbIMHATA UHBEKIMOHHBIE U ca-
MOBOCCTaHaBJIMBAIOIIUECS] THAPOTEIEBbIE MaTepHaIbl
JUTSL YAYYIIEHUS MEXaHWYECKUX CBOMCTB M JJISI MHHH-
MH3alUU MEXaHUYECKOro pasapaxkenus [13]. Onu cun-
TE3WPOBAIU TUAPOTENH, IPOCTO CMEIINBAs AIbIHHAT U
vonsl Ca*" B PUCYTCTBUY GEH3AIbAETUIHBIX OHpyHK-
nuoHanbHbIX MoJiekyn [13I° (DF-PEG), koTopsie nunay-
LUPYIOT CBOMCTBA CaMOBOCCTAaHOBJIEHHU. MexaHuuec-
KM€ CBOICTBA U CIIOCOOHOCTH K CAMOBOCCTaHOBJIEHHIO
THApOreNieil XapakTepu30BaIMCh PEOJIOTHIECKUM aHa-
JIM30M B 3aBHCHMOCTH OT KOHLEHTpauuu uoHoB Ca*
nn koHueHTpauuit DF-PEG, uro no3Bossino ysenuyu-
BaTh MEXaHWYECKYIO MPOoYHOCTH (~1,5 k[la) u nuayIN-
poBano >¢dekr camoBoccraHosienus (0,01~1,0 kIla).
ABTOpBI 3aMETHJIA, YTO HEPBHBIE CTBOJIOBBIE KIIETKH
(NSCs), uHKancynmupoBaHHbIE B (DYHKIMOHAIH3HPO-
BaHHbIE TMJIPOTENHU, IEMOHCTPUPYIOT O0Jiee BBICOKYIO
CKOPOCTh mponudepanuy, Jydmee odpasoBaHue cge-
pOHIOB U ycHIIeHHE HEHPOHHOH AuddepeHanuy mo
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CPaBHEHUIO C KOHTPOJbHBIMHU aJIbIMHATHBIMU THAPOTE-
JISIMA. DTOT pe3yJIbTaT MOKa3all, YTO aTbIMHATHRIC UHB-
EKIIMOHHBIC ¥ CAMOBOCCTAaHABIIMBAIOIIUECS THIPOTCIH
00magaroT OONBIIUM TIOTEHIIHMAJIOM IS BOCCTaHOBIIE-
HUS [IEHTPAIbHOW HEpBHOH cucTembl. HegaBHo rpymma
Lako pa3paboraina aJlbruHaTHBIC THAPOTENIH, KOHBIOTH-
POBaHHBIE C KJIETOYHBIM aATe3WBHBIM nentuaoM RGD
(Arg-Gly-Asp) ans ycuieHus: KISTOYHON aKTHBHOC-
T ruaporencit [14]. IlenTtunHeie 3BEHbS KOBaJCHT-
HO BCTPaWBaJIM B aJbI'MHATHBIN MOJUMEPHBIH KapKac
C TMOCHEAYIOUEH CIIMBKOM MOIUMEPHOTO XJIOPUIOM
kampius (CaCl,). [lpu ornieHKe BIUSHAS KOHIICHTPALTHIA
RGD na muddepeHMpoBKy HEPBHOM CETYATKH MO-
PHUOHAIBHBIX CTBOJOBBIX KieTok (ESs) m mHmymmpo-
BaHHBIX IUIIOPUIIOTCHTHBIX CTBOJIOBBIX KJIETOK (iPSs)
OBLIO OOHApPY)KEHO, UTO OOJIee BBICOKAs KOHIICHTPAIHSI
RGD (1,0 Bec.%) npuBonut x 3ddexruBHON audde-
PEHIIMPOBKE HEHPOHOB CETYATKU IO CPABHEHUIO C llb-
TUHATHBIMA THAPOTEISIMU, UCTIOIB3YEMBIMU B Ka4€CTBE
KOHTpoJs. beuto ycranosneno, uro RGD-moxudurm-
pOBaHUE THUAPOTeIICH MOBBIIIACT (YHKIIMOHAIBHYIO aK-
TUBHOCTh KYJBTHBHPYEMBIX B HUX ILTFOPUIIOTCHTHBIX
CTBOJIOBBIX KIIETOK.

B nocnennee Bpemsi pacTeT MHTEpEC K HCIOIB30-
BaHUIO WHBEKIIMOHHBIX THIpOTeNel, OopMUPYEMBIX in
Sity TIOCPEICTBOM B3aMMOIEHCTBUS «XO3SMH-TOCTHY.
[Ipu manHOM crioco0e (pU3NYECKON CITUBKH CamMo00-
pazoBaHue THIIPOTEIIS IPOUCXOANUT B MATKHUX YCITOBUSIX
U C JIETKO peryiaupyeMbiMHu cBoiicTBamu. Camoopra-
HU3YIOIIUECS WHBEKIMOHHBIC THIPOTeIN 00pa3yroT-
cs MyTeM B3auMojeicTBus IuKiIoaekcTpuHoB (CDs),
MPUPOIHBIX [UKINYECKUX OIUTOCaXapHIOB, COCTOS-
X u3 6, 7, 8 D-DIfoKonmupaHo3uAHBIX eIUHUIL (a, b,
r-CD) [15]. DT Monexynbl popMupyIoT rufpodhooHy0
BHYTPEHHIOIO IOJIOCTh C MOCIEAYIOIUM 00pa30BaHu-
€M KOMIUIEKCa C TOCTEBBIMU MOJIEKYJIaMH, TAKUMU KakK
agamantuH (Ad), [I9I" u xonecrepuns [16—18]. buiu
pa3paboTaHbl HOBBIE C HU3KOW BS3KOCTHIO CaMOOpra-
HU3YIOIINECS WHBHEKIMOHHBIE TUAPOTENN C MTOMOIIBIO
B3aMIMOJIEHCTBHS «XO3TUH-TOCTBY C HCIIOJIIb30BaHUEM
Ad u CD [19]. Oun cuntesupoBaiu AJl-compsmken-
HBIH ¢ THATYpOHOBOH KucioToit (Ad-HA, «rocreBoii»
makpomep) u b-CD-kxonwrorupoBannbiii HA (CD-HA,
«XO3sIMHa» MaKpPOMEp), KOTOPBIH MOXKET TeHEpUPOBaTh
o0pa3oBaHue TUAPOTEIS in Sit TTOCPEACTBOM B3aHMO-
NEHCTBUS «XO3SIMH-TOCTH» B KaKIOM OOKOBOM 3BEHE
B MojJuMepHOM I1enu. ['uaporend H3roTaBIWBAIOTCA
MPOCTHIM CMEUIMBAHMEM JIBYX MaKpPOMEPHBIX PacTBO-
POB, U UX (U3NKO-XMMHUYCCKUE CBOMCTBA (HAmpUMep,
BpeMs resieo0pa3oBaHUsI, MEXaHUYECKasi TPOYHOCTh U
CKOPOCTB JIeTpaJlallii) 3aBUCST OT IUIOTHOCTHU CIIUBKH
U CTPYKTYPBI CETKH, KOTOPBbIE KOHTPOJIUPYIOTCS ITyTeM
M3MEHEHUs KOHIIEHTPAI MaKpOMEpOB U CTEIIEHH 3a-
Mererust Ad u CD B momuMepHBIX HeTsiX. belro Takxe
00HapyKXeHO, YTO MOJEKYJSIPHBIH MeXxaHh3M o0pa3o-
BaHUs THIPOressi 00yCIOBICH MX HU3KOM BSI3KOCTHIO,
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4TO 00ecIIeunBaceT JETKUI POoLecC HHBEKILINH, a TAKKE
ObIcTpoe (HOPMHUPOBAHHE U JTOKAIN3ALIIO THAPOTENS B
aZIpecHBIX y4yacTkax. Bce 3To yka3pIBaeT Ha mepcrek-
TUBY WCIHOJB30BaHMS TAKUX THApPOreNicii B KadecTBe
TeparneBTHYECKUX HOCUTENEH IS JOCTAaBKH JIEKapCTB.

Xumuyeckas CLUUBKA

Penpe3eHTaTHBHBIM METOJOM XUMHYECKOTO CIINBA-
HUSL JUI co31aHusl (popMHUpYeMBIX in Sifu THAporeseit
SBJISICTCS] UCTIOJIB30BAHNE BUAUMOTO U YABTpadUOIeTO-
BOTO U3JTy4EHHUN JJ151 THULUUPOBAHUS PEAKLINH CIINBKH
METaKpUJIMPOBAHHBIX MOJIUMEPOB ¢ (POTOMHUIHATOPA-
mu (Hanpumep, Irgacure® Pls 12959, 1184 u 1651) [20].
DTOT METOJ IIUPOKO MCIOIB3YETCs IS U3TOTOBICHUS
THIpOTENeH UIs Pa3IuuHbIX OMOMEIUIMHCKUX TIPUMeE-
HEHMH, BKIIOYas TKAHEBYIO MH)XEHEPHUIO M JIOCTaBKY
JIEKapCTB, a TaKXKe pernapalio TKaHed U TepMETHUKH
[21, 22]. I'pynma Xanemxoccelinu paszpaborana ¢GpoTo-
MOJTUMEPHU3YIOIINECcs THAPOresId Ha OCHOBE JKeIaTHHA.
Merakpunar-xenatu (gelMA) CHHTE3HpOBAIN ITyTEM
CBSI3BIBAHUS METaKpmiIoBoro anruapuaa (MA) c xena-
TUHOBOW OCHOBOM, KOTOpast MOXET 00pa30BHIBAThH TH/I-
pOreJIeByI0 CETKY MOCPEICTBOM PEAKIIUU (OTOCIINBKU
¢ ucnonszoBanueM Irgacure 2959 B kauectBe ¢oTO-
nHunmatopa [23]. B aToli paboTre BriepBEIE UCCIIETIOBA-
JI BO3MOYKHOCTB PErYITUPOBaHUs (PU3NKO-XUMHYECKUX
CBOWCTB B 3aBHCHMOCTH OT CTENEHH METaKpUIHPO-
BaHus (Hu3kui, 19,7 00.% MA; cpennuii, 53,8 00.%
MA; Beicokuii, 81,4 06.% MA). beuto moka3aHo, 4To
yBeIUueHne coiepkanust MA nmpuBoguT K Oonee BbI-
COKOM MEXaHWYEeCKOW MPOYHOCTH MU Oonee HHU3KOMY
koa¢dunmenty 3arBepaenus. Kpome toro, ObI10 M3y-
YEHO BIIHMSIHUE )KECTKOCTH MaTPHIbI HAa aATe3UI0 SHI0-
TennanbHBIX KieTok (EC) Ha mOBEpXHOCTH THIpOTENs
Y BBISIBIICHO, YTO KECTKHE THAPOTeNH (BBICOKOE coaep-
xaHue MA) NpuBOAST K 3HAYUTEIILHOMY YBEJINUEHHIO
TUIOTHOCTH KJIETOK W MHKPOKAMMUIAPHBIX CTPYKTYD
10 CPaBHEHHIO C MATKHMH Marpuiamu (cpema MA).
OTH pe3ynbTaThl YKa3bIBalOT Ha TO, YTO (POTOOTBEPXK-
naeMeble reixeoOpassble reiau gelMA ¢ perynupyeMbiMu
CBOWCTBaMH 00Magar0T OONBIIUM MOTEHIUAIOM IIPH
WCIIOJIb30BaHUH UX B KAUECTBE HCKYCCTBEHHBIX MUKPO-
cpen, conepxkamux EC nis pereHepaniu TKaHex.

Pacter xonu4ecTBO 10Ka3aTeNbCTB, YTO MPH H3TO-
TOBJIEHUU CIIUBAEMBIX THUJIpOTreNe in situ albTepHa-
TUBOW XMMHYECKON CIINBKE SIBIISETCS KINK-PEAKIUs —
XUMHYECKas PeakLusl MeXIy a3UIHBIMUA U KOHLIEBBIMU
alleTUICHOBBIMU TpyrnnaMu B npucyTctBuu meau (Cu
[I]) c obpazoBarmem cszeit 1,2,3-Tpuazona, B pe3ylb-
tare yero Qopmupyercst ruaporeieBas cetb [24, 25].
braromapsi celeKTUBHOCTH, OTCYTCTBUIO TOKCHYHBIX
areHTOB M CIIWUBKE B MSTKHX YCIIOBHSAX KIMK-peak-
sl ObUTa MCIOJIBb30BaHA AJISL MOJTYYEHHUS PasIMUHBIX
WHBEKIMOHHBIX THUAPOTeeH JIsi U3rOTOBJICHUS Tepa-
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MEBTHYECKUX CUCTEM JOCTAaBOK W HMILJIAHTATOB [26,
27]. Wcnonp3ys XUMHYECKHE CBOICTBa TeTpa3uHa
(Tz) — HopGopreHa (HOpO), Alge et. u ap., pazpabora-
JIM KJIMK-TUIPOTENIN — aHAJOTH UCKyccTBeHHOro BKM
st 3D-kyneTyp kietok [28]. beun cunaTesnpoBan Tz-
conpspkeHHBIN pa3BerBiaeHHbI [12I° (PEG-TZ), koto-
pBIli MOXET 00pa30BBIBATH THPOTEIIECBYIO CETh i1 Situ
3a CYET CMEUIMBaHUs ¢ MaTPUYHOW HOPO-KOHBIOTHPO-
BaHHOW METaJUIONPOTEHHA30i. UTOOBI YIIy4IIUTh Kile-
TOYHYIO aKTHBHOCTH MaTPHIl, HOPO-KOHBIOTUPOBAHHBIE
RGD-nentuasl ObUIM BKIJIIOUEHBI i1 situ Tipu oOpaso-
BaHWU TUAPOreieBo ceTH. MexaHW4YecKHe CBOWCTBa
TUApOTeNiel MOYKHO BapbHPOBATh B IUama3oHe oT 225
1o 2345 Ila B 3aBucuMocTH 0T coaepxanusi PEG-Tz B
MTOJTUMEPHBIX PacTBOpaXx.

LIuTOCOBMECTUMOCTh KIMK-THApOTENe Obuia Hc-
cleloBaHA IyTEM HHKANCYISIUA ME3eHXUMAaIbHbIX
cTBONOBBIX KieTok denoBeka (hMSCs). Breicokast BbI-
JKUBAEMOCTh KyJIbTHBHPOBAHHBIX HHKATICYIMPOBAHHBIX
B KiuKk-ruapore’ds hMSCs mokas3piBaeT, 9To CIIMBKA
MOCPEACTBOM KJIMK-PEAKIHH SBISETCS MepCHEeKTHB-
HBIM ¥ MOIIHBIM MHCTPYMEHTOM IIpH pa3paboTKe Kiie-
TOYHBIX MaTPUI AJIs TKAHEBON MHKEHEPUH.

DepMEeHT-0NIOCPEIOBAHHbBIE  PEAKIMM  IpUBJIEKa-
TEJIbHBl B KaU€CTBE aJIbTEPHATUBHBIX METOAOB XUMHU-
YECKOH CIIIMBKH HU3-32 OMOCOBMECTHUMOCTH U CalT-CIIe-
UIHOCTH oOpasyrommxcs reneit [29]. Paznmuunsie
(epmenTsI, BKIIo4ast nepokcuaasy xpena (HRP), rpanc-
DTyTaMHHAa3y M JIakKa3sy, IPUMEHSIOT B KauecTBe Kara-
JM3aTOPOB MPU CO3JAHUY i1 Situ POPMUPYIOIIUXCS TH/I-
poreseBbIX MaTepuanoB. B wactHocTH, omyOInKoBaHO
MHOXKECTBO COOOILEHHUH O pa3pabOTKe HHBEKIIHOHHOTO
ruzporens ¢ ucnonb3oBanuem HRP, mpenmyiectsamu
KOTOPOTO SIBIIIIOTCS OTJIWYHAss OWOCOBMECTUMOCTH M
JIETKOCTH KOHTPOJIA 32 PU3NKO-XUMHUIECKUMH U OHUOITO-
THUYECKUMH CBOMCTBAMM THIPOTeENeil, BKIOYasi BpeMsi
rejaeo0pa3oBaHusl, MEXaHHUYECKYI0 TIPOYHOCTh U OHO-
JIOTUYECKYI0 akTUBHOCTH [30-33]. st mpuMeHeHus B
TKaHeBOU pereHeparuBHoi Menumune Park et al. paspa-
OoTanu in situ cClIBaeMBbIe TeJIe00pa3Hble THAPOTEIH C
ucnoias3oBanueM HRP [33]. Jlns uzrorosienus HRP-
OTIOCPEIOBAHHBIX CIIUTHIX THIPOTENeH CHHTEe3npoBa-
JIY TUPaMUH-KOHBIOTHPOBAHHBIN YKeJIaTHH, CITIOCOOHBIN
00pa30BBIBaTh THIPOTEJIEBBIE CETKH B MPOLECCE CIIU-
BaHus ¢ noMmoupo HRP-karanusupyemoro coennne-
Husl. B atoit peakiun HRP karanusupyer oOpazoBanue
(h€HOKCHIIPHOTO paJiMKalia, KOTOPHIH B MPHUCYTCTBHU
nepekucu Bogopoaa (H,0,) naaynupyer 6udenonsroe
o0Opa3oBaHueE B MOJUMEPHOI 1ienu. Bpems reneobpaso-
BaHUA (0T 5 10 60 cekyH) ¥ MEXaHUUYECKYI0 TPOUYHOCTh
(ot 200 mo 8400 I1a) ruaporeneii MOXKHO JIETKO PETyJIH-
poBarb, Bapbupysa KoHueHTpanuo 1ud6o HRP (0,007—
0,5 mr/mi), mu6o H,0, (0,01-0,25 mac. %). Uccnemo-
BaHUE BJIMSIHHA JKECTKOCTH MaTPHIIBI Ha c(hepouapl U3
JepMalTbHBIX (hrnOpobacTos yenmoBeka (hDFBs) mpose-
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MOHCTpupoBaino, uto hDFBs, uHkancynupoBaHHble B
msirkue ruaporenu (1800 I1a), nemoHcTpupyroT Oonee
BBICOKYIO PO (epaTHBHYIO aKTUBHOCTH KJIETOK, YEM
KyJIBTHBAPOBaHHBIE B kecTKuX marpumax (5900 Ila).
[lomy4ueHHBIE pe3yNbTaThl MO3BOJSIIOT MPEATIONOKHUTH,
yto HRP-omocpenoBaHHbie >KeJIaTHHOBBIE THUAPOTETU
C TIPEBOCXOIHOW OMOIIOTHYECKON aKTHBHOCTBIO U pe-
KOHQUTYpUPYEMBbIMH  (PU3UKO-XUMHUUECKUMH  CBOC-
TBaMU SIBJIAIOTCA MEPCIIEKTUBHBIMUA MaTepHaiaMu JUIs
WHBEKUMOHHBIX ()OPM B TKAaHEBOH pereHepaTUBHOMN
MEIHIIMHE U IS Pa3IMYHBIX OMOMEIUITUHCKUX TIPUMe-
HEHUH.

B nmocnennee Bpems Park et al. paspaboranu makka-
3a-omocpenoBanHHbie KuciIopon (O,) KOHTPOIUPYyEMBIC
THJIPOTEITH B KaUu€CTBE HHBEIIUPYEMBIX U THUITOKCHS-UH-
nyurpoBanHHbIx (HI) rupporeneit [34]. ns co3manus
rugporeneii, peryaupyeMsix conepxanueMm O,, CHH-
TE3WPOBAIIM KOHBIOTAT KeJIaTWH-PepynoBas KHUCIOTa
(gelFA), koTOpBIif MOXKET 00pa30BBIBATH THAPOTEINH in
Situ B peaKiiu, CBA3aHHON CO CIIMBAaHHUEM JIaKKa3OH.
B »TOl peakmum jgakkaza KaTaau3upyeT oO0pa3oBaHHE
diFA, xotopoe unnyuupyetr gopmuposanue 3D-nomnu-
MEpHBIX ceTeil myteM noTpebdnenus O,. beuto mpone-
MOHCTPHUPOBAHO, UTO YpoBHH O, U TPaJUEHTHI B 00beMe
THIIPOTEIIEBBIX MaTPHUI] MO)KHO TOYHO KOHTPOJIUPOBATh
Y TIPOTHO3UPOBATH C MTOMOIIIBIO TPSAMBIX U3Mepenui O,
1 KOMIIBIOTEPHOTO MOJIEIMPOBAHUS C HCIIONH30BaHU-
€M MaTeMaTH4ecKoro aHamusa. llpum 3ToM Ha ypoBHH
pactBopernoro O, (DO) u ypoBenb nmorpedienus O,
BIIMSET psill pakTOpOB (HampuMep, CTENeHb 3aMEeIICHUS
FA, conepxanue nonuMepa, KOHLIEHTPALUs JaKKa3bl U
TOJIIIMHA THIIPOTeNs), a pacxon norpednerns O, cooT-
BETCTBYET TEOPETHUECKOMY YypaBHEHHI0O Mmuxasnmca—
Menten. UHTEpecHO OTMETHTD, YTO IS OOjee TOJIC-
TBIX 00pa3moB ruaporenei (>2,5 MM) THIIOKCHYECKUI
ypoBenb (0,5-5%) mocturaincs OvbICTpee, 4TO CBUJIE-
TEJIbCTBYET B MOJIb3Y UX MOTEHIIUAIIBHOTO IPUMEHEHHS
B KaueCTBE THIOKCHYECKU-HUHIYLHPYEMOIO MHBEKIU-
OHHOTO Tuaporens. Kpome Toro, ObIJIO HCCIIEIOBAaHO
BiustHEe faBneHus O, Ha nuddepeHInpoBKy dHI0Te-
THATBHBIX KieTok-mipeamectBeHHNKOB (EPCs). bruio
obnapyxeno, uto EPCs B rHIOKCHYECKOM MUKPOOK-
PY’KEHHH MPOILIH TyOyJI0T€He3, YTO MPUBEIIO K CO37a-
HUIO CIIOKHOM CeTYaToil CTPYKTYypbl ¢ 0Opa3oBaHHEM
MpocBeTa. OTO CBUIAETENBCTBYET O ToM, 4To HI-rens
CTUMYIIUPYET COCYIAUCTHIN MopdoreHe3 u 00pa3oBaHUe
CeTYaToONl CTPYKTYPHl TPOTEHUTOPHBIX BAaCKYISAPHBIX
KJIETOK YeJIOBeKa.

[Tony4yennsle pe3ynbraTsl JEMOHCTPUPYIOT, uTo HI-
THIPOTENN TPEACTABISIOT cOO0M HOBBIN KiTacC MHBEK-
OUOHHBIX OMOMAaTepualioB, KOTOPbIE MOTYT OKa3aThCs
BOCTpeOOBaHHBIMH B Pa3IMUHBIX O0NAcTIX Onomenu-
[IWHBI, BKIItOYast QyHIaMeHTaNbHbIE UCCIENOBaHUS pe-
TeHEPATUBHBIX TPOIIECCOB, CBI3aHHBIX C JICUEHUEM TH-
MOKCUYECKUX HapyIIeHUH.
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IN SITU $OPMUPYEMBIE TMAPOTEAU
KAK BUOUHXXEHEPHbBIE KAETOYHbIE
MUKPOCPEADI

Xopo11o u3BecTHo, uTo HaTuBHBIM BKM urpaer oc-
HOBHYIO POJIb B PETYIHPOBAHNHU KIJIETOUHOW aKTHBHOC-
TH (HampuMep, poCT KIETOK, MUrpanus u auddepeH-
mupoBka) [8]. BKM coctoT U3 CTpyKTYpHBIX OENKOB,
MOJIMCaXapyu0B W Pa3IUYHBIX PACTBOPUMBIX (PaKToO-
POB, KOTOPBIE XapaKTepU3YIOTCSI MHOXXECTBOM (hH3H-
KO-XMMHYECKHUX CBOWMCTB, BKModass pH, HampspokeHue
u rpaguerTsl O,, MEXaHHYEeCKO MPOYHOCTHIO U TOTIO-
morueit. Kak 06cy)manoch, THAPOTeNIeBbIE MaTePHUAITBI
C perylupyeMbIMU CBOMCTBAMH HMEIOT CTPYKTYpPHOE
cxonctBo ¢ HaTuBHBIM BKM. Tloatomy in situ crimBa-
eMBbI€ THIPOTENH IIHPOKO HCIONB3YIOTCS B KadeCTBE
uckycctBeHHoro BKM i pa3nudHbIX OMOMETUIINH-
CKHUX IPUMEHEHHH, BKJIIOYasi TKAHEBYIO pereHepaTHB-
HYI0 MeTUINHY U 3D-KIeTouHble Wiin OpraHHble KOHC-
TpyKIuu (MAOJIOHBI) AJI CO3/MaHUS OMOMHKEHEPHBIX
TkaHel. Mcnone3yst Omommxenepusie BKM, mHorne
WCCIIEZIOBAaTENN CO3/Ial MOJETH B BUIE TPEXMEPHBIX
TKaHe- ¥ KIIETOYHO-HHXEHEPHBIX KOHCTPYKIUH IS pe-
TEHEpALNU TKaHEH, a TaKXKe KaK allbTepHATUBBI IKCIIe-
PUMEHTAIBLHBIM MOJENIAM Ha )KMBOTHBIX U TPaJUIIUOH-
HBIM CHCTEMaM KYJIBTypalIbHBIX KJIETOK JUIsl CKDHHHHTA
JIEKapCTBEHHBIX BEIIECTB WM AJIS MpoBeaeHus QyHaa-
MEHTaJIbHBIX UCCIIENOBAHUI B 00NAaCTH (PU3HOIOTHH U
nmaTo(u3NOJIOTHN OpTaHOB | TKaHeH (puc. 2) [35, 36].

buonnxeHepHbIe TKAHU M3TOTABIMBAIOT ITyTEM HH-
KarCyJIMpPOBaHHUs KIJIETOK IOCPEICTBOM (QH3HMUYECKOM
WA XUMHAYecKol cmumBkh. [ obecrnedeHUs He0O-
XOIUMOTO KJIETOYHOTO MHUKPOOKPYKEHUSI THAPOTEIH
aJaNTUPYIOTCS I OAEPKAHUS KU3HEIEATEIbHOCTH
KOHKPETHBIX KJIETOK. Mojenun OMOWHXEHEPHBIX TKa-
Hell MIMPOKO MCHONB3YIOTCS B KadecTBe IIAT()OPMEI
JUI IIHUPOKOTO CHEKTpa OMOMEIMLIMHCKHX MpUMEHe-
HUM, BKJIKOYAsl PEreHEPAaTUBHYIO0 MEIULMHY TKaHEH, a
TaK)Ke KaK aJbTepPHATHUBBI IKCIIEPUMEHTAIBLHBIM MOJIe-
JISIM Ha JKUBOTHBIX JUIS YAYYIICHUS KIMHUYECKHX pe-
3yneTaroB [35].

Brinenenne un mojiep)kaHWe CTBOJOBBIX KIIETOK
muokapaa (CSC) nmo-npexxHeMy SBISETCS MpoOiIeMoit
MIpU pereHepanuu TKaHel cepana, nockonbky CSC He
MOTYT OBITh BBIIETICHBI M OTAEIICHBI C TOMOIIBI0 OOBIY-
HBIX 2D-cHCcTeM KyJIbTUBUPOBAHUS KIETOK HITU TKAHEH.
Choi et al. ucnonb3oBanu HRP-omocpenoBanubie in
Situ CIIMBaeMble KEJATHHOBBIE TUAPOTEIH B KadeCTBE
HCKYCCTBEHHOW BHEKIIETOYHON MHUKPOCPEIBI C Peryiu-
pPYEMBIMH MEXaHWYECKUMH CBOWCTBAMH JJIsi KOHTPO-
JUPOBAHHOTO MOBENEHHUS KJIETOK U KapIUOMHUOTEHHOMN
CynbOBI CTBOJIOBBIX KIIETOK TKaHH cepana Meimu [33].
Tkanu cep/na MbIIIN HHKANCYIUPOBAIU B THAPOTENE C
Pa3IMYHON KECTKOCTHIO MaTPHUIBI U KyJIbTHBHPOBAIU
JI0 7 MHEH B CTAaHJAPTHBIX YCIOBUSX KyJIBTHUBUPOBAHUS
(37 °C u 5% CQO,). CSC, BrIpalieHHbIE U3 CEpPACYHBIX
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Puc. 2. TkaHenHXeHEepHBIE MOJIENH JUIS IINPOKOTO CIIEKTPa OMOMEIUIIMHCKUX TPUMEHEHHH (B3STO C N3MEHEHHs MU u3 [35])

TKaHEH B THApOTele, JIETKO BBIICTSUIUCH ITYTEM IIPO-
TEONUTHYECKON Jerpajaliid MaTPHIbl U3 JKeIaTHHa.
JKecTkoCTh MaTpuKca KOHTPOJIHUPOBAIUA ITyTEM H3ME-
HEHUs KOHIICHTPAIIMM KaTallM3aTOpOB B JIMANA30HE OT
0,0038 mo 0,0075 mac.%, 4yTO MO3BOJISIIO BAPbUPOBATh
JKECTKOCTh MaTpulibl B auama3one ot 1,8 mo 8,1 klla.
HNHTEpecHO OTMETHTD, UTO CHIKEHUE KECTKOCTH MaT-
PHILBI TPUBOAMIIO K MOBBHIIIEHHIO aKTUBHOCTH (pocdo-
PWIMPOBaHHBIX WHTETPUH-OMIOCPEIOBAHHBIX CHTHAIIb-
HbIX Mosekyl B CSC, 4To cBsSI3aHO CO 3HAYUTEIbHBIM
YBEITUYCHUEM KOJUYCCTBA PACIIACTHIBAIOIINX, MUT-
pupytonmx u nponudepupyrommx CSC. beio Taxke
MPOAHAIM3UPOBAHO, TOJJICPKUBATN JTH H30JIMPOBaH-
Hbie CSC CBOIO CTBOJIOBOCTD, a TAKXKE ITOKa3aHa OTIIHY-
Hasl CIIOCOOHOCTh AU GEPCHIMPOBATHCS B TKAHH MHU-
okapna. Takum oOpa3om, TIOKa3aHO, YTO TPEXMEPHBIC
OMOWHKEHEPHBIE KJIIETOYHBIE MHKPOCPEIbl CIIOCOOHBI
KOHTPOJIHPOBATh NesTenbHOCTh CSC | perynmmpoBarh
mddepeHITUPOBKY KIETOK B KapIHOMHOTEHHOM Ha-
npasieHuy. Takum oOpa3om, pazpaboTaHHBIE CUCTEMBI
KyJBTUBUPOBAaHUS OPTaHOB MOTYT CIIY)XHTh WHHOBA-
[IMOHHBIM IabioHoM st m3ydenus peakiuu CSC Ha
MEeXaHHYEeCKHe XapaKTePUCTHKH TPEXMEPHOTO MHUK-
POOKPYKEHHUS, a TaKXKe sl pa3pabOTKH HOBBIX Tepa-
MEBTUYECKUX MHCTPYMEHTOB PEreHepaIlud MHUOKapaa
in situ.

['urroxcus (onpenenseMast kak Hu3Koe gaBienue O,,
<5% pO,) sBIsIETCS KPUTHUECKUM (DaKTOPOM B TIPO-
TPECCUPOBAHUM M METAacTa3UPOBaHWU MHOTHX BHJIOB
paka [37—40]. XopoI1o U3BECTHO, YTO TsDKENAs ICTIPH-
Baiusi O,, BBI3BaHHAs HEKOHTPOJIUPYEMOit postudepa-
[Mel paka ¥ pOCTOM OIYyXOJH, UTPAET KIIOYEBYIO POJIb
B Pa3BHTHU OMyXOJlel W MeTacTa3aX, KOTOPHI€ BBI3HI-
BaIOT aHOMaJIbHBIN aHTMOTEHE3 OIyX0JIel U peMOIENH-
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pOBaHHE MAaTpPUI] HATHBHONH MHUKPO(IOPHI OMyXOIeH.
I'pynma Gerecht ncnosip3osaina O,-KOHTPOIHPYEMBIE in
Situ CIIMBAaeMbIE TUIPOTEIN B KaUeCTBE CKOHCTPYHUPO-
BaHHOW (DM3MOMATOJIOTHYECKOW THIIOKCUYECKOW OITy-
XOJICBOM MUKpOCpEAb! s uccienoanus BiusHus O,
Ha mporpeccupoBanue omyxonu [34-36]. HeGombimme
OTYXOJICBBIC TPAHCIUIAHTATHI OBLTH HWHKAICYJIMPOBA-
Hbl B MaTPHIbI TUAPOTENS C Pa3IMYHbIM JaBICHUEM
u rpagueHramu O, (THIIOKCHYECKHMH M HE THIIOKCH-
YeCKMMH) W KYJIETUBUPOBAIINCH 0 5 aHEH. [laBneHwme
1 rpaaueHTsl O, KOHTPOJIUPOBAIUCH H3MEHEHUEM TOJI-
IIMHBI THAPOTENS (TMIOKCUYECKUE THIPOTEIH BHICO-
TOH 2,5 MM, HETHIIOKCHYCCKHE — BBICOTOH 1,25 MM).
[IpumeuarenbHO, YTO OITyXOJH, MHKAICYJIHMPOBAHHEIE
B THUIOKCHYECKUE MHUKPOCPEIBI, TTOKA3ay TIOBBIIICH-
HYI HMHBa3Wio0, KoTopas (opMupoBaiach ObICTpee U
MOKpBIBaJIa OOJIbIIIEE PACCTOSIHUE MO0 CPABHEHUIO C He-
TUTIOKCHYECKUMH MHUKPOCpEIaMH, TEMOHCTPHPYS, UTO
HU3Koe naieHue O, CiocoOCTBOBAIO NHBA3UH OITyXO-
neit. Kpome Toro, ObIJI0 OTMEUEHO, YTO TUIIOKCUYECKOE
MHUKPOOKPY)KCHHE TIOBBIIIACT OTIOKEHUE KOJUIareHa
3a CUCT aKTHBAIIMH THUITOKCH-WHIYITMPOBAHHBIX (DaK-
TOPOB, KPUTHYECKUX (PAKTOPOB B OIYXOJICBOM MHIpa-
MM U WHBA3HUH, YTO 0OOCHOBELIBAET BAKHOE 3HAYCHHE
Hu3Koro nasienus O, s PeMOACTHUPOBAHHUS MHKPO-
OKPYXXKEHHS OITyXONIM B MaTpwuiie. Takum oOpa3om, yc-
JIOBUSI HMCKYCCTBEHHOW THIIOKCHH MHUKPOOKPY KCHHUS
MMEIOT OOJIBIION IMOTEHIIMA B KAUECTBE CUCTEMBI IS
W3yYEHUs MPOTPECCUU M METACTa3UPOBAHUSI THIIOKCH-
WHAYIUPOBAHHOTO paka. B pamMkax pa3paOOTKH HOBBIX
MpernapaToB IS JICYCHUS paka MPeIIOKeHHBIE KOHC-
TPYKIMU TUIIOKCHYHOW OIYyXOJH OBLIH HUCIOIh30BAHBI
B KauecTBe 3D-mozenei 15 TeCTUPOBAaHUS MMOTEHIU-
aJBHBIX TEPAIEBTUIECKUX CPENICTB, TAKUX KaK MUHOK-
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CHONII, I/IHFI/I6I/ITOp THUITIOKCU-OIIOCPCAOBAHHOIO METa-
CTa3UpPOBAHUS OITYXOJIU.

3AKAIOYEHUE

B aTom 0030pe MBI 00cyanIn TuAporein, GopMupy-
IOLIMECs in Situ, I7s1 IMUPOKOTO CHEKTpa OMOMeTUIINH-
ckux npuMmeneHuit. Llensrit psg rupporeneit, chopmu-
POBaHHBIX NPH IOMOIIN (PU3NIECKUX NITH XUMHUYECKUX
METOJIOB CIIMBKH M OOJIaIaroINX OMOCOBMECTHMBIMU
U MYJIBTHPETYINPYEMbIMUA CBOMCTBaMHM, OBLT Tpeasio-
JKeH B KaueCTBE OMOMHKCHEPHOM MUKPOCPEIIBI KIETOK.
XOTs MONMMEpHBIE MaTPHIBl IIHUPOKO HCIIOIB3YIOTCS
U1 pa3pabOTKH HMHHOBALIMOHHBIX TEParneBTHYECKUX
WHCTPYMEHTOB MJIsI PEreHEpalud TKaHeHd B KIIMHU-
Ke, UX (HU3UKO-XMMHYECKHE, a TakKKe OMOIOTHYCCKUEC
CBOMCTBA CII0’KHO TOYHO KOHTPOIUPOBaTh. OXKumaercs,

INTRODUCTION

Polymeric hydrogels are hydrophilic three-dimen-
sional (3D) networks that absorb and retain a large
amount of water [1, 2] These polymeric matrices have
been widely utilized as therapeutic implants and vesic-
les for various biomedical applications, including tis-
sue regenerative medicine and drug delivery [3—-6] Hy-
drogels are classified into two types according to their
manufacturing methods, including either preformed or
in situ-formed hydrogels. In particular, in situ-formed
hydrogels have received considerable attention as ar-
tificial cellular microenvironments because of ease of
encapsulation of the cells or signaling molecules during
hydrogel formation [7] Various natural, synthetic, and
semisynthetic polymers have been utilized to create the
in situ-forming hydrogels, including polysaccharides,
proteins, synthetic polymers, and their derivatives [8].
With these diverse materials, various crosslinking stra-
tegies have been developed to form polymeric networks
in situ, including physical and chemical crosslinking
reactions. In addition, the hydrogels can easily control
the physicochemical properties by varying the concen-
tration of the polymers, the polymer composition, the
degree of crosslinking, and the crosslinking methods.
Furthermore, the biological activity of these hydrogel
materials can be easily controlled by tailoring with va-
rious bioactive molecules (e.g., cell adhesive peptides
and proteolytic degradable sites). These unique proper-
ties have allowed in situ-forming hydrogels to be ap-
plied to a broad range of biomedical applications inclu-
ding engineered tissue models for tissue regenerative
medicine, drug screening platforms and study of basic
cell biology.

In this review, we discuss how to create the in situ
forming hydrogels with tunable properties and how the
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hydrogels can be utilized as artificial extracellular ma-
trices (aECMs) to create engineered tissue models in
combination with the emerging techniques for innova-
tive biomedical applications including tissue regenera-
tive medicine and alternatives to animal models.

FABRICATION OF IN SITU CROSSLINKABLE
HYDROGELS VIA VARIOUS CROSSLINKING
STRATEGIES

Based on their crosslinking methods, two kinds of
strategies are used for fabrication of in situ crosslinkal-
be hydrogels: physical crosslinking and chemical cross-
linking (Fig. 1). Physical crosslinking methods involve
ionic crosslinking, stimuli-sensitive self-assembly (e.g.,
thermo-responsive and pH-sensitive), and host-guest
interaction. This physical crosslinking is advantageous
in that the gelation often occurs in mild conditions and
aqueous solution without chemical crosslinkers or cata-
lysts that may cause toxicity, but it has a disadvantage
that it is difficult to uniformly encapsulate therapeutic
drugs (e.g., growth factors, and even cells) because of
the high viscosity of the precursor polymer solutions.
In addition, low mechanical properties of physically
crosslinked hydrogels may limit their applications in
a broad range of biomedical research fields. Chemical
crosslinking approaches implicate photocrosslinking,
Click-chemistry, and enzyme-mediated crosslinking. In
comparison with the physical crosslinking, chemically
crosslinked hydrogels exhibit higher mechanical pro-
perties via network formation through covalent bonds.
Additionally, the viscosity of the precursor solution is
relatively low so that it is easy to handle and to control
their physicochemical properties by controlling various
parameters. The catalyst used for network formation
has the potential to cause toxicity. In this section, we
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Fig. 1. Schematic representation of in situ hydrogel formation via various physical and chemical crosslinking reactions

discuss the current approaches to create in situ-forming
hydrogels via various physical and chemical crosslin-
king strategies as well as their tunable properties.

Physical crosslinking reactions

The ionic crosslinking method is the most widely
used to fabricate in situ forming hydrogels and can be
used to form polymer networks including polycarbo-
xylates using di- and/or trivalent ions (e.g., calcium
[Ca’'], barium [Ba’'], and magnesium [Mg*‘]) [9]. Al-
ginate, an anionic polysaccharide distributed widely in
the cell walls of brown algae has been commonly used
to create ionic crosslinked hydrogels. Alginate hydro-
gels rapidly form a hydrogel network when the polymer
solution comes in contact with Ca*" ions. The physico-
chemical properties of alginate hydrogels can be easily
controlled by varying either polymer concentrations or
Ca’" ion contents. Based on their easy fabrication pro-
cess and biocompatibility, alginate-based hydrogels
have been widely used in various regenerative medi-
cine, wound management, and drug delivery systems
[10-12]. While alginate hydrogels have been widely uti-
lized as injectable matrices, they have limitations such
as low mechanical properties and encapsulated cell ac-
tivity. Tseng et al. developed alginate-based injectable
and self-healing hydrogel materials to improve mecha-
nical properties and to minimize mechanical irritation
[13]. They synthesized the hydrogels by simply mixing
alginate and Ca®* ions in the presence of benzalhehyde
difunctionalized-PEG (DF-PEG) molecules that induce
self-healing properties. The mechanical properties and
self-healing capacity of the hydrogels were characte-
rized by rheological analysis depending on either Ca**
ions or DF-PEG concentrations, resulting in tunable
mechanical strength (~1.5 kPa) and self-healing pro-
perties (0.01~1.0 kPa). They noticed that neural stem
cells (NSCs) encapsulated within the functionalized
hydrogels exhibited a higher proliferation rate, larger
spheroid formation, and enhanced neural differentia-
tion compared with the controls (alginate hydrogels).
This result suggested that alginate-based injectable and
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self-healing hydrogels have great potential in central
nervous system repair applications. Recently, the Lako
group developed alginate hydrogels conjugated with
cell adhesive peptide (Arg-Gly-Asp, RGD) to enhance
cellular activity of the hydrogels [14]. They covalently
conjugated the peptide sequences into the alginate po-
lymer backbone and fabricated hydrogels using calci-
um chloride (CaCl,). They evaluated the effect of RGD
concentrations on neural retina differentiation of emb-
ryonic stem cells (ESs) and induced-pluripotent stem
cells (iPSs), demonstrating that a higher concentration
of RGD (1.0 wt%) resulted in effective neural retina
differentiation compared with alginate hydrogels as a
control. The result suggested that RGD conjugation en-
hanced pluripotent stem cell activity in the hydrogels.
Recently, there has been a growing interest in using
injectable hydrogels through host-guest interaction as
hydrogel formation occurs in mild conditions with tuna-
ble properties. The self-assembling injectable hydrogels
are formed through the interaction of the cyclodextrins
(CDs), natural cyclic oligosaccharides composed of 6,
7, 8 D-glucopyranoside units (a, b, r-CD) [15]. These
molecules include a hydrophobic inner cavity that in-
duces an inclusion complex with other guest molecules
such as adamantine (Ad), PEG, and cholesterols [16—
18]. Christopher et al. developed novel shear thinning
and self-assembling injectable hydrogels through host-
guest interaction using Ad and CDs [19]. They synthe-
tized Ad-conjugated hyaluronic acid (Ad-HA, a guest
macromer) and b-CD-conjugated HA (CD-HA, a host
macromere), which can generate in situ hydrogel for-
mation through host-guest interaction in each pendent
in the polymer backbone. The hydrogels are fabricated
by simple mixing of the two macromere solutions and
their physicochemical properties (e.g., gelation time,
mechanical strength, and degradation behavior) were
dependent on crosslinking density and network struc-
ture, which are controlled by varying macromere con-
centrations and degree of substitution of Ad and CDs in
the polymer chains. Interestingly, they also found that
the molecular mechanism of hydrogel formation relied
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on shear-thinning behavior to enable an easy injection
process as well as rapid recovery to localize the hydro-
gels on the target sites, suggesting promising potential
of hydrogels as therapeutic delivery carriers.

Chemical crosslinking reactions

The representative chemical crosslinking method
to create in situ forming hydrogels is photocrosslin-
king using visible and UV irradiation. In this reaction,
visible and UV light sources initiate the crosslinking
reaction of methacrylated-polymers with photoiniti-
ators (e.g., Irgacure® PIs 12959, 1184, and 1651) [20].
This method has been widely used to fabricate the hy-
drogels for various biomedical applications including
tissue regeneration and drug delivery, as well as tissue
restoration and sealants [21, 22]. The Khademhosseini
group developed photopolymerizable gelatin-based hy-
drogels. The methacrylated-gelatin (gelMA) was syn-
thetized by coupling of methacrylic anhydride (MA) to
a gelatin backbone that can form a hydrogel network
through photocrosslinking reaction using Irgacure 2959
as a photoinitiator [23]. They first investigated the con-
trollable physicochemical properties depending on the
degree of methacrylation (low, 19.7 volume%MA; me-
dium, 53.8 volume%MA; high, 81.4 volume%MA),
resulting in higher mechanical strength and a lower
sealing ratio with increasing MA contents. In addition,
they examined the effect of matrix stiffness on endothe-
lial cell (EC) adhesion on the hydrogel surfaces, show-
ing that stiff hydrogels (high MA contents) resulted in
significantly increased cell density and micro capillary
structures of ECs compared with the soft matrices (me-
dium MA contents). These results demonstrated that
photocurable gelMA hydrogels with tunable properties
have great potential as artificial EC microenvironments
for tissue regenerative medicine.

Growing evidence demonstrates that click chemistry
is an alternative chemical crosslinking strategy to fa-
bricate crosslinkable hydrogels in situ. This chemical
reaction implicates a copper (Cu[l))-mediated reaction
between azide and terminal acetylene groups, resulting
in 1,2,3-triazole bonds that induce hydrogel network
formation [24, 25]. Because of its regioselectivity, ab-
sence of toxic crosslinking agents, and rapid crosslin-
king reactivity under mild conditions, the click reaction
has been used to generate various injectable hydrogels
that have been utilized as therapeutic vesicles and im-
plants [26, 27]. Alge et. al. developed click hydrogels as
aECMs for 3D cell culture using tetrazine (Tz)-Norbor-
nene (norb) chemistry [28]. Tz-conjugated multi-arm
PEG (PEG-Tz) was synthesized, which can form an in
situ hydrogel network by mixing with norb-conjugated
matrix metalloproteinase (MMPs). In order to improve
cellular activity of the matrices, norb-conjugated RGD
peptides were incorporated in situ during hydrogel net-
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work formation. The hydrogels showed tunable mecha-
nical properties depending on PEG-Tz contents in the
polymer solutions, ranging from 225 to 2345 Pa. Cyto-
compatibility of the hydrogels was investigated by en-
capsulating human mesenchymal stem cells (hMSCs),
demonstrating that cytocompatible crosslinking reac-
tion led to high post-encapsulation viability of hMSCs.
These results demonstrated that this click crosslinking
reaction is an interesting and powerful tool for develo-
ping engineered cellular matrices for tissue engineering
applications.

Enzyme-mediated crosslinking reactions have at-
tracted attention as an alternative chemical crosslin-
king method because of their biocompatibility and site-
specificity [29]. Various enzymes have been utilized as
catalysts to create in situ-forming hydrogel materials,
including horseradish-peroxidase (HRP), transglutami-
nase (TG), and laccase. In particular, there have been
numerous reports on the development of an injectable
hydrogel using HRP because of its excellent biocompa-
tibility and the ease of control of physicochemical and
biological properties of the hydrogels, including gela-
tion time, mechanical strength, and biological activi-
ties [30-33]. Park et al. developed in situ crosslinkable
gelatin-based hydrogels using HRP chemistry for tissue
regenerative medicine [33]. To fabricate HRP-media-
ted crosslinked hydrogels, tyramine-conjugated gelatin
was synthesized, which can form hydrogel networks in
an HRP-catalyzed crosslinking reaction. In this reac-
tion, HRP catalyzes phenoxyl radical formation that in-
duces diphenolic formation in the polymer backbone in
the presence of hydrogen peroxide (H,0,). They found
that the gelation time (ranging from 5 to 60 sec) and
mechanical strength (ranging from 200 to 8400 Pa) of
hydrogels could be easily controlled by varying either
HRP (0.007-0.5 mg/mL) or H,0, (0.01-0.25 wt%) con-
centrations. They also investigated the effect of matrix
stiffness on 3D human dermal fibroblasts (hDFBs), and
found that hDFBs encapsulated within soft hydrogels
(1800 Pa) exhibited higher cell proliferation than those
cultured in stiff matrices (5900 Pa). These results sug-
gested that the HRP-mediated gelatin hydrogels with
excellent bioactivity and tunable physicochemical pro-
perties are promising injectable materials in tissue rege-
nerative medicine and various biomedical applications.

Recently, Park et al. developed laccase-mediated
oxygen (O,) controllable hydrogels as injectable and
hypoxia-inducible (HI) hydrogels [34]. In order to
create O,-controllable hydrogels, ferulic acid (FA)-
conjugated gelatin was synthesized, which can form
in situ hydrogels in the laccase-mediated crosslinking
reaction. In this reaction, laccase catalyzes diFA for-
mation that induces 3D polymeric networks via O,
consumption. They demonstrated that the O, levels
and gradients throughout the hydrogel matrices can be
accurately controlled and precisely predicted by direct
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O, measurements and computer simulation using ma-
thematical analysis. They found that dissolved O, (DO)
levels and O, consumption rates were affected by a
number of factors (i.e., degree of substitution of FA,
polymer contents, laccase concentrations, and hydrogel
thickness) and that the O, consumption rate follows the
theoretical Michaelis-Menten equation. Interestingly,
we noticed that thicker hydrogels (>2.5 mm thickness)
reached hypoxic levels (0.5-5%) when the culture me-
dia was placed through DO measurement and computer
simulation, suggesting their potential application as a
hypoxia-inducible and injectable hydrogel. In addition,
they examined the effect of O, tension on vascular dif-
ferentiation of endothelial progenitor cells (EPCs). We
found that EPCs within hypoxic microenvironments
underwent tubulogenesis resulting in complex network
structure with lumen, demonstrating that the HI gel sti-
mulates vascular morphogenesis and network forma-
tion of human vascular progenitor cells. These results
demonstrated that the HI hydrogels are a new class of
injectable biomaterials that may prove to be useful in
various biomedical applications, including fundamen-
tal studies of regenerative processes involved in the
treatment of hypoxia-regulated disorders.

IN SITU CROSSLINKABLE HYDROGELS
AS ENGINEERED CELLULAR
MICROENVIRONMENTS

It is well known that the native ECMs play a critical
role in regulating cellular activities (e.g., cell growth,
migration and differentiation) [8]. The ECMs are com-
posed of structural proteins, polysaccharides, and va-
rious soluble factors, which present a myriad of phy-
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sicochemical properties including pH, O, tension and
gradients, mechanical strength, and topology. As dis-
cussed, the hydrogel materials have structural similari-
ties to the native ECMs with multi-tunable properties.
Thus, in situ crosslinkable hydrogels have been widely
utilized as aECMs for various biomedical uses inclu-
ding tissue regenerative medicine and 3D cell or organ
culture templates to create engineered tissues. Using
the engineered ECMs, many researchers have created
engineered tissue models as 3D tissues and cell culture
templates for tissue regenerative medicine as well as
alternatives to animal models and traditional culture
systems for drug screening for a better understanding
of basic cell biology in healthy and pathological tissues
(Fig. 2) [35, 36].

The engineered tissues are fabricated by encapsula-
ting the cells via either physical or chemical crosslin-
king reactions. To provide engineered cellular microen-
vironments, the hydrogels are tailored with the cellular
active. The engineered tissue models have been widely
utilized as a platform for a wide range of biomedical
applications, including tissue regenerative medicine as
well as alternatives to animal models for better clinical
outcomes (adopted from [35]).

Isolation and maintenance of cardiac stem cells
(CSCs) is still a problem in myocardial tissue regene-
ration, as the CSCs cannot be isolated and separated
by the conventional 2D cell or tissue culture systems.
Choi et al. utilized HRP-mediated in sifu crosslinkable
gelatin hydrogels as an engineered extracellular mic-
roenvironment with tunable mechanical properties for
regulating cell behavior and cardiomyogenic fate of
cardiac stem cells [33]. The mouse cardiac tissues were
encapsulated within the hydrogels with different matrix
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Fig. 2. Engineered tissue models for a broad range of biomedical applications
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stiffness and cultured up to 7 days under standard cul-
ture conditions (37 °C and 5% CO,). The CSCs grown
into the hydrogels from the cardiac tissues were easily
isolated by digesting the hydrogels via proteolytic de-
gradation of the gelatin matrices. Matrix stiffness was
controlled by varying the concentration of catalysts
ranging from 0.0038 to 0.0075 wt%, resulting in varia-
ble matrix stiffness (1.8-8.1 kPa). Interestingly, it was
demonstrated that decreasing matrix stiffness resulted
in upregulation of phosphorylated integrin-mediated si-
gnaling molecules in CSCs, which are associated with
significantly increasing CSC spreading, migration, and
proliferation in a modulus-dependent manner. It was
also evaluated whether the isolated CSCs maintained
their stemness, and an excellent ability to differentiate
into myocardial tissues was shown. This result demons-
trated that 3D-engineered cellular microenvironments
are able to control CSC activities and regulate cardio-
myogenic fate, suggesting that our organ culture sys-
tems may provide an innovative template for studying
the mechanoresponse of CSCs in a 3D microenviron-
ment as well as for developing novel therapeutic tools
for in situ myocardial regeneration.

Hypoxia (defined as low O, tension, <5% pO?), is
a critical factor in the progression and metastasis of
many cancers [37—40]. It is well known that severe O,
deprivation caused by the uncontrolled cancer prolife-
ration and tumor growth play a pivotal role in tumor
development and metastasis, which induce abnormal
tumor angiogenesis and matrix remodeling of the na-
tive tumor microenvironments. The Gerecht group uti-
lized O,-controllable in situ crosslinkable hydrogels as
engineered hypoxic tumor microenvironments to reca-
pitulate physio-pathological tumor microenvironments
for investigating the effect of O, on tumor progressi-
on [34-36]. The small tumor grafts were encapsulated
within the hydrogel matrices with different O, tensions
and gradients (hypoxic vs. nonhypoxic) and were cul-
tured up to 5 days. The O, tension and gradients were
controlled by varying hydrogel thickness (hypoxic hy-
drogels, 2.5 mm height; nonhypoxic, 1.25 mm height).
Notably, they found that tumors encapsulated within
hypoxic microenvironments revealed increased invasi-
on that was both faster and covered a longer distance
compared to the nonhypoxic microenvironments, de-
monstrating that low O, tension facilitated the tumor in-
vasion. In addition, it was noticed that the hypoxic mi-
croenvironment enhanced collagen deposition through
activation of hypoxia-inducible factors (HIFs), critical
factors in tumor migration and invasion, suggesting that
low O, tension is important in matrix remodeling in tu-
mor microenvironments. Finally, the engineered hypo-
xic tumor constructs were utilized as 3D tumor models
to test potential therapeutics, such as minoxidil, an in-
hibitor of hypoxia-mediated tumor metastasis, sugges-
ting that the artificial hypoxic microenvironments have

63

great potential as a system to study hypoxia-induced
cancer progression and metastasis and to develop novel
therapeutics for cancer treatments.

CONCLUSIONS AND FUTURE DIRECTION

In this review, we discussed a wide range of in situ
forming hydrogels and their applications for a broad
range of biomedical applications. With advances in
materials science and engineering, numerous hydrogels
formed via physical and chemical crosslinking methods
have been explored as engineered cellular microenvi-
ronments with biocompatibility and multi-tunable pro-
perties. While the polymeric matrices are extensively
used to develop innovative therapeutic tools for tissue
regeneration, it is still challenging to accurately control
their physicochemical properties as well as biological
properties for better clinical outcomes. In the future, it
is expected that an in situ crosslinkable hydrogel will
be developed, which is more biocompatible and more
accurately mimics the native ECM for more effective
and wider applications in biomedical uses.
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