PHASE SEPARATED COWPCOSI TE CROSS- REFERENCE TO RELATED APPLI CATI ON [ 0001] Thi s
application clains the benefit of, and priority from Singapore Patent
Appl i cat iWp P/139@3201002882-7, filed April 23; 2010; apgrgabiiiloséiss
"Devel opnent of Hydrogels with Phase-Separated Structure for Tissue
Engi neering," the entire contents of which are incorporated herein by
ref erence. FIELD [0002] Th } i r generally to
conposites and processes %£A§€§E%%%J§hl\é§b%iﬁ% particularly to phase
separated conposite hydrogels and their formation processes. BACKGROUND
[ 0003] Conposite biomaterials such as conposite hydrogels can be useful in a
variety of applications including nedical and biol ogical applications. For
exanpl e, they may be useful in_therapeutic, tissue engineering, or cell
cul turing app@Réii$'(ﬁrFsFERﬁN§FEpﬂ'pcﬁEl—Aﬁgn APBLGAEIONving cells, it is
desirable to control the m croenvironnments around the cells, or to be able
to nodi f m'crqqp%/- I ; i S 4 been
reportedp()toI{l)(ljljE corrpomI géalc%ogﬁte Ql%rlléllﬁ‘g% té% d|emé g?%@%@??’g@{%%@r ﬁ'rr%qratbﬁg?mr k
(1 PN) caRafeat ppefication-Nor SGH0 1002882+ Hydite bApif2F 120110 andestifledked pol yner
net wor ks, and t he ase, structure and _nor phol f gn IPN determne its
physi cal %V(?g@r’w%&ﬁ%@éog%'ﬁdwg} SB@??'SeW%%%%ge’u&ﬁﬁ@?%ﬁrt‘rssﬁ%rrposi te
bi omat er gabikeerng, EtH e htfre Hon@Sitta 1of WHidH ﬁt@ﬁh%?\ﬁ?ét%théi‘@iﬁ Hyiefer@Rcé he
preparation and physical properties of Interpenetrating polyner networks,"”
J. Mater. Sc.: Mter.-Med. (2008) 19:997-1007 ("Peng"). Peng notes that
nost studi es have been directed at understanding the inpact of alterations
in conpositions .and preparation chem stry on | PN structures, norphol ogi es
and properti efleL%’ld controlling I PN norphol ogy through changes in
irradiation intensity, reaction tenperatures and chem cal structures have
al so been investi-gated. ' :

[06002] The present invention relates generally to composites and processes

for forming composites, and particularly to phase separated composite hydrogels

and their formation processes.

BACKGROUND

[0003] Composite biomaterials such as Composite hydrogels can be useful in
a variety of applications including medical and biological applioations. For example,
they may be useful in therapeutic, tissue engineering, or cell culturing applications.
In applications involving living cells, it is desirable to control the microenvironments
around the cells, or to be able to modify the microenvironments for various

purposes.

[0004] It has been reported that composites containing an‘interpene’trating
polymer network (IPN) can be prepared through the formation of photo-crosslinked
polymer networks, and the phase structure and morphology of an IPN determine its
physical properties. See Peng et'al., “Hydrogel-elastomer composite biomaterials:
3. Effects of gelatin molecular weight and type on the preparation and physical
properties of interpenetrating polymer networks,” J. Mater. Sci.: Mater.-Med. (2008)
19:997-1007 (“Peng”). Peng notes that most studies have been directed at



[ 0005] The application of photochemi cally crosslinked conposite hydrogels
may be restricted in sone cases. For exanple, 3-dinensional (3D) hydrogels
with encapeubayssiieel | s are not conpatible w th phot ochegirsakoti®eiss ques.
Usi ng enzymatically controlled crosslinking technigues nay be better in
sone cases to provide inplantabl e hydrogels encapsul ated with cells.

[ 0006] | npBeergnding theggwast af alterptions Kk Caappsitions anaPiepasaRbeRRisty

crosslinki t i Leal r JNn ki - ni ques
ay. e bop Pan SFelles o RS i piod 80 Ao IR e KT EnBGY O
syst em f through elsdnges inntradiatibn ntogsity, geddtiom te Hiddkdthed & chemicatcor dance
with an aspect of the present invention, there is provided a conposite
conpri si AgUCtdres; have @6&P§§at‘%v‘iﬁ'9§teﬁol ymer and a first phenol - cont ai ni ng
noi ety; and a second conjugate of a gelatin or collagen and a second

phenol - CRymosy N N9 TR BbiicalBAT R iphotdhePfbAITFEroLSirkRUSDshsH Hyigdige 175t

conjugate is'|ess cell-adhesive 'than the second conjugate, at 'l ea one O
the firsmayrie restrinted tosgroganess.i EocexampienBedimtensiomah(3D nmtdrogels avith t he

conposite conpri.ses discrete regions that are rich in one of the first and
second anﬁ?qusg[aég: CF@?)BQ_ ot t@’é%W&ﬂ\ﬂﬁOC‘i‘_WF?H@Ph@QH@%; §t"% he present
I nventi Oémzjnﬁ@tfc%lly%pﬁfr@Né@%s@-lirWﬁ@%hﬁque%ﬁﬂbV%etﬂé@teﬁ?mbtc,%s% tglescri bed
above conprising: mxing precursors for the first conjugate and second

conj ugat R®Vide implantabledrydrogels eneapsulates withvpels.t e; and di spersing a
catalyst in the solution to catalyze crosslin king of at |east one of the

first an ond cQul f | X o X ce with
anot her @gg’git of @Eg‘ﬂ%@%? gt erllé\iéltngt%ﬂgﬁ,nrs?%éb@alnéfgg}ra@/Pﬁ%%%aﬁlg@g@posite
conpr i si ergsslinkirg teveniquesd Enzgaiatically contesliddagesslinkrey ichnigues Ingasbe one of
the polyner and the gelatin or collagen is conjugated wt

h a
phenol - cRFHEIASAREEASSSI0 Arpdds @nyiRiectahle camposite hydmges SYRCRHRR t he

gel atin ipfec68hiRE hvitd'BrgdnjdRast one of the polynmer and the gelatin or
collagen 1s crosslinked to form a matrix, and the conposite conprises

di screte regions that are rich in one of the polymer and the gelatin or
col l agen. [0010] I n accordance with a further aspect of the present
invention, there is

SUMMARY

[0007]‘ In accordance with an aspect of the present invention, there is
provided a composite comprising: a first conjugate of a polymer and a first phenol-
containing moiety; and a second conjugate of a gelatin or collagen and a second
phe'no'l-containing moiety; wherein the polymer is selected so that the first
conjugate is less cell-adhesive than the second conjugate, at least one of the first
and second conjugates is crosslinked to form a matrix, and the composite

comprises discrete regions that are rich in one of the first and second conjugates.

[o008] - In accordance with a further aspect of the present invention, there is
providéd a method of forming the composite as described above comprising: mixing
precursors for the first conjugate and second conjugates in a solution for forming
the composite; and dispersing a catalyst in the solution to catalyze crosslinking of at

least one of the first and second conjugates to form the matrix.

[0009] In accordance with another aspect of the present invention, there is

provided a composite comprising: a polymer; and a gelatin or collagen; wherein at
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provi ded a nmethod of formng the conposite as described above conpri sing:
m xi ng the polyner and the gelatin or collagen in a solution for formng

t he conpagbhei/mbAsei n the at | east one of the polymer agg/sche1@68351 n or
collagen is conjugated with the phenol -containing noiety; and di spersing a

catalyst in the solution to catalyze crosslinking of at |east one of the
pol yner Igast enroliealymer andihegelatin or collagaris qeaiugated wish 1Pl

aspects, c{rﬁ&bH{ggﬁo[ n,gp in% SE?%SO‘T%AIE 1 a\?&f%tn th@‘@%@tfnoé} fllbbﬁpeﬂ:‘l%ma

appar ent dpon i I eW O

f ol | owi ngt Idastariendfithe polyrs@eaid the brreditaRyedf is Ichesslinketd fonmi a
conjunction w th the acconpanyi ng gures. BRI EF DESCR PTI'ON OF THE -

DRAW NGSMBtEx 8P Ahe gemppgile é@mW\lﬁﬁé H'SCFGPtﬁé'?@'QDé thahargdighd oag ke onl vy,

enbodi ms&; on: [0013]FIGS. 1 and 2 are line graphs
respecti Véﬁy@ég%{i‘?}g@ﬁ&%‘ﬁﬁ nes@é%nd gelation time of G n-HPA HA-Tyr

conposi te hydrogel s prepar ed at a fixed concentration of H202 according to
exenpl ar[{boeﬁbodi nmenteeccofdarive witrea émthemaspect ohthe[ fréddithhehitiod, trededs ar e

line gra respectiv ing stiffnes elation tipe o

G - o RRVIGR L GieHis] eLiop BBl e ARG iroH e CORAT PGB at f on
of H202 @g 88a ﬁ@tl’@‘%&ﬁhﬁb{c fﬂ%{&’ilﬁe&né&u%n ?cﬂ"?oﬁﬁiﬁgefﬁé chmpRRiteon; WO
2011/ 13311 / S&G011/ 000158 | 00151 FI GS. 5A, 5B D, 5E, 5F, 6A 6B,

6C, 6D, \&Er@mtr@ate{e@stm@rmﬁhe pohwyesanikifiecgélatin oheoliﬂmessepmgat@:ﬂ
structure. f the n- HPA/ HA- Tyr conppesi te hydr and 2,
Caken arvi fHepBsoRcRRtAAnE T h: SO e Spgta R EREE e soligore™ 70y e,
8A, 8B, &falyﬁ@cr@sﬁhﬁlﬂﬁg%a@r&%s@@ﬁé eE e polymer and the gelatin or collagen to

form the matrix.

[0011] Other aspeéts, features,. and embodiments of the present invention
will become apparent to those of ordinary skill in the art upon in view of the
following description of specific embodiments of the invention in conjunction with

the accdmpénying figures.

BRIEF DESCRIPTION OF THE DRAWINGS |

[0012] | In the figures, which illustrate, by way of example only, embodiments

of the present invention:

[0013] FIGS 1 and 2 are line graphs respectively depicting stiffness and
gelatlon time of Gtn- HPA/HA-Tyr composite hydrogels prepared at a fixed
concentration of H,O, according to exemplary embodiments of the present

invention;

[0014] FIGS. 3 and 4 are line graphs respectively depicting stiffness and
gelation time of Gtn-HPA/HA-Tyr composite hydrogels prepared at another fixed
concentration of H,0, according to exemplary embodiments of the present

invention;



| mages depicting the phase separated structures of the G n-HPA/ HA- Tyr
conposite hydrogels of FIGS. 3 and 4, taken at different concentrations of
HRP; [00IWODBb(GA33A4, 9B and 9C are confocal inages depi eCcrsg20h@opbsse
separated structures of different sanple G n-HPA/ HA- Tyr conposite

011 or erid0ahl o dSed 158 e, i oaft Sy Ao 8 HE REFF o5 ana oG

and [ 001gjfb&ar- m%éés d%E)l%M%%i% gﬂé@ séﬁgra?&fstm&u%' fﬁﬁ?@}ﬁﬁ-ﬁp}\[ﬁwﬁ%r

depicting the phaSe separale tructures anot ferent sanple
& n- HPA/ commpesitsonysiogele df FliGSgdlasd 2,00Re) Bt dffefehticonaeniaatiasagfiHidBpi cti ng
al bum n production by hepatocytes on the different sanple Gn- HPA/ HA- Tyr

Gt ot Hpod¥Bunen EICRTA. T, T Tt A el NG A8 R anfi e rdnedicanmt o
G n- HPA |h$é§j’e%€tﬁép$ct(erQheQ§H§Bérsb§9FHted %T&@%E@ﬂpmhm%mosi te

I ncl udes first conjugate and a second conjugate. |In one enbodi nent, the
first cd?‘bfdﬁgﬁ@lé qff'GSF dot, takgroatyaifferemgoncentrationsmfdiyP; preferably a
phenol - contai ning noi ety. The second conjugate is formed of a gelatin or

col | ageNygBAs) 2 el T U ool SAL Yo RenaL EOGAL HAGnTDL ety The

conposi t orm of "a conposi under st ood,

a hydr ogsdparatedutesturep of differént gamhple)GtnwhPAIHAATYr abApdsite hydmgels;such as
wat er. As used herein, a hydr ogel may refer to either the polynmeric matrix

x E Eoﬁ?y aggf[)ggdl ll-'l 8)!8 aollrnetg?r%pﬁ of cnﬁrglrg\/vtrrr\acg\/relr)%lrr%enohttﬁe grf&/ergrt\tasta%‘uélie' ©

Gtn-HPA/HA-Tyr composite hydrogels of FIGS 9A, 9B and 9C; and

[0019] . FIGS. 11A, 11B, 11C, 11D, 11E and 11F are confocal images .
depicting the phase separated structures of another different sample Gtn-HPA/HA-

Tyr composite hydrogels;

[OOZO] FIG. 12 is a bar graph depicting albumin producfion by hepatocytes

on the different sample Gtn-HPA/HA-Tyr composite hydrogels of FIGS. 11C and
11F; and - | |
[0021] FIG. 13 is a line graph depicting albumin production by hepatocytes

over time on different sample Gtn-HPA hydrogels (for comparison).

DETAILED DESCRIPTION

[0022] A composite includes a first conjugate and a second conjugate. In
one embodiment, the first conjugate is formed of a polymer and a first moiety,
preferably a phenol-containing moiety. The second conjugate is formed of a gelatin.
or collagen and a second moiety, preferably a phenol-containihg moiety. The
composite may be in the form of a composite hydrogel. As can be understood, a
hydrogel includes a polymeric métrix, which can absorb a liquid such as water. As
used herein, a hydrogel may refer to either the polymeric matrix with any absorbed

liquid, or the polymeric matrix in its dry state (i.e. without absorbed liquid).
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WO 2011/ 133113PCT/ SG2011/ 000158 [ 0023] As used herein, a conjugate may

i nclude at |east two conponents, which are bound together via at |east one
chem cal Wwondiigsshsas a coval ent bond, or a non-coval entrcliscdoawodisas an
ionic bond, and a hydrogen bond. [0024] The pol yner of the first conjugate
is selected so that the first conjugate is |ess cell-adhesive than the
second dBPZ3at e. Asuses beresy acemibdgatemnay inchile atrleastdwr) cagapaenanis,

cur race feofe, 6Bnd joddRhertidar BESPEhBRRLRIGH POR B B PudieriBdndh 7,

have a lorwenoratbvalentybdrl Sudrdasvah iorib®ond! &nd alhydfogeri ieencl is consi dered
nonadhesive to cells when cells do not tend to bind with the material. A

| ess cel l-adhesive materi al y not cagntain a cationic¢c charge or a |igand
such as IQO%D pept iwﬁweeﬁ%.e ffﬁbC%taH@%tW%ﬁ@@gt%irsoaﬁWéﬂﬁﬁ@t to cells can
be neas L : e r Al fi a period of tine
and obs:ab{o\‘?/’|ftlrgn}gg)Y e\’/\%’%e Egpé{p%gﬁ%ﬂl{/?a@dm& %hgﬁ]@l#ljeg%t{%' f\'ﬁgeltsegliefd ace. For

exanpl e,ensipadiments diafirst benjtightesisooradeesmedo icalls. Cebulamadhésioni s i ncubat ed
for a predeterm ned peri of tinme. The culture nmediymis then replaced by
fresh hdaieUis GGG G e oo putiarseof 3 Gibuah of rireeali lsis e dheRyEr ed by
any applif &H8!tended HQ@@aWé‘PaﬁiHit?t&BinﬁLﬁ%ﬂﬁ Paterldl ARafdal i 0025] 1n

sel ected enbodi nents, the polyner in the first conjugate may be a
hyal ur osoosidered emgdhasivesionselismdeti oelistdg nohienddo yinet withgheymaderial. A

pol y( et e lycol PEG) . In sone enbodinents, the polyner be a
Flext 1 an e ARy mRteTi e eeaR A e Charop s e OR, HaT iy

i ncl ude RGEDgJuitle segAEROX YIhe adifBdieenes8lof SUGGtdtaNtdlellseddA behfshsured

pol y(et hyl ene glycol)s, aldehyde- or am noderivatized hyal uroni c acids,

hyal ur oMYCUiETIRg &8l 8RLRE aietRisuiiacaifert apededoitimesand ghserying whether
cyclotri y : LR <

b ophod e e s S ey o B able, AR Or eIt e
car boxylmatesiai, ttee material icincubaide-fdeaiprad eteedindeerima, ofdimé.he | i ke.

[ 0026] The phenol -copt ai.ning noieties jn the conjugates pay be any suitable
moi et i eMtU5%m Wi'ﬂéh r(?@;@‘i%‘i’k%{r%gbmmg? d@h'th%eHrosSI i nking the
conj ugatRmesilBRedd tostheRNSRPr GAREASIHEAD ;ﬁ%p(pl%ﬁglet MBtIRREHRHOWN to a

phenol -contai ning noiety may be the sameé or  different. For exanple,-

t yr am nékill®dmersen imntle@dy phenyl propi oni ¢ acid (HPA), a cat hechi n-based
flavonoid, or the like, may be included in a phenol-containing noiety. A

phenol - §863d) 1t N9 TBLELEABHLARIIE AR dANanR (el AR, BT gont S

at | east one of the enol -cont al g hoi e
phenol - ¢yaleomic rgiddHA). Vincome esmpodiyentantheosolameHRay bera poiEethylerd nent s,

th h | - Ml iety in the first ' t | ude t '
and | ho SHRENF ECOn EATR,SMPEIyeRta, 1R PauBEnIAIRS AGRKEeRe ) TERINTE &
hydr oxy phanyd H&&Pb%nm%gé.dsﬁh%bi%%}lﬁﬁrﬁﬁ1%6@(!’@5@&‘198&%%%&@!—0”' ¢ acid

(3,4- HPA). In sone e I ments, phenol - contai ning” noi'ety of the first
conj ugatamingm@ristctineidertetdfaateslpdly@shyBere Blyicbs, aldehyde-Drransinooh t hat t he

first cgnj.ugate conprises . onj ugate of a .pol r d,an. nd/ or a
con; ugalBr R AT RRT Scifle 1SPUISRlc ah ahufiedtiai DT of figthitacdlr

phenol - eaRfugatdd) gydBitrhvsphazdie §&eond conjugate nmay include an HPA such as
3,4-HPA, and/or Tyr such that the second conhjugate conprises a conjugate of

gel at i n'PAgaOXYMeibX (Bedimdhydazeng dgademers, deioahpapharil agre.
phenoxymethyl(methylhydrazono)dendrimers, aldehyde-, carboxyl-, amino- or

succinimide-derivatized dextran, or the like.

[0026] The phenol-containing moieties in the conjugates may be ény suitable
moieties that can provide crosslinkable phenol groups for crosslinking the
conjugates. The first phenol-containing moiety and the second phenol-containing
moiety may be the same or different. For example, tyramine (Tyr), a . o

hydroxyphenylpropionic acid (HPA), a cathechin-based flavonoid, or the like, may
5 | |



[0027] I n sel ected enbodi nents, a flavonoid may al so be used as a phenol -
containing noiety. The flavonoid may be any flavonoid fromthe general

cl ass of welhefisgasderived froma core phenyl benzyl pyregpgsshiti®hosg, and
may include flavones, isoflavones, flavonols, flavanones, flavan-3-ols,
cat echi ns, anthocyanldlns and chalcones In a particul ar enbodi nent, the

f I avonoi ke ineluded ia acpharohicantainiag mmeﬁyh A phera@mntalamnnoety ma(yaﬂ@uﬂen or

h L d d th h
ceror o 1 BBV 2Rl o BB A0 Ra8) bt Bl AOB SRR AR
cat echi magy 8ad ﬂfélsébdiﬁmw&tdmeﬁta.mﬁg Inwlém hreisERfH dhd/@PargRIPAQCiat echi n,

catechin, epicatechin gallate and epi gal | ocat echl nrgal | ate, and i ncl udi ng
al | posﬁmneemtéad@neetsﬂﬁresphﬁnqt@oetamlng renietydn s first sasigate mayrioelude | n

(5 car deptinb Ao dianel Faktnd Mo R e SRl B ke 2
(-)-epi gﬁd'r@@@ﬂt@ﬁ?lp?o;ﬂ@hnbfﬁcﬁj( suﬁmastam-‘tﬁ/bmty@ﬁeaﬂprdp.mCeme@tAed to
have t he hi ghest actl v am)n the catechi n-based fl avonoi ds possi bly due
to the tHiPA)diosgmeembagimgatsy eah@tcésto@talmgéweatotm@ Tiest Gowivaaten of

this fl HR the first
colnjsuga?}é%%%?’ﬁt onergé}nﬁoac? nent , tl%R&/P g*%ﬂ}“@gé eﬁf?’gg%%#g- yre e

conj ugateamprisesnotirgugatehstd ﬂ@lytnertahe dn HBA, andjou @adonjugate oPEe piider
conj ugatedc_g PEG Tyr conjugate or a PEG HPA conjugate. .In sonme enbodi nents,

the firsn daépg‘%?‘boglén%!‘@o‘?’?ﬁ@ﬁ'\@"%@@m"B%H‘ql%tymt%é%mfﬂtooo to Zhou
et al. u

whi ch are Hdngsc%rgqoér))};lpgﬁ h&mgﬁﬁag)su O%g?gn%'gﬂ hd/ggﬁg/rg%ﬁf rtrg%%é% f| rst
conj ugatenjugaté eorpdises raaaon]‘qgatelof delatinamdHirAHEFadyat a.cohjugsteref

enbodi ne Q?ﬁja HA- Tyr conjugate is preferred. The first conjugate may al so be
unnodi fi tBb %i such as PEG HA and dextran as |long as the second
conjugate of a gelatin or collagen and a second phenol - cont ai ni ng noi ety

can for r{oaz I [ 0A28]dcted ehptifflestaba Hia tEmdia mAy8lss eolsbd- a9 h ydahel-may
i ncl ude a atin. In other enmbodi nents, the second conjugate nmay include a

col | agerfon atn@srmo'@tbboﬁh%ﬂatf@ﬂo'@ Heavsee any flaveneig iam W 9emeBLeIasa Ofel at i n
moi ety, ﬁﬁ‘ﬁi‘l‘eﬁﬂle@%rﬁgd?rogﬁeaédré'?ngﬁélgﬁéﬁlEﬁ/rml s FuMifd, 2 rﬂé%ﬂﬁ:rlud/ tive of a

gel atin. onme enpbodi nments may ‘contalrh a gelatin and
one or rflavenes,isoflaxomesniantosols] lavseomss] fleoalp-agrais;ecataghlabsmtbecmmdlns
unnodi fi ed atin gr coll.agen a on e first co of a pol ymer
and a1 ARG doat STiEHB" enadyeah e fRenat i g S SRKRET PFat and
second GaRdiHIAbASedRAVONGH UACCABENIAT 0B CaterPIH-BESELRas A iPasl i n US

2010/ 0074956 to Kurisawa et al. ("Kurisawa") published on March 25, 2010,

the ent iflexopoidttbat kelongsun the class pepeafykaewn ascateehing (erdfavesnte!

oroups. EFARR pand Bt G LABGRD PRGBSl o
degr ee CB‘p@E!ImjcamhlrQ@at@ith epicaAbehIh dalldredireie Pijaleatedtihigahatepanger cent age
of conjugation, such as about 90% conj ugatl on. The degree or percent age of

conj ugat'ﬂQJHd@srﬁllueosetnt@étﬁreﬁepm%a&g@tee By qmetﬁmw%pﬁé%ﬂam &sIMIVR
measur enBil ge %n@ﬁi@mdm htd, ¥ Bl }mn G2U 8 Roid Ee(t gga{e%‘ﬁ.rg%

conj ugat i on |s as the nunber of tyramne conjuga
r epeat i Hg-epigaloocatedii gaﬂntehlmmmeappbeaildnys Gé}taergalloeatebtxml‘gdﬂatfeasur ement .
t he n er _of amno f nal s before

and af { dECTR) B i, PAY TSP REFIAY (B hEvaVRerHae R ARUHDY SmoBBghee o

per cent Qﬁ@e&fn—%@@b&'ﬂ@%%dé Sposaidly Ghé%tﬁétriﬁyﬁ g‘@ﬁhg%‘ﬂ latoesRd and/ or
cell attachment on the hydrogel can mai nt ai ne A Suitable conjugate may

have furm@letthatthgr(b%pes@mnf Sflgmrm«sjl Foaekample; &n@oynaybesocioded gisde

groups, d|t| nal sui tabl e conjugates may al so include
dextran, a %‘H?%@H’ {héehrr?@g 8par| n, or the like. In any particular

[0028] In one embodiment, the first conjugate is a HA-Tyr conjugate. In
another embodiment, the first conjugate is a PEG-EGCG conjugate, a PEG-Tyr -

conjugate or a PEG-HPA conjugate. In some embodiments, the first conjugate may

6



conbi nati on of the conjugates, one of the conjugates should be |ess cell
adhesi ve than the other conjugate. For instance, in selected enbodi nents,

t he secongoeeiyugate is selected so that it is cell-adhegirserodoisie first
conjugate is selected so that it is cell-nonadhesive. [0032]1n anot her
enbodi nment, the first conjugate may be formed of a polynmer and the second
conj ugat@@@%ﬁ@ﬂ&édihﬁdI&W@/&@QGIIMO(ﬂbtd dipen et angublighedosre of the first

s RV R 931 e (b8 e RS e G B 278 P DSAR LA el 22,
or col | aggrefeldiReeiIA sdind @ﬁﬁbdmtefthéhﬁstk@rmwe MY bda RRtARITYr o

col l agen 1s coHJRugat ed with a phenol -cont ai ni ng_ noi ety, the polyner is |ess
cel | - adhéexrtian é‘nCQI‘I:I@Q@i@I an isamererobodiments, HA yatconw@te isriwetsirache pol yrer

and the I enl Cross tq for d, th
comost « £ lirbBlebf BYEs PafPBReliatetiyrgrs Bldh A Phe e I Rne:
and the gelongids e Sé@oh@@:@ﬂ;uda@@@ﬁé @bldtmaﬁtcoqage@fanastédorn@itpm@lsecond
conjugates in the conposite is crosslinked to forma matrix. The nol ecul es

of the cenfjtaigiiiemoiady cae feimadgeal.nked t hrough phenol groups in the

conj ugat es In sonme enbodi nents, nol ecules of the first conjugate may be
crossli n o for I*Fe.n? ﬁe&ﬂ[”i” I f_the second
conj ugat §/ be clﬁo%sléaéﬁle@bold %ﬁﬁeg msf?%l X E{{Bn? nir)‘%g‘d(r%ents

mol ecul egelafin.bbt Otheoanﬂu@dimenusashelmemndwmugad may rhorumeaa oltagex. lhn
sel ect ed enbodi,mer; ﬂlﬁjexa | e, .when one, of the fjrst and t he second
conj ugat ¥NGEIYP ePI?’c HEAHBYGALE MY iRchigiend Pelajin eigtn i mMaYy be

an int erpepejdAd, 69@.»&6@6(3@%{\%{& OIHBPIQ/atI\}éIoﬁ%bgFéhﬁd Rdpek ments, where

both the first and the second conjugates I ncl phenol - cont ai ni ng
noi ety, embociwmerﬁsxltya@elatmmoreltys meEyrcdndaio@/gélatin land mmedeomaredother m a

t h t N. [ 0034
conpost (TGS THE'ebf sPBleals iy H&i bs BrofTRod ot Gl smlPden) ¢ ha
are richas pngrss MEﬁEsthorfpﬁgHtel@@b%olirﬁeﬁ@ﬁ@a&ﬁ&%éﬁ'ﬂbéntaﬁmﬁg GUIBYYde nay
i ncl ude discrete regions ("domains that are gelatin- or coll agen rich in

t he seccfﬁﬂnc?ogﬁ*ugate A discrete regionis richin"M ("Mrich") when the
concentration of .material "M in the discrete region is S|gn|f|cantly

hi gher t[ppBoj N therﬁgif,,%{:gﬂa sév\ghcﬁ’eén ﬁﬂé{e‘%urﬂg MEIGdE o BEWTS cbﬁﬂ)g%r S o i s

region i's an "Mpoor" region e concen ration o
8 si gniddscabedyn U@/\EMQ/&@IMQ% tonisurstve ehal. (‘Egirisawa”)pubiispedoh Maghon nay

b bst il % f f "M t he .d
Al o bo 1524 Py e BEEpRRIAN S AT da B PG BFOYBIEY TFIETERE di scr et e
regions. In sone enbodi nents, the conjugates in the discrete regions nmay

al so crdeeBipk wi t%rté)@nqﬂéjmgaioﬁwgafeﬁma@Q%Wafé?woMIﬂe ah@®3skWhen the
di screte regl ons have a higher concentration of the first conjugate (i.

ri ch in fUAEIANA grouRshatear be £/aiusatrd wﬁhtnh@ngb%ﬁaoemﬁ v @ pufticieny  ar e'
| ess adhgs]rue of ?o ﬁgéﬁon \éhugﬁ és@odiut%cdé(‘gfr@e o‘?%gju@aﬁ diEsGe of

concentration o second conj ugate t’he T1rst c©onjugate,
and ri chcanjugdtions egcnds abnpum%e)qnjugalpnarTmerM@fead:hqmrmta@e otl I s When

e GRSl e s BV O e

nonadhesh¥gsdrenfedits. SAS@&ngﬂbléHal R ke HACTYOdorf@hdtadte-dddrBe "o?%ﬁ‘jﬂ !aﬁon
general ly adhesive to cells. [0036] The discréete regions nay have d| fferent

shapes dadefiagd peitlee numbgr of fyramineeenjug2ey inrl 08- rdpﬁ@tmg wnitd Of(138) r egi ons.

The dis 9 shape var ze. \Wen
the di sg&@ @C%? ’%?dﬂz%{%ﬁﬁ WW&% qsgoﬁamg "Ci I’O(E %Pe'éﬁag'éﬁ)" the si ze
of the diompugite, th@mm@errrmenhﬂorf@@am)rn@dgmUptshﬁféredarwmﬁ@*tﬁe C-Ehﬁ.lg@tléﬁ of a
non-spherical, or non-circular, discrete region may refer to t | ar gest

length df evaatedyyisNMBrmpasuneaanti Adegres cipererntage steenjugation isi rcul ar or
spheri cal,f &L AP RGardR! 88n bBabrRaS ahBRr 28 MRtAERRACRE o %é’ﬂ‘yadr%ﬁe F 8% be

maintained. A suitable conjugate may have functional groups such as hydroxyl,‘
amino, carboxyl or succinimide groups, or the like. Additional suitable conjugates

may also include dextran, chitin, chitosan, heparin, or the Iiké. In any particular
‘ 7



di screte region in question, depending on the application, convenience, or
the accuracy required. [0037] The sizes of the discrete domains and the

di st ancesywbebhyegpishem may be on the order of nanoneter schRBhGiosEEers. In
sone enbodi nents, the discrete regions may have an average size of about 10

nmto about 500 jim such as fromabout 10 nmto about 100 [trn. [0038] The
di st ancecqmbipaties of thestanjegstebetnveehthevewniigjades ahodd berlesecelbgibesivean al so

von Vo auga GoB8 oL 5! PSihaBolTSaBe Sha R B S ner a2 °
be appr egdrjtigste i$ Boledict SRS ithS EVRABNESTE AR fHekirkh&orfiidas is 9Blekh®) regi ons

may be neasured or estimated for exanple, by observation from.inages of the
conposi t¥0 thatidhis gell-vonadketive.nages, or by dynanic | aser neasurenent.
[ 0040] As can be understood, the sizes of the discrete regions and the

Separ ot BASPh  no DobUE et RFRE, HES b ey B8 PR 1 o2
phase f osstpsieptint ite bbcsid esrjiggtatRapbd formpédsta fgeldtittbrafoliben  s&eposl
conjugate. As will be further discussed bel ow, the conposite can be torned

wi th di forg ehihedigh andsegonsheaniugaipaingludas a maielyxwhishenaybgeheherPlon t he

f ti - .t h i ' . ' to f

o 1t ecsouPaRE ROyl s S8BRURRS A e o R It A PR R e

Tﬂe t wo gﬂaﬂimggt@lisagm%/mbsejnlggilefrsggabidﬂm??lqﬁe{lﬁmdahe@ml 'sicbrecoﬂiagbn? ]
ase-S arated,structure. L i nvenl en , e exe a onposite have

3; ffer eﬁg CP@@&Q@F%J Wﬁe_@a%ﬁrpﬁrciaﬂ 89 Mgl &h@%’ P@wa%l@ggps&éégﬁg&ﬁess. As

will be thblhtﬂ'ﬁ'@pe%%ﬁfdr'c%ﬁ 8¢ l1AWat IRt BhE &3 Rél@%éﬂ'a%t%ﬁﬁé%efﬁmﬁns

(donumi ns) and the distances between the regio I'n other "words, the degree
of phasecdllepanids trosslind todoromvmatrenthg the somplositel cdmprisgs dissréter nat i on
process._ Thus,. the exenpl ar nposite can,be copveniently adapted to

P ovi do RS ok Srer B Helor AR EPDnG: SR g o B eafash. 0042] The
conposite may further contain other desired additive(s) such as a drug, a

prot ei n [0033] cel | ,Aidepstrshendf th8 firstearapsddopat danjugakbs irfithédcompodifecisude a
therapeutic protein. For exanple, interferon, herceptin, or the |ike my be
i ncl udedePeSInked do fiyay pmeatriko - heraplest|asi &f the speiugatesstian becraseinfkedse,

| ysozy | ' tncl [ t | may
conpri gghgcmsgthteé}n?ecdgl p?ou&@?ﬁ t@é%ﬁrﬁgtﬁé@%@ﬂgégp B@‘iﬁgﬁ%w@%@g’ﬁgﬁn of

ot her adiust ¢argygdtemagy be cemdstinked talfamena imedrianin sempambadinantsappl i cati on.

It should be not however, .that the, additio f other additive(s) ma

| mact dopRuRe e Seam bonligit AY 68 SorPledly TUT BRI SETE: oo of
the for reAbEdiIRReSs, riolR¥diee@F boti cOMubaRsiRAYBEI PEsIHNRES &5 forfig atfix.t he

gel ation rate. Thus, dependi ng on which and how nuch other additive(s) are

i ncl udedn setreted pabedimentsnfasiexample.avbery sne of thenfirgt arg §ze 8ecarst ser adi sh
per oxi dagey(JdREd do88 nBPIMRAILAERY pRESS-dhtRRindthtRty dnd tdthik iiff oS URN | mpact.
interpenetrating polymer network (IPN). In selected embodiments, where both the -
first and the second‘ conjugates include a phenol-confaining moiety, the two
polymer nefworks can be covalently bonded and form a composite hydrogel which
is not IPN. '

[0034] In some embodiments, the composite may include discrete regions
(also referred to as “domains”) that are rich in one type of conjugate. In some .~
embodiments, the composite may include discrete regions (“domains”) that are
gelatin- or collagen-rich in the second conjugate. A discrete region is rich in “M”
(“M-rich”) when the chcentrétion of material “M” in the discrete region is
significantly higher than in the adjacent regions surrounding the discrete region. A.

region is an “M-poor” region when the concentration of “M” in the region is
8



WO 2011/ 133113PCT/ SG2011/ 000158 [ 0043] Anot her exenpl ary enbodi ment of the
present invention relates to a nethod of form ng a conposite as descri bed

above. |twahoil@zAe understood that the conposite may alpgg/segofifogpased or
formed by other methods. [0044]1n the exenplary nethod, precursors for the

first and second conjugates are mixed in a solution for formng the
conposi t¥grifieantlydawer fhan indhe adizmebt regionm Af'Mepoarm yegisn may belded and

di spersed.,in th ol ut.i.pr catal yze crossl.inkjng of at |east, ope_qf the
firot ancrestarbifly B roB e aReciiohies f BRcaPel oo Yoak S RE A ng o
the mat rérsséimkelimdabatiisephtate %gafdyels?ﬁxzt}ﬁ@&ﬂé&éie' Pegidhist [atsehe [ 0045] The
precursors may be sel ected based on the desired conlsugat es to be

crossl i ramBodiments dheeonivgatsss iprtee disssete ragionsieay alsoapesslinkovith ted t he

crossli %@%agéggnhgwgg%ﬁrggltgﬁé may be carried out as described in Zhou

(descri béed (descri bed above), with or w thout
nodi fi cati on depending on the particular conpounds used. In a particular

enbodi mg0035] he fiWsienangl dseestsdegions et eshighyr Eenceatiatibe oftk figt ough a
carbodii m de/ active ester-nediated coupling reaction. [0046] The conjugates
may be cGW¥4IatakieR) richrip diom fitst caBiuoate, God A dn e @q%ré)qsllr@wgajeb&b%vi n the

conj ugat.es, i a d : ;

cxorpl ar e sepo e I Wl R IR ERRRR: Shidher EhAiRarel.
(HRP) araf thi2@82comnd cemjlgateqile epdrardhrteafisst coajugyatemragelr dahi islthpeeocandlase and
H202 may be used. As can be ynder st oo nol. s cap craqsslink, through

ci ther - PO ken BT ABE ARV Holse A BBRSTS OB 45 RAEEEMgo0r a
C-0 |inkags Q%bm-ﬁd?ﬁe@fdmag%b,%h-aaﬁeéib@tcpbéﬁg?' Eér B; ah MAEALAN

sel ected eandlnents, the gel ation solution contains an effective anmount of
HRP for regiesdsigekierallytriomadbasivgde eells,@ndor gelatis-rivbnpraxiliageyighageios.is The
anmount of HRB,j s, typically specified or neasured in units (U). One unit of
HRP i s td?@e%u%qhéquﬁﬁ%ﬂﬁat catal yses the reaction of 1 pnol of the
substrate in 1 mnute under the standard conditions. For exanple, the

gel ati orf0@86Lt i on Thydisomta rayibn®magiteive difféent shapssibnd mayuriférstord-, or

fromabout 0.02 to about 0.2 units/nl, of HRP. The concentration of HRP may
al so be HBREPasaL(Z A hdimensignal (3lg) ragionssr Ths dissrete regipnfiRawRa¥R ai | abl e

in 100U/EgulaP shab&dac@rtay iy 3P52E @hen the discrete regions have generally
spherical or circular shapes, the size of the discrete regions may be measured by
_their diameters. The size of a non-spherical, or non-circular, discrete region may
refer to the largest length of the region, or may be calculéted as the diameter of a
circular or spherical reference region that has the same area or volume as the
d_iscrete region in question, depending on the application, conveniencé, or the

accuracy required.

[00}37] The sizes of the discrete domains and the distances between them -
may be on the order of nanometers to micrometers. In some embodiments, the
discrete regions may have an average size of about 10 nm to about 500 um, such

as from about 10 nm to about 100 pm.

[0038] The distance (shortest distance) between two adjacent discrete
regions can also vary. The average distance between adjacent discrete regions

may be about 5 nm to about 500 um, such as from about 5 nm to about 50 um.
[0039] As can be appreoiéted , the distances between regions and the sizés '
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may contain fromabout 0.1 to about 20 pg/m of HRP, such as from about 0.2
to about 2.0 g/m . [0048] The concentration of HRP nay be sel ected in order
to reach wbeopel3spei nt at a pre-deternmined tinme, as explrairsedoinvodissi sawa
(descri bed above). In some enbodi nents, an optiml HRP concentration may be
selected to achieve the desired stiffness of the conposite hydrogel, the
desi r ed fdhatregiansimay bemeasusedoeastimatedifer exampled bigiphsernaspa i on wher e

t he wei g t] ' raklo f_t i nj tes and the
concent ?igﬁg{?% dgﬁ hé%@pg?@é,b%qcﬁ 3 %H&ég%aggg’r%&é},)&ﬂhagﬁ@elac ion solution
may contmiasatemsnt0. 062 units/m of HRP. Wile holding the weight ratio of
the first and second conjugates and the concentration of H202 constant, a
hi ghernléﬁg Sﬁncentration, for exanple at above about 0.2 units/m in one
enbodi 40t an yie$ gar bednsessioad Hhgrsizrs ofiihe disareissegonsanddhe, | ess

gel ati onyibiMReaBdnl&siva gﬁ%@ otﬁﬁcg‘@gé;‘{éé;ﬁhos e e%g@@@%?ﬁb%éagepé’lﬁfiéfﬁ ng the

HRP concentration can c n rate/spe and e crosslinking
ef fi ci enoythe wbhmplositey The conrpositefreay belvenpidassd toelpavreas ipbase fortrtesl ofdthposi t e
hydr ogel 0049] Conveni ent | one, or. nmore of the catal yst(s).djspersed in
the St IPLPTHYABANE % BNaTR [ATMeurlabs 880080 EQRLBBIE. AS MRS TEteT

crossl i nsfgssid Bﬂléxfmhe%nﬁ]osti CdnBe Hﬂﬁie%ﬁnzih?dm%?é}ﬁ'&e’gﬂéé‘s b%ﬁé‘s‘% discrete

regions, so as to control e degree of phase separati such as reflected
in the ssepesatidn.ther elasapler depanfiogondhe faratidingiracess thetweeonjupatedi scret e
regions. For exanple, the.HRP cancentr.atio be, selected to control the
rate of ELBPFRYRE ehSBliikec{0dpeR Aot drentilet Heniprviy ba@bpafen

pr e- sel esdpeiaticingswelefAhOIWepHakES. THERABonfudidss RladtdISn bEtyefiRkéde
concentration of the catalyst, such as HRP, in the solution and the sizes

of the dpdereacanerpsiiewithambasefsepacated stiheturao phases may be obt ai ned,
such as through pre-testing. The anobunt or concentration of the catalyst

can the sel ect - ' - Laon.based on
this cor ngg?ﬂfi on. %\k@\é@ﬁ@/}% |%%&ﬁn%%%gé8@9§%%é;§§§d§ gﬁ%ﬁ%gﬁﬁsa table, an
equat i on(separated phalsas) athedifff (06 thINaslbesivaness. eAs Wyl) betienthdraddscHBEd and H202

are use t he,concentration of H202 in the solution, may be sel ected to
control dqq{(éwsmef?'?ﬁess%{tg? dfl)%e{eorte!gms Rﬁ@é’?é@”ddgﬁéjé%faéﬁ?sf Q?Wﬁﬁgt i ffness
and the r@%@fn@?in%th@h@éﬂis, 9P BEGidT pHaskRpapsiRis chR bERYpRenkMAyeni ently
controlle &’ adj usti ng the concentrations of HRP and H202 in the gelation
sol ut i orfont SQ}joﬁngéfﬂﬁefCéW@élQﬁer@QﬁS-tW&:(ﬂm ayxemplaryagmpesiigican bsol ubl e.

In diff i ~ ) [ i ] i.LS: j o second
con; ugard ey TR FUAp R o8 iHent 3 Bedred RigloghioiBRhIBE Ealsient <.
the weight ratiois 9:1, 8:2, 8.5:1.5, or 7:3. [0053] As now can be

under st {0842] n an &kemphgrositeahap (UrtHdreostdirh bﬂ&s&iesfred additive(s) such as

a drug, a protein ora cell, depending on the application. The drug may include a
therapeutic prbtein. For example, interferon, herceptin, or the like may be included
in the composite. Non-therapeutic proteins, such as a-amylase, lysozyme, or the
like, may also be included in the solution. The cell may comprise a stem cell, such
as human meéenchymal stem cell. The amount of other additive(s) méy be
selected depending on the particular application. It should be notéd, however, that
the addition of other additive(s) may impact on the mechanical strength (e.g.
stiffness) or other properties of the formed composite hydrogel or on the formation
process, such as the gelation rate. Thus, depending on which and how much other
additi‘ve(s) are included, the concentration of the catalyst, such as H;O; or
horseradish peroxidase (HRP), or both, may need to be adjusted to off-set éuch

_ impact.
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conposite may be controlled by varying the concentration of H202, or HRP,
or both. The degree of phase separation in the conposite may be controlled

by adj ustwaaoeilgsgel ati on rate, through selection of anpapR@PIiescs HRP
concentration. In particular, the degree of phase separation can be

decreased by increasi ng HRP concentratlon [ 0054] Wthout being limted to
any specf00d8] t heor Another exeraplaey eeodimentidhe pheseaydlinnentionralates to 4 ast

e, OSHLARE OB SPats S0 A bRl SR P
expect edthb%d%@pdé?t@'smb kRlovbd Fre?ﬁ?@d@F%rh@d%ﬁbﬂw@?h%ﬂﬁodg‘ases Thus, it may

be expected that a. faster gel ation rate can |l ead to decreased phase

separation. [0055]Wth an exenpl ary conposite described herein, the surface
pat t er nsl08e4L el | - dlarbeiexempiayy snethad dpresursars fardhe sirsteaandesgicond rray be

or phot e E B bl £ RPhBh i ons g e g e LR B o geo°°

i nj ect abt@mbiynatienef eatadstd, i€ adged bindelidpeesed i thargoldion toagatalyge pr OVI de a
controll ed nmicroenvironnent. @[ﬁOOSG ] To formconposite hydrogels with

di ffer en@roa%lmomt Igastaneseihe dirstand %ﬁ@ﬂér@ﬁ‘ﬂugﬁéﬂ? tytore sweyéieget at i os
and/ or di, t, 4 n-HPA
con] ugat B2 15 ERRESAGT Bt (Al ST nctiReny afloR Spgateary

G n- HPA/ iHitialed. conposite hydrogel . The d n- HPA conj ugate and HA- Tyr
conjugate are respectively dissolved in distilled water prior to the

Thot ne; RASEF rant ¢ REGEsQiRmataps Selaciid Basadion s degrel caniugalisid,
enbodi megy crds@ﬁ’nk’&i g'ht\e E8letfortbip r‘éBﬁrd@'?s EMH tﬁelg;;%dﬂarg‘tlorﬁ rnpEher

enbodi nent, the V\Blt% ratio d n- PA: HA- T The concentration
of HRP reragelinkingef themenjuateas myabﬁmrned@tmasm@,smlbeﬂi irf Zloon Edesgribed 02 to

Fo. about ot arc s HlBRRERR] 08, Mo YRR ol 2R BB YL e 1

schenme fthe gapticmar compburidieussipiosa particutér egedckiiment hiowirst an8@dchd | -
[ 0058] Schene | hydrogel with Johase separated structure
conjugates may be each formed through a carbodumlde/actlve ester-mediated

coupling reaction.

[0046]  The conjugates may be crosslinked through oxidative coupling of the
' p_henol groups in the conjugates, which may be Catalyzed by the presence of a
catalyst. In exemplary embodiments, the catalyst may include horseradish
peroxidase (HRP) and H,O,. In selected embodiments, both horseradish
peroxidase and H,O, may be used. As can be understood, phenols can crosslink
through either a C-C linkage between the ortho-carbons of the aromatic ring or a

C-0O linkage between the ortho-carbon and the phenolic oxygen.

[0047] In selected embodiments, the gelation solution contains an effective
amount of HRP for crosslinking the conjug.ates to form the composite hydrogels.
The amount of HRP is typically s_peé:ified or measured in units (U). One unit of HRP
is the amount of HRP that catalilses the reaction of 1 ymol of the substrate in 1
“minute under the standard conditions. For example, the gelation solution may -
contain from about 0.01 to about 2.0 units/ml, or from about 0.02 to about 0.2 .
units/ml, of HRP. The concentration of HRP may also be expressed alternatively in

g/ml. For example, HRP may be available in 100U/mg,>in which case the solution

1



HA- Tyr conj ugat eCel ati n- HPA conj ugat e [ 0059] Al so conveniently, as the
degree of phase separation may be controlled w thout varying the

conposi t i\ 20{1/M8i1ght ratios of the first and second copiygebes tbéiss he
conposite, the conposite nay be nore conveniently formed and may be forned

with a wide variety of properties, including different stiffness and

di f f er emhay ebhtaatihesi kit 951 td A6RA]20Neg/an P SRR esuthyasieors about Dadd y

desi gned .and forned to enhance cell proliferation in the conposite, ras
conpar echP(':‘tgéﬂ’gﬁ?'ol i feration in hydrogels fornmed of the second conjugate,
such as & n-HPA. [0061]1n some enbodi ments, the presence of both

|l -ad j
cell-a ggtﬁ?gﬁ r egitRscHMnGlidn Bpn%ﬁﬂﬁ%gvcﬁ ééi@bt%ﬂ%n%?dbr'tﬁ%é’é’r? rgeegbess of the

prolife in the conp 05|te even when the stl
conposi tpmirhtsatraemmdetetrmnledWmesagem‘pebmhedw Katisawa ¢dedagibadialmovenninsti || be

(oo’ oA oo e can bPHAE AT e BOP dua 06 sERGE ol e
prol i f ercisired stiffROSLdARBAopEH (fsﬂle HWP sth%%sli}%d idntiriE ey the

vi scoel asti c behavior of a hy rogel n parti cul ar, the stiffness and
gel at i orconisagueritiyt e d@@lr&ﬁgmaam@emama‘awhewth%walghbeatml (Wit narusz) phibenet ry,

whi ch th t h

otra n TEIORG TerRe et Brg M edranuraaip FER o BB Pagh o med
conposi texaffile, hﬁewbéaldmbwt\fﬁf mbyr&ntmﬁ anBano oBe ritsial srasRPE VAT
substantially constant (i.e. when G reaches a plat egg%ﬁplt may ‘be expected

that cr G@MinGkheyelghs raticef fb@rfpsstearébsecnm canikgates an preEnStationeof
catal ys"l-ﬁzt 2&)93%‘? éb@ﬁFPHR‘F’ cérgfe(\rma%gnt*&? RLA tp‘i‘?ﬂt gr&yvé)&&ﬁrbs%der ed as the

gel ation ness an ela a conposi ydrogel s may
al so vammltwnhlhntolme emb@iltnelhatoam yjéldtaheorhpbste hydrogecwiid higher gfihess,i n t he
reaction so 0064 n exenpl ary enbodi pent, a, &G n- HPA/ HA- Tyr
conposi fes %9%@{5(&. im and ss phase separation. As can be appreciated, varying the

HRP concentration can change the gelation rate/speed and the crosslinking

efficiency, which may in turn affect the phase separation in the composite hydrogel.

[0049] . Conveniently, one or more of the catalyst(s) dispersed in the solution
may have an amount selected to control the rate of crosslinking to allow one of the
conjug‘ates to concentrate in the discrete regions, so as to control the degree of
phase separation, such as reflected in the sizes of the discrete regions and the
distances between the discrete regions. For example, the HRP concentration may
be selected to control the rate of crosslinking to obtain discrete regions with sizes in

a pre-selected range.

[0050] For this purpose, a correlation between the concentration of the
catalyst, such as ’HRP, in the solution and the sizes of the discrete regions formed
of one of the two phases may be obtained, such as through pre-testing. The
-amount or concentration of the catalyst can then be selected to control the degreé
of phase separation based on this correlation. The correlation may be expressed

as a graph, atable, an equation, or in a database.

[0051] Also conveniently, when both HRP and H,O, are used, the
-concentration of H,O; in the solution may be selected to c‘ontrol'thé stiffness of the

formed composite. Consequently, both stiffness and the degree of pha\Se
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may have a lower G as conpared to a pure G n-HPA hydrogel. Wen the
anount s/ concentrati ons of HRP and H202 in the reaction solution are

mai nt ai negoeengizai, the stiffness of the conposite hydpegglc20BXo6esr ease
wi th increasing percentage of HA-Tyr in the conposite hydrogel. The

stiffness of the conposite hydrogel nay also increase with increasing HRP
concent redgapatidmot the doRfsdsitemapbetcoflenibRMPEd FtrdIRUMY ddjustirgy Bl ation time
can be expected to be | onger when the HRP concentration in the reaction
sol ut i oreqneentaBersiof ARE and HeOeinftbetgetatipnoldigiect ed for H202. A hi gher
HRP concentration can be expected to yield a conposite hydrogel w th higher
stiffne | es j i, [ St &£ RS I red by

i ncr easi 83?@02 C?H%@W@}g@:%8ﬁ|”q%ﬁ?g@‘fg§°%n§}ga&%$ﬁ‘:ﬂ§y dug?el[ro%%tI ee'dgﬁlceti vation
of the HRRelent ambediresstsatizuntight ratidd thé ARG chophoe ) secondeconfagatbe used
to study the &hfase separation in the co_?f‘posi te hydrogel. To obtain such

i mages, 'Ba¥Nadf romcakawh Silta @bt YbfiffRegnt s hqdinentss e yetodd rafia s a

di ffereng.1f 1o re.bm order to | abel discrete domains in the conposite
hydr ogerg' Dé'?f g(rygﬂ?) ?[Zg’r'ophor es are used in order to provide different
colours of excited fluorescence, allow ng the observation of different
phases i[@068F conphsnow dapdreogedersitod, imgn azembarg orgthgadtths stiffhlass of
fluorescent mol ecul es do,not Lower water solubility t he capj ugat gs and
bose. no GBuRIetngH B oBBlR PH ryS Hit.ed Ruation by Pk g (RE) SERHE

f1 uor ophpieegedrer dTphasedephritior A e BombBsitdfhd e EbidtRd By agashepi t e
hydr ogel , theg%t n-E)PA conpugat eis conjlpugat edagvx,i th Rhodant‘?g]eaEMi l'e the

HA- Tyr dbajasdption rate, dhivughsctertiantal ap apeprdate. HRReonceptralitivri® conj ugat ed
- . el g R Rt
or ocecumr ek T EHESR Y ebs e e B Sl B RSB BR e

known i rcdneenteation.[ 0068] The effect of additional conjugation with
fl uorophores on the phase separation can be kept to a m ninmum by optim zing

t he degr flu har e .conj tion to | ess than 0.5% Methods  of :
deter m BREA ne. dayRBeseing HHERo A8y cBRPEE e RISSHRaURAIE WY known
to thosenhglgeldtRf rafb is8side cloRElikedmbReuldsthHRIESE tife tbldioOWaRRBIEL
conjugation nmay be estimated by conparing the absorbance val ue of a

f | uor oprancetodoereagathelr prodeauaoweight. aMataslesnyitih setallgh mofeauter Weigbt ophor e

F0065] | PN el By erp i eeP a1 Bireheididtes) diby Ty BT
HPA/ HA- Tespectapibat Iaéaé’t;!dﬁ@lgﬂbm rélercariRéad 3o debieagall pthask sepahpidam ne and
HA-Tyr is conjugated with fluorescein, both to a degree |ess than 5%

[OO?O]It[OBEg] bev ewect ed that, at a given co_gje}g%ate contentg,

: , ] ower
ith an exemplary compadsite descri erein, the surfa

ceapga erns
of cell-adhesive regions and cell-nonadhesive regions may be conveniently’
provided and controlled, without using Iithdgraphic prOcesses, or photo-initiated
crosslinking. The composite may be used to provide injectable systemé or active

agent-delivering carriers, and to provide a controlled microenvironment.

[06056] To form composite hydrogels with different degrees of phase
separation, different conjugate weight ratios and/or different HRP concentfatio_ns’
can be used. In one embodiment, GIn-HPA conjugate, HA-Tyr conjugate, HRP and
H,0; are mixed to form a GIn-HPA/HA-Tyr composite hydrogel. The GIn-HPA
conjugate and HA-Tyr conjugate are respectively dissolved in distilled water prior to
the mixing. In one embodiment, thg weight ratio GIn-HPA:HA-Tyr = 9:1, in another
embodiment, the weight ratio GIn—HPA:HA'-Ty‘r = 8:2, in another embodiment, the
weight ratio GIn-HPA:HA-Tyr = 8.5:1.5, in another embodiment, the weight ratio
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concentrations of HRP, discrete domains can formin the conposite hydrogel,
and the | ower the HRP concentration, the |arger the domain sizes.
[0071] W t\weubhiibgsfig |imted to any particul ar theory, ipcrgceineseg that
there is a correlation between the catal yst (e.g. HRP and/ or H202)
concentration and the gelation tinme, and that during the gelation process
to form &lrebiffobliAt By d1003161 , THeotdncanprhtisre of B mniges framoabest @Ad to he

el ati on_process gan occur. A-s| r | atiqn rate uld mean more tine for
Dhase sepbrds D 3 g rbaft e YhoRke ALrlirtt oty Gedsayatna o

conposi tg ogméw&é Fettle froim laBBLEY rafl BidbRit § AheMCalicH 8§ 0l 175 MM TRBY er - si zed
donai ns. f.O 72]'The contents of the conjugates (or their precursars in the

react i onmdbl&ibinal)orcldnmM.so af f ect phase separation and the resulting phase
separated structures. For exanple, when content .of a given conjugate is

hi gh (su > 90% h njugate is.lik o _for. [ l.i net wor k
througho&bsﬁe con‘gagfin%%aﬁ S%\ﬁ%he%ﬁa%ém@ﬂt&we %%rwélpg%lg]eeﬁy@@ﬁ?%d%glégﬂg | ow
(such asinS6B¥ME 1.he conjugate may formdi screte donmains in the conposite,
and a slower gelation rate can lead to the formation of |arger discrete
domains and a faster -gelation rate can result in smaller domains, where the
domai ns Y028 st ri Bed@@eiln a continuous network formed by the other
conjugate. [0073] Thus, it should be noted that varying the percentages (or
wei ght ratio) of the different conjugates in the site hydrogel can

produce different phase-separated structures|. be at least in part
due to tpe fact hmio of the conj

sors in the reaction
can affect theogel ation mate. [0074] AngQ it may affect the
gelation rate ¥s the rea¢®i on_tenpegal
reaction terrp&ijatur*e maﬁébe VarRe.f r \bout 37C. [0075] A

y enbodi nents, the
further factar that may fect the ge lrate is the nol ecul ar wei ghts
of the precurspers for thg conjugat égied virweteeted enbodi nents, " the
nol ecul aratvedogladtes Ofcetifr@aqameeur sors may be from about 5 kDa to about 10, 000

kDa for HA-Tyr, and about 10 kDa to about 500 kDa for Gn-HPA. In sone

nbodi th e f - HPA b
From aboutoBb kb KSoahaur" Ha0 e e ditey LR Sl I8 T enct s on

t enper at coreroliet evitheiug waryireg the afmpdsition or weight ratios of the first and second

conjugates in the composite, the composite may be more conveniently formed and
may be formed with a wide variety of properties, including different stiffness and

different cell-adhesiveness.

[0060] The composite may be specifically designed and formed to enhance
cell proliferation in the composite, as compared to cell proliferation in hydrogels

formed of the second conjugate, such as Gtn-HPA.

[0061] In some embodiments, the presence of both cell-adhesive regions
and cell-nonadhesive regions can improve cell proliferation in the composite. As a
result, even when'the stiffness of the composite is relatively low, satisfactory cell
prolifé'ration can still be achieved. In comparison, in hydrogels formed of the _
- second conjugation (e.g. Gtn-HPA), a decrease in stiffness can result in decreased

cell proliferation.

[0062] . Rheological methods can be used to study the viscoelastic behavior
of a hydrogel. In particular, the stiffness and gelation time of the hydrogel may be =

measured using oscillatory rheometry, which measures the storage modulus (G,



precursors, and the nol ecul ar weights of the precursors can |ead to other
changes in the resulting conposite hydrogel, which may not be desirable. In
such caseggiyedbd be convenient to sel ect the val uespi@ischha®8o1ss

par anmet ers based on other considerations, and control the gelation rate by
adj usting the concentration of the catalyst such as HRP. [0077] As now can
be appr e¢1hT &@) agamshtheosReatfdraifbdi fi cati ons to the exenplary enbodi ments
descri bed herein are possible. For exanple, nore than three types of

conj ugat y be i » 3 NPASA o il | G5R

conj ugat ssggy i nclrtr}glgéﬁgﬁﬁrép%%%bﬁ%nt s.é%:ﬁGiﬂgggiénEOZbe?mr%nir rm?ga%ui tabl e
cel | - nonzelbbine podntimes andayhdrether@'| valiess becdrhe stibstantialyngarsdard.(i.e. -

0078] Conveniently, the exenplary conposit be usefyl in various fields
gnd a}opl‘f"'&%’f 90!5%?3/”%& B@itgﬁjsgit Hh%’dti)%ﬁ p%ﬁ%‘ﬁf@é”&?’%ﬂn %‘Qlcj'f‘?sa%ee_i%er apeuti c,
17 i ssyimSBEdIePhe Ahe RS |%0‘8H|otnuc5cf thg ca@%tfs?% m@t,imerof@@eéérAﬁﬁ%g’#\%l -

addition, the conposite may be used as an extracellular matrix _

sone appblateavimay beToasdengdas thee galatibe tiose dThe stiffmesscnd gelation time of

m croenvj ronnent s, around cel | or may. be canveni.entl ified to form

G {1 or erft CREPSLA DY GRSy Ao VEp Mt PRurs Bbaato freie B abisechiy ' be
formed idbrjidates #the le@cti®nssliuaansol ution for form ng the conposite may be
provi ded as an injectable systemfor injection into a living body. For
exanmpl e, a m xture of the conposite solution and cells may be injected into
a site i[8084human lBraneenaraplanoeybodimening GintdiMiNTyT campesite iye®8Ebsi t es
can be gel V] LNEONE nold feration,

att achneqﬁ?,g h%g?l%tqlbg\)r% ?o%srégﬁﬁ;%%% gr%ﬁgrc%ﬂl\ﬁg%ﬁ%f@éla&é%d i<c';r11r%y conposites
may al sl(nrbeumlsmrr]\bentn?tica& ofrpiRRrdral HID£in tlgayclagrf(tmi sdméﬁomé@ghalnita'géddr ogel s
encapsul at ed wi cells o roteins, or the |ike, and may be used to
regener ﬁ%‘#@@sitﬁ@étﬁgﬁﬁa%ﬁgt,hpeo‘iomH%S'fq Rdrogeldpayfgcisasgyuth npreasing

cuitivatd Rl G0Sk 4 e vt J .
i om0 abi e for
pri mary hysirogelunayiatso idtiease wdtsinaredsingot RPatdneestratien &l the npastidrbl e as can
be underssogy]&&ghby those skilled in the art. [0079] As described herein, in
sonme enbodi. ts, cell proliferation (e.g. human foreskin fibroblasts) may
be enhanced in the conposite hydrogels (e.g. G nHPA/HA-Tyr) with |arger
donmai ns [0065he sedBaderaiin]thgetation. tne Gan-bdRKpecwdtl Whoe Mgee wpeaphs ed by
sel ecti n appropriate HRP concentration. Accordingly, the cell growh in
t he cong'g@_ﬁt‘é"}??a?g% incthg rﬁécﬁ'%%émwpve&ﬁ]thﬁ'mg@ e BIBCRE ng an

o ot A _ ; Ns i
appropri c%o?%@%”ﬁ@?h@PH@&oWlt En cbﬁ @S%?%Hdg#lgﬁqw ng cells In

the conposite hydrogél e conposi ydr oge om a precursor
conposi tempdsite ydregei tvdtimiighet stiffriasssindcdless ggkatien tinkee second conj ugat e and
catalyst(s), and the cells are then dispersed in the precursor conposite

solutio cat t(s)..conceptration.in the co i recursor,sol ution
s scl odPR8eF o obraifTieat e BRlRe Baddledd o b BT BRRe hE BB T owe n
[ 0080] | ris et likelyatlioterths deptMaion sfane ¢IRP By @ @kcedb RBiniduht e ELELI on from
primary rat hepatocytes) nmay be better maintained in the conposite

hydr ogel g. Gn-HPA/HA-Tyr) as conpared with hydrogel s gontajning the
second c@ﬂﬁbate ﬁ@#@%'éf"&ge@ﬁﬂrﬁlﬁ&@e ot thephass g‘?Pe(rét.'@? InbihGuni n

R L e e
be first conjugated with a different fluorophore in order to label discrete domains in
the composite hydrogel. Different fluorophores are used in order to provide |
different colours of excited fluorescence, aI-I'owing the obsérvation of different. |
phases in the composite hydrogel. As long as the conjugates with fluorescent
molecules do not lower water solubility of the conjugates and pose no restrictionAon
observing the phase separated structure, any fIUorophores may be used. For

example, in the Gtn-HPA/HA-Tyr composite hydrogel, the Gtn-HPA conjugate is
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Tyr) containing a higher percentage of the first conjugate (e.g. HA-Tyr) as
conpared with those containing a |l ower percentage of the first conjugate.

Conveni enyby0119385139si t € hydrogel s may be used for protepgrR@IUBHIGEY and a
desired amount of protein may be produced at a desired rate by selecting an

appropriate conposition of the conposite. (00811lln an exenplary method of
pr ot ei n qganjubated aithiRhaodarhine vilepthsiHA-Tyy donjgghte islenigapesivits hydrogel is
formed from a precursor c osite solution containing the fjrst conjugate,
the secdrsoRIigteT4rHaPRateraNIqRsd PirrHTeHamAY o RIS Wit ohnapealteq i n
the preGybdftafEAsIoing @ Wid fcedlifesRiibah (F KunearEnledtiben dbdvehe
conposite precursor solution a the conposition of the conposite hydrogel

may be iordépenprecetyresddneeined the adbt ai n desi red anount of the protein
produced at a desired rate. [0082] The exenplary conposite may be formed in

itu, ' | uti f f ' t it i nj ected
Tnto a ID0BRE boay TR eHiRgaRearBeRieR MR NFRRBB oA et he body.
The bodysdpayatitth @art bs kBBt tood B bl WPEMiBAE Xhe a@%;:@ of fR@Ysphreanot her

type of living body. [0083]A drug or protein or cells nay be added to the

react i orfosigationrio hegsoihandkd %t iMetheds dbdetaraining the Hegresrofifliorephaieed i nt o

t he body. [ E ' e. e i ; re i Lon

cont ar n G aOnaRe FERRRI el b A PBRSE G i af” Bl RN the i a1 y

i nj ect edidgnée of figolophbrgcdifjdyatidreman dbengstiomated ©ysdeeapdring thppbsoatiarne,

sel ected anobunts of HRP, H202 and G n- HPA; HA- Tyr ratio rrac%vge added to form
t he reac\tei"dﬁ]og%PclHPTQﬂﬁ‘Pr? 9@@99@‘1@9&?%@95%? WW@'%}Q&QHWW Btion may be

advant agRRShHorddrite fisbrBodhcl Atfaif 406t ERRIAGEEbABRIng herddl ti on to
cell growth, protein production,”tissue regeneration, or drug delivery.
[ 0086] EXmumpb@Eiigreenbodi ments of the present invention are further

illustrated with the follow ng exanples, which are not intended to be
Limti ng[00é8]087] E%ﬁ"\éﬂ‘e%(%mplary embodiment, prior to the formation of the Gtn-
HPA/HA-Tyr composite hydrogel, Gtn-HPA is conjugated with Rhodamine and HA-

Tyr is conjugated with fluorescein, both to a degree less than 5%.

[0070] It can be expected that, at a given conjugate cbntent, at lower
concentrations of HRP, discrete domains can form in the composite hydrogel, and

the lower the HRP concentration, the larger the domain sizes.

[0071] Without being limited to any particular theory, it is expected that there
is a correlation between the catalyst (e.g. HRP and/or HQOZ) concentration and the
gélation time, and that during the gelation process to form a composite hydrogel,
both a phase separation process and the .gelation process can occur. A slower
gelation rate would mean more time for phase separatidn, and larger discrete
domains can form within the composite. In contrast, a faster gelatioh rate can

result in smaller-sized domains.

[0072] The contents of the conjugates (or their pn;ecursors in the reaction
solution) can also affect phase separation and the resulting phase separated
structures. For example, when content of a givén conjugate is high (such as >
'910%), the conjugate is likely to form a crosslinked network throughout the

composite. When the content of the given conjugate is low (such as < 80%), the
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WO 2011/ 133113PCT/ SG2011/ 000158 [0088] The materials used in the Exanpl es
were obtained as foll ows unl ess ot herw se specifi ed In the specific

exanpl e. Ww@0BAIGEI@tin (Gn) (MV= 80-140 kDa, pl = 5) aegsdessfp@Essh
per oxi dase (HRP, 100 units/ng) were obtained from V\ako Pure Chem cal

Lancast crTIOFIBO0RY By aIoAgBREI N reSPBWOS B § SONSISRIAON PR ne
hydrochl g44 Fé% (td ¥he Fe rﬂallon%f 9%§é%car%'dghﬂn‘\jseaﬁ(ﬁ"é§ ste elatlon r?tEDé L )’

1-ethyl- 3-(3- |rret amnoprop I'1m-de roc orlde
Rhodam nl@sBltura;emlailelt:anamsawdeEetherdmna‘alhscaresimmbuteémea;mntrhwﬁj from

Si gna- AI dr.i g& 8@3 n foreskin fibroblast (HFF1) cells were obtained
from ATCE® %rc‘EQPJ%g dified eagl e nmedi um (DVEM), Hepatozyme
medi um fet al bovine serum (FBS) and streptomnmycin were purchased from

lSnVI t roﬁlﬁtﬂ)ﬂ]\ﬂ [ ORQd, %h'o%ﬁﬂ@é‘ﬁé%cﬁt’ﬁ@t JerHIERGRIBEN B E S (UG RERSIO) F oM
igma T
of the different conjugates in the composite hydrogel can produce different phase-
separated structures. This may be at least in part due to the fact that the ratio of

the conjugate precursors in the reaction can affect the gelation rate.

[0074] Another factor that may affect the gelation rate is the reaction -
temperature. In exemplary embodiments, the reaction temperature may be varied
from about 25°C to about 37°C.

[0075] A further factor that may affect the gelation rate is the molecular
weights of the precursors for the conjugates. In selected embodiments, the
molecular weights of the precufsors may be from about 5 kDa to about 10,000 kDa
for HA-Tyr, and about 10 kDa to about 500 kDa for Gtn-HPA. In some
embodiments, the molecular weights of the precursors for Gtn-HPA may be from
about 80 kDa to about 140 kDa.

[0076] However, varying the reaction temperature, the weight ratio of the
precuréors, and the molecular weights of the precursors can lead to other changes
in the resulting composite hydrogel, which may not be desirable. In such cases, it
would be convenient to select the values for these parameters baséd on other
considerations, and control the gelation rate by adjusting the concentration of the

catalyst such as HRP.

[0077] As now can be appreciated, variations and modifications to the
exemplary embodiments described herein are possible. For example, more than

three types of cbnjugates may be included .in the composite. The first and second |
conjugates may include other components. For instance, two or more suitable cell-- i

nonadhesive polymers may be included in the first conjugate

[0078] Conveniently, the exemplary composite may be useful in various
fields and applications, including biomedical applications, such as therapeutic,
| | 17 R



[ 0095] Reporter lysis buffer was purchased from PronmegaTM [0096] EXAMPLE |
[0097] Exanpl e 1-A Synthesis of G n-HPA conjugates (Sanple |A) [0098] G n- HPA

conj ugat FOVBT 3B 18 Par ed according to the procedures desggijsegiijodorlss Vang
et al., "Injectabl e biodegradabl e hydrogels with tunabl e nmechani cal

propertles for the stinmulation of neurogenesic differentiation of human

nmesenc hYtr@ueSérﬂﬁ‘hé‘&Hgs céﬂ‘cél@uﬁ'l{ifé%lﬁg}]or% PRSIkl b addiéh, 1B coﬂr&fﬂﬁny

("Wang"), the entire content are incorporated herein
r ef er encay [(EROGFBsIarBAraceIBLargnalzix (kEi) inveaselapplidatiods i ﬂ'hQBIOanSdE a

I Xt f til d N N.d | f 3:2) to.f
et oy T SR e Y ST B oot R b Sahaihog ™
EDC. HO i3dfddo 1@ mﬂyréntvrﬁrc%é}ﬂﬁ#%ﬁmeﬂf@fdr%%u@ﬁumdébwerhwa@orﬁécbé'treed at
roomtenperature for hours, and the pH of the m xture was nai ntai ned at

4.7. Subvaydberforyed 1rse/tunandfthaqae©tumw gRlutiorstolr fieinving ¢iee ggrrmpsw m@ysberdded to

the reac t d the ur.e. t hus for d rni ght at

Foom ¢ orfevRiedas 4t Pk el 1 Gkl @ SRS 0L SRR 81 2 bes
with WD|mmﬂur%fofflhét:@ﬁfpo@fte%@Q@ioﬁ%ndﬁ&s&ﬁ&%ﬁﬁeWé@tedllﬁtbﬂ@ltb RO&h0ftant00 M
sodi um chl oride solution for 2 days: a m xture of distilled water and

et hanol @ranimajgady;sbysqae enteodimests, galectadicanpesitascpnRe upedhix CuliBg f or
the SeCOMIS%&%QP&HH{é)r(f)veeqdcépél%ﬁ|fegﬁtlt¥}@sc}tlja¥ﬁﬁ@h prféﬁ(grc}noc&moq' %hcﬁoﬁgHPA

conj ugat es sanpl e

shown i neBaHENHIty] EXettblad] SSbhidditesimay also be used in or as implants. They
may provide implantable hydrogels encapsulated with cells or proteins, or the like,
and may be used to regenefate tissues, organs, or the like. They may be used in
cell cultivation appI}cations, including (_:UItivation in a controlled 3D environment.
They may be used in vivo or in vitro. They may be suitable for primary cell culture.
Other uses and applications are also possible as can be understood by those

skilled in the art.

[0079] As described herein, in some embodiments, cell proliferation (e.g.
human foreskin fibroblasts) may be enhanced in the composite hydrogels (e.g. Gtn-
HPA/HA-Tyr) with larger domains of the second cdnjugate (e.g. Gtn-HPA), which
can be prepared by selecting an appropriate HRP concentration. Accordingly, the
cell growth in the composite hyd_'rogel can be independently controlled by selecting
an appropriate HRP concentration. For example, in a method of growing cells in
the composite hydrogel, the composite hydrogel is formed from a precursor
‘composite solution containing the first conjugate, the second conjugate and
catalyst(s), and the cells are then dispersed in the precursor composite solution.
The catalyst(s) concentration in the composite precursor solution is selected to

obtain different desired microenvironments for cell growth.

[0080] In some embodiments, protein secretion (e.g. albumin sécretion from
“primary rat 'hep.atocytes) may be better maintained in the composite hydrogels (e.g.
Gtn-HPA/HA-Tyr) as compared with hydrogels contéining the second conjugate
alone (e.g. Gtn-HPA). Protein secretion (e.g. albumin secretion from primary rat
hepatocytes) may also be enhanced in the composite hydrogels (e.g; Gtn-HPA/HA-
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[ 00102] Exanpl e 1-B Synt hesis of & n- HPA- Rhodam ne (G n- HPA- Rho) conj ugat es
(Sanmple 1B) [00103] The entire reaction including the dialysis was carried
out in thgoda{iuszdBt © an aqueous sol ution of & n- HPA copicygebes  00disg)
obtained from Exanple I-A in distilled water, Rhodam ne B isothiocynate (1
ng, dissolved in DVMBO) was added and the reaction m xture was stirred

over ni ghTyricohiming erfighié@tpareentbe of thaifitso Bohjoyate @ grediAvigs) a8 al yzed in
distilled water b¥h using a dialysis nenbrane (1 kDa_ nol ecul ar wei ght cut

of f) forcaripaesyuith hesesntainiag asiower ipsrcaniage gbie firskernivgatent ai n t he
G n- HPA-
out ] mat <o ey, CaMusaRL Aol g R ald G BRI raRBictaneR vas

Rhodam ndesia algeuleicbf@rotelrﬂPﬁna&djerno@lncé@ atasigsirell riteosiaseleetirg amdar ds usi ng
Tecan Infini te%r)v M2OO m cropl ate reader. The degree of substitution of
Rhodani n@PR{gBMatexo @%ﬁm@nqs' t8ynt hesis of HA- Tyr conjugates (Sanple
1) WD 2011/ 133113PCT/ SG2011/ 000158 [ 00105] HA- Tyr conj ugat es were prepared
accor di ngogqy t he plh%f—' @aﬂﬁﬁ@m&fef prdtdin #@&&bﬁu ng MY ddmhssdib! e
enzymatical l'y crosslinked hydl uronic aci dty am ne hy rogel systemw th

i ndependeytrogeinthegcahpositshiaydrogél is forerest friomral presuasoraompasite sdbftionvat t er 4,
880-887 (2008) (. Lee the.entire contents of whic i ncpr por at ed

nor et n byPParchedTsyinsibeAne sesSR8 o8l ol cShBlGAH TR 100 of
di still el es bed Hisparsed ihHhé ?écnﬁ;%r‘&d sVde é&utidrﬂ(Tli’élaa st(d) - 2 ol )
was first F)::Fél{fglgélttothlgsolutlon’p EDC. HCI n%b ng t@gﬁ HS (290
my, 2.5 %meptrab@@ln ﬂ“@mcmmtetmepwspra@bltl@n@ndd p@gmnocsﬁlor\éziéheon As the
reacti on- &, d f; K | t 0.1 M
naor | TSt ESaE brabnRE bl ind ey sEie Rt R e dlheRiaradnitnide 0

t hen theprptélmmdwcwghta desiredratd’he sol ution was transferred to dialysis
tubes with nol ecular cut-off of 1000 Da. The tubes were dial yzed agai nst

100 M hl arj de_sol ution f 1 f distilled wat
and ot nall0B2] 57 1) Wi SuSBaians RORBSHS iy g 0 pTSihisrElhas uced

for the afufiorfiRy fomﬁg%btﬁﬂnﬁgs@é’h‘rgy' t%‘m‘]@ﬁeéi ¥ROR Vi BodPs® BiatitRe HA- Tyr
conj ugates. [00107] A general reaction route for preparing sanple Il is

shown i rgelatlon will mainly occur within the body. The body may be a tissue, organism, .

human body, animal body, or another type of living body.

[0083] A drug or protein or cells may be added to the reaction solution

before gelation and before the solution is injected into the body.

[0084] - For example, in one embodiment, the reaction solution containing
Gtn-HPA, HA-Tyr, HRP and H,0; in distilled water is immediately injected into the
living body. Depending on the specific application, selected amounts of HRP, H,0,
and Gtn-HPA:HA-Tyr ratio may be added to form the reaction solution.

[0085] Embodiments of the present invention may be advantageously utilized
in a wide range of apphcatlons in addition to cell growth protein production, tissue

regeneratlon or drug delivery.

[0086] - Exemplary embodiments of the present invention are further

illustrated with the following examples, which are not intended to be limiting.

[0087] EXAMPLES
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SCHEME I11. [OO108] SCHEME I11. OH NH2 Tyr HA OH HA- Tyr conjugates

WO 2011/133113 PCT/SG2011/000158

[0088] The materials used in the Examples were obtained as follows unless

otherwise specified in the specific example.

[0089] Gelatin (Gtn) (MW = 80-140 kDa, pl = 5) and Horseradish peroxidase

(HRP, 100 units/mg) were obtained from Wako Pure Chemical Industries™.
[0090] Hydrogen peroxide (H202) was obtained from Lancaster™.

[0091] '3, 4-Hydroxyphenylpropionic acid (3,4-HPA), tyramine hydrochloride
(Tyr-HCI), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropytl)-
carbodiimide hydrochloride (EDC-HCI), Rhodamine B isothiocynate and 5-

aminofluorescein were purchased from Sigma-Aldrich™.

[0092] Human foreskin fibroblast (HFF1) cells were obtained from ATCC
(USA). - '
[0093] Dulbecco's modified eagle medium (DMEM), Hepatozyme medium,

fetal bovine serum (FBS) and streptomycin were purchased from Invitrogen™.

[0094] | Colleagenase and dexamethasone were purchésed from Sigma™.
| [0095] Reporter lysis buffer was purchased from Promega™.

t0096] EXAMIPLE |

[0097] Example I-A Synthesié of Gtn-HPA conjugates (Sample IA)

[0098] Gtn-HPA conjugates were prepared acéording to the procedures

described in L. Wang et al., “Injectable biodegradable hydrogels with tunable
mechanical properties for the stimulation of neu'rogenesic differentiation of human
mesenchymal stem cells in 3D culture,” Biomaterials, 2010, 31, 1148-57 (“Wang”),

the entire contents of which are incorporated herein by reference.

[0099] 3,4-HPA (3.32 g, 20 mmol) was dissolved in 250 ml of a mixture of
distilled water and N,N-dimethylformamide (DMF) (3:2) to form an initial solution.

To the initial solution, NHS (3.20 g, 27.8 mmol) and EDC-HCI (3.82 g', 20 mmol)
were added. The reaction mixture was stirred at room t'e.mperature for 5 hours, and

the pH of the mixture was maintained at 4.7. Subsequently, 150 ml of aqueous Gtn
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WD 2011/ 133113PCT/ S&2011/ 000158 [ 00109] EXAMPLE 111 Synt hesi s of

HA- Tyr - Fl uorescein (HA-Tyr-Flu) conjugates (Sanple I11)

[ 00110] HAvGYoriizsasescei n conj ugat es were prepared accopgirRg26Q/0b618s
procedures described in Lee (described above). [00111] The entire reaction
including the dialysis was carried out in the dark. HA (2 g,5 nmpol) was

di ssol vesplitorl 25wt %) Was bilég tb WRE Riaction hitktliréBnd thd hittufdihukifomed o the
initial solution, Tyr.FICI (0.4 g, 2.3 mvl) and 5-am nofl uorescein (10 ng,

0. 04 mmoWvas gtirediovenight alseemdaaperatemctdt 4¢d6dhagoluiomwas tramsferes (580

win o, Tyl RERTARE R IRF NGt G B Bl BTSSR AR ERBRER e and
was t hem @y pidgRbdiuen pifofi@e Solition ier S ahyé:iDMmivaRe bf distreeidvatel Angretitenol
What manTM cel | ul ose filter paper to renove unconjugated am nof |l uorescein

t hat had3phe¥apHsed & thefiest diayangt distilles water wesatsedfobthg sgepsddayubes wit h
nol ecul - - al VSiiS.: l¥ﬁ-ﬂh I i.an procedures for
G n- HPAaTd%és:Eppﬁée%sﬁﬁg%}ga%ﬁgllg&ﬁl”%egt}é?eﬁ%\@@nf— ol | oéé@.aa%elg' degree of

am nof | uorescei n conjugated was estimated by conparing the absorbance val ue
at 490 ni@0d0O0LL ny/ W gemarabidagtiore smste HooprepgehgdanMd VA isssHawn on to a set of
am nof | u\g@ﬁ%[} standards using Tecan Infinite(r) M200 m cropl ate reader.
The degr Mhstitution of am nofluorescein was 0. 4. [ 00112] EXAMPLE |V
Rheol ogi cal neasurenments of G n- HPA/ HA- Tyr- conposite hydrogel s (Sanpl es
V-1, 108104}~ 3 | $CHEMBO113] Rnheol ogi cal neasurenents of the formation of
& n- HPA/ HA- Tyr conposite hydrogels were perforned with a HAAKETM Rheoscope
1 rheonmeter (Karlsruhe, Germany) using a cone and plate geonetry of 35 mm

di ameter a@d 0.945 cone ®hgl e. The neasur e s werge taken at 37Cin the
dynani c ogci | | 8PONYS npde i t h a const-ant /def or ion of 1% and frequency of
1 Hz. To id slippagespt sganples ng the maaésurenment, a roughened
gl ass bottom pl ate was used. _ co :
COOH COO-N Gly—X~ } :
n
3-{4-Hydroxypheny!)propionic Gelatin (Gtn) - :
acid (HPA) ~ XandY: other amino
acid residues . | OH

Gtn-HPA conjugate

[00102] Example |-B Synthesis of Gtn-HPA-Rhodamine (Gtn-HPA-Rho)

“conjugates (Sample 1B)

[00103] ' The entire reaction including the dialysis was carried out in the dark.
Into an aqueous solution of th-HPA coﬁjugates (1 g) obtained from Example I-A in
distilled water, thdamine B isothiocynate (1 mg, dissolved in DMSO) was added
and the reaction mixture was stirred overnight at room temperature. The solution
thus formed was dialyzed in distilled water by using a dialysis membrane (1 kDa
molecular weight cut off) for two days. The purified solution was lyophilized to
obtain the Gtn-HPA-Rhodamine conjugates. The degree'of Rhodamine conjugated
was estimated by comparing the-absovrbance value at 570 nm of 1 mg/ml
Rhodamine-conjugated Gtn-HPA solution to a set of Rhodamine standards using
Tecan Infinite® M200 microplate reader. The degree of substitution of Rhodamine

was 0.3.

[00104] EXAMPLE 1l Synthesis of HA—Tyr conjugates (Sample Il)
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[ 00114] Sol utions of G n-HPA and HA-Tyr, as prepared in Exanples I-A and I
respectively, were prepared by dissolving the respective conjugates in
phosphat eyobyifigsad saline (PBS, pH = 7.4), wherein theptirRghoGapeeet rati on
of each of the G nHPA and HA-Tyr solutions was 5 wt % Aqueous sol utions
contai ning Gn-HPA and HA-Tyr in the weight ratio of 9:1 or 8:2 were

prepar ed[dd08] % 239AiTYk cERBhats Werd Hi@phh&d SEdbrilRg 6 dhelprctedirdd) the

HA- Tyr solution. [00115]In a representative rheol ogical nmeasurenment, a:

sol ut i ondescrifRe ind. ks afdd, 2AR iljeatable arfzyrrtizalnceBSineddvaddrenic acid-

sequent i 10 u s.soluti.on containing.&n;HPA_and - Tyr, prepared
accor di ngjr%%"ri%'é@B@%les%%g%d‘f'g‘dﬂ?eP%n %]iﬁfrang §ﬁﬁle&h§81‘>&f %5?'}1% aégneral
reacti Ongélfélﬂ@ﬁﬁatb(,) Sertewnatisr 4, 830c88PED08S (eedr P e ehtfreontdrie of WRichGEBMVE |
above. [00116] The sanpl e sol ution was then vortexed and i nmredi ately applied
to the bBcomArptegtkeremyy @ipr@nceone was then lowered to a neasurenent gap
of 0.024 mmand a |layer of silicon oil was carefully applied around the
cone to t sol € rati rd tiRe oFeR . rement
par anet ewsﬂv@?e detpe{'fm ﬁég%ﬁg el’ %Q§%ﬁéotl_ glhielnear Fﬁ@%@%ﬁa@%@@ frggg?‘g]n in

preli m nanynigaidoet syr-hquzegwﬁg?,cuzqﬁmbl)wa@m@t adedety thid selutio®f 1% wer e
applied to maintain |linear viscoelasticity. The neasurenent was done at

37C. TheEBC-H&I (&7 %Bmg, Remmatianc RS (200 ege B.5 mn(al) wergihleatadsiedt tone) wer e

recorded, . 17].The r.heol ogi.cal surenent s wer ea whergi n the
concent r YA 5 CRpBoRUE R HioG S 108 "erree) fieteotes SRERH Qe T E e
concent r alak oainfaif@tPat AAsvith O NV Na@HTMHY rebétioiVimikided hA3k Bligredngr edi ent s of
sanpl e G n-HPA/ HA- Tyr conposi-te hydrogels (sanples IV-1, 1V-2, V-3, |V-4)
pr epar edo¥eraighl gHErdm éemparatiuei and thendbe pd] wasIbFoyghtda - Tl solMtaNHA- Ty r
conposi t G RYARQAG Y LSAIRLETubES ith'nYorBcufal cdt-off ¥F 4900 Da. The tubes were

dialyzed against 100 mM sodium chloride solution for 2 days: a mixture of distilled

water and ethanol (3:1) was used for the first day and distilled water was used for ‘

the next day. The purified solution was lyophilized to obtain HA-Tyr conjugates.

[00107] A general reaction route for preparing safnple Il is shown in
SCHEME Ill. .
[00108] SCHEME il
' COOH OH OH
o ‘
HO™  onH NH - >
O/\CH3 " NH,
HA Tyr
A A \ o FH; | :
COOH OH OH TQH
HO™  bh NH ¢-0 °
- : 0/\CH3' MM OH m
OH
HA-Tyr conjugates
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| HA (2 9,5 mmol)vwas.dissoIved----in..-.1--00»-ml--of».distilled-water»to--form -an-initial-solution. .

Gn-HPA : HA-Tyr (wt. ratio) [H202] (mM) IV-1 9 : 1 8.5 1V-2 8 :
39: 1

WO 2011/133113 PCT/SG2011/000158
[00109] 'EXAMPLE IIl Synthesis of IHA-Tyr'—FIuorescein (HA-Tyr-Flu)

conjugates (Sample Il1)

[00110] HA-Tyr-Fluorescein conjugates were prepared according to the

procedures described in Lee (described above).

[00111] The entire reaction including the dialysis was carried out. in the dark.

To the initial solution, Tyr-HCI(0.4 g, 2.3 mmol) and 5-aminofluorescein (10 mg;
0.04 mmol in 1 ml DMSO) were.added. EDC-HCI (960 mg, 5 mmol) and NHS (580
mg, 5 mmol) were then added and the pH of the mixture was maintained at 4.7 with
0.1 M NaOH. The reaction was stirred overnight at room temperature and was then
brought to pH to 7.0. The solution was filtered with grade 1 Whatman™ cellulose
filter paper to remove'unconjugated aminofluorescein that had precipitated. The
filtrate was collected into dialysis tubes with molecular cut-off 3500 Da. The
dialysis and lyophilization procedures for Gtn-HPA described in Example I-A above
were followed. The degree of aminofluorescein conjugated was estimated by ‘
comparing the absorbance value at 490 nm of 1 mg/ml aminofluorescein-
conjugated HA-Tyr solution to a set of aminofluorescein standards using Tecan

_ Infinite® M200 microplate reader. The degree of substitution of aminofluorescein

was 0.4.

[00112] EXAMPLE IV Rheological measurements of Gth-HPA/HA-Tyr
composite hydrogels (Samples IV-1, IV-2, IV-3, IV-4)

[00113] Rheological measurements of the formation of Gtn-HPA/HA-Tyr
Composite hydrogels were performed with a HAAKE™ Rheoscope 1 rheometer
(Karlsruhé, Germany) using-a cone and plate geometry of 35 mm diameter and
0.945° cone angle. The measurements were taken at 37°C in the dynamic
oscillatory mode with a constant deformation of 1% and frequency of 1 Hz. To avoid
slippage of samples during the measurement, a roughened glass bottom plate was

used.

[00114] Solutions of Gtn-HPA and HA-Tyr, as prepared in Examples I-A and

Il respectively, were prepared by dissolving the respective conjugates in phosphate
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17 1V-48 : 217 [00120] As a conparison, the G value and the gelation tine
for & n-HPA hydrogels (sanple I A) wthout addition of HA-Tyr were al so

measur ed.wol20Pk33{1Repr esent at i ve rheol ogi cal measur emenpcrgedbiimodse Shown
in FIGS. 1, 2, 3 and 4. [00122]FIG 1 shows the dependency of stiffness of

G n- HPA/ HA- Tyr conposite gels on HRP concentration, which is indicated by

the G V@uff@réd%fahﬁé‘?ﬂslgs bi=l7a %ﬁé&‘ém ﬁﬁe'f}ﬁa?c?ﬁ%&gfmﬁtdf%cﬂfofWth-

concentration at a ed H202 oncent ration o 2 'shows t he
dependendi? AcdindyEifaT yrasolutioms veds SwittAPAAGedys saotiposcardaipeigsGimHRRPand

ion,. d ed h I ' f | V-1 and
Sanpl o 1 92Fn 106 B snfto i abd i plknanode g el BRI B T
concentr,qqq)é, tH Geh-PiPM ol iSH éith e dependency of stlffness of
i) ThEHATINGYRtS A

Gn-H r conposite gels on HRP concentration, which is indicated by
t he G vaI ues of sanple IV-3 and sanple 1V-4 as a functlon of HRP
concent rE0MadAl at alm axgﬂrqszoi@twerrb@wpg@ai oveastirenentia SIOILGOHADfé‘lﬂRmt he

concont rapan S BB o Hi & FngfA%/ R baf TRy I aBRebefls 8500 anc
sanpl e Iébrﬁammgaefmmmmm atataéﬂdm% &) the doovedd@§dph, to
concentration of 17 mM [00124 As ‘can be seen fromFIGS. 1 and 3, at a

fixed HRPARISMPDE sWWiEht A gensral readionghemstoopreppee the qaMPRWiE ugat e to
t he Gn-ﬁf%g&qgg@mﬁ dﬁsgbh% rI'aBol/ wer G value for the G n-HPA HA- Tyr
ydr o

conposi t en conpared to that for the Gn-HPA hydrogel alone. In
addition, the G val ue of the conposite hydrogel increased with an increase
in the HAP1d6hcent FFdnbismm;bletmi@noﬁZNamtheWVdrtwedmrﬁ immhédiatdly ap i) As

shown i nth b(§tom p%te %he uppgr Izclnrﬁeeg/algt en ﬂ)werég%o %angggarreirar}eln? gap of
0.024 mm and a layer of silicon oil was carefully applied around the cone to prevent
solvent evaporation during the measurement. The measurement parameters were
determined to be within the linear viscoelastic region in préliminary experiments. A
frequenc_y of 1 Hz and a shear strain of 1% were applied to maintain linear
viscoelasticity. The measurement was done at 37°C. The G’ value and the time

taken to reach it (i.e. gelation time) were recorded.

[00117] . The rheological measurements were repeated, wherein the
concentration of HRP ranged from 0.02 units/ml to 0.2 units/ml and the

concentration of H,O, was either 8.5 mM or 17 mM.

[00118] The ingredients of sample Gtn-HPA/HA-Tyr composite hydrogels
(samples V-1, V-2, V-3, IV-4) prepared are summarized in TABLE 1.

[001 19] TABLE I. Sample Gtn-HPA/HA-Tyr compos‘ite hydrogels (samples
IV-1, IV-2, IV-3, IV-4).

' ‘Sample | Gtn-HPA : HA-Tyr (wf. ratio) | [H202] (mM)

V-1 | 9:1 8.5
V2 |8:2 8.5
liv3 |9:t EEY
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the gelation tine of the G n-HPA HA-Tyr conposite hydrogel increased with
an increase in the percentage of the HA-Tyr. Further, these results show

t hat the wgebatignsti e was generally | onger with a decpegseiiohées HRP
concentration at a fixed H202 concentration. [00126] Accordi ngly, as can be
understood fromFIGS. 1, 2, 3 and 4, at .a fixed H202 concentration, a

hi gher HRP concentratign yielded a G n-HPA/ HA-Tyr conposijte hydrogel wth
hi gher stiffnessi\add | §s%: gel.ation tinme, althaough the overall stiffness of
t he conposite gel—was llower when H202 was keptl at 17nM cdnpared to when
H202 was_kept at 8.5mM [00127] EXAMPLE V Confocal inmages of phase-separated
& n- HPA/ WR-1$91 congss? ceMpaapeiydng G omlussprg tha Q@Jﬁgora)?m@fﬁr Fn%kf% and

HA- Tyr - i I 1, i y, were prepared
by o ssortroBe TR ARBIE R i BEE BB Ron T AT rele SEBRREIYEI Saiine (PBS
pH = 7.4), wherein the final concentration of each of the G n-HPA-Rho and
HA- Tyr - H09128] ut i oiRepraseriativedshebipgical snsasuremens rasoits airaishgwatin FHES: Rho
and HA-T r-Féhu ig‘ the ratio of 9:1 or 8:2 were prepared (5 wt% 250 pL
PBS). Thi &h@MPA:-Rho sol ution was nixed with the HA Tyr-Flu sol ution.
[00129]In a representative confocal inmage neasurenent, a solution of HRP in
PBS and moagbyti on G, HABdwsihERepeRdendperstifredson GtalHPAMA-TYr aqueous

sol ution containing Gn-HPA-Rho and HA-Tyr-Flu, prepared according to the
above patypagite 9¢ls ondrRPongaplratieniwhichis inticateshythe Sovaltesefwas t hen

vort exed i I sfe i nt - te. osite
hydrogelsséliH 'P éwgfghgvtggwp(l)é i\Z? %Svgé?ﬁ?célﬁﬂ oﬁﬁlﬁgo}é\%lﬁtrﬁ‘p %I ftoa\/\};e[)gbe%ﬁzs aking in
PBS ( PH contefjrafion ofi8fomie PHE.2 shdes tige depgaibnsy ol galationftimeabf Gaser

scanni ng r opy (A ynmpusTM FV300, Japan). [00130] The confocal inage
measur erﬁﬁﬁf\ZH/ggfyé coainosite gelspia HE R copeeitatioanvhiah isindieateddyitigged from

ik or 1SR SR EFae F N adfSainhe ROSRY fficof oP R Oipesygon A o ©

7A, 7B, abxed H,O,concentration of 8.5 mM.

[00123] FIG. 3 shows the dependency of stiffness of Gtn-HPA/HA-Tyr
composite gels on HRP concentration, which is indicated by the G’ values of
sample IV-3 and sample V-4 as a function of HRP concentration at a fixed H,O,
~concentration of 17 mM. FIG. 4 shows the dependency of gelation time of Gtn-
HPA/HA-Tyr c_orhposite gels on HRP concentration, which is indicated by the
gelation time of sample V-3 and sample IV-4 as a function of HRP concentration at

arfixed H-O, concentration of 17 mM.

[00124] As can be seen from FIGS. 1 and 3, at a fixed HRP and H,0O;
concentfation, the addition of the HA-Tyr conjugate to the Gtn-HPA conjugate
“resulted in a lower G’ value for the Gtn-HPA/HA-Tyr composite hydrogel when
compared to that for the Gtn-HPA hydrogel alone. In addition, the G’ value of the
composite hydrogel increased with an increase in the HRP concentratidn from 0.02

units/ml to 0.2 units/ml.

[00125] As shown in FIGS. 2 and 4, at a fixed HRP and H,0, concentration,
-the gelation time of the Gtn-HPA/HA-Tyr composite hydrogel increased with an

increase in the percent'age.of the HA-Tyr. Further, these results show that the
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7D, 7E, 8A, 8B, 8C, 8D, 8E and 8F show the respective confocal fluorescence
i mges of the phase separated structures of sanple IV-1, sanple IV-2,

sanpl e |1 My@ 208Md3/3pl € 1 V-4 at vari ous HRP concentrati ¢ggiscP11@o82s
units/m, B) 0.024 units/m, C 0.032 units/nl, D) 0.045 units/m, E) 0.05

umts/rﬂand F) 0.1 units/m. GnHPA and HA- Tyr phases were detect ed inred
and gr eegelaties piewt Wae ggnerdly tanydh avihe detreametin ¢seHRRYcorentiation at er age
size of the d| screte regi ons ranged from about 0.01 gmto about 50 gm and
the aver B Qe GRREY, @g%en adj acent regions ranged from about 0.01 gmto
about 50 gm [00132] As can be shown-in FIGS. 5A 5B, 5C, 50, 5E, 5F, 6A,

6B, 6C, @@1 28F 6FA(,766rd|K§a/ %gcalz?e Jrﬁer%@‘od%m fiGs8Y 2 SaRid, 8fFa the

& n- HPA phase”separated a ormed varied patterns w th various
concent r ixecbHsOpEondeptnatien, 4 higheo hiRIh toate rdratioh MdédvasGm-deA/IdA-'Eyrt her 8.5

v 17 mM I t | | V- t f H202= 8.5
' ¢ hecR ot ihge wils bR sHn S B e crston e AR o s
appear s ieiaiekies cemgesﬁégél WS R Werd REOS AR B! §t Wrﬂrvpe&hpaembe (see

FI GS. 5A, 5B, 5C, he phase separation degree was |lower with
i ncr easewhmﬁz&nrwﬁemw&ﬁmlf/bomq In contrast, in the case of sanple |V-2
(concentration of H202= 8.5 nV), the G n-HPA phase appeared as spheres

oF. o) OAHETRY goroVaNEER Y e Bndienof BhdRL febnE effrraMert o' (e

G n- HPA edrapesigshydrobelel es. This observation seened to be in good
correlation with the gelation tine of the conposite hydrogel s

00135 t al d | V-3 d
00 botBTZRT v c roqianS ATy RATEG and FAsES b ASTHEPRGILAGREPs
ZZ%I o | B prifiliRespddvewelgprdiBirod BY dHRiARg I ipeBiivd EoRBu AR Ol e
V-4 (Fl @ssphate baffered, saﬁné (BBS, 8H)= 7t4r)eWGerenHme bhelsmnceahamaredf ¢aahm a

ne h net a n HRP c tration .136] EXAMPLE
Ut ne LS SR PRIRES otk a R E RS0 Ra s SnGEhRveRls 2R RS
pr ol I f er edntamind G MM/ REorarddAAErBIG it eHEPRSiot e Y 8F 8eelere prepared (5

Wt%, 250 uL PBS). The Gtn-HPA-Rho solution was mixed with the HA-Tyr-Flu

solution.

- [00129] In a representative confocal image measurement, a solution of HRP
in PBS and a solution of H2O; in PBS were added sequentially to an aqueous
solution containing Gtn-HPA-Rho and HA-Tyr-Flu, prepared according to the above
paragraph, to form a sample solution. The sample solution was then vortexed and
immediately transferred into a 96-well plate. The composite hydrogels were
allowed to set overnight in the dark, followed by soaking in PBS (PH =7.4)for4
hours before being imaged with a confocal laser scanning microscopy (Olympus™
FV300, Japan). ' ‘

[00130] » The confocal image measurements were repeated, wherein the
concentration of HRP ranged from 0.02 units/ml to 0.2 units/ml and the
concentration of H,0, was either 8.5 mM or 17 mM.

[00131] FIGS. 5A, 5B, 5C, 5D, 5E, 5F, 6A, 6B, 6C, 6D, 6E, 6F, 7A, 7Bv, 7C,

7D, 7E, 8A, 8B, 8C, 8D, 8E and 8F show the respective confocal fluorescence

images of the phase separated structures of sample 1V-1, sample 1V-2, sample IV-3
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with different mcrostructures was studied. 27 WO
2011/ 133113PCT/ SG2011/ 000158 [00138] Freeze dried G n-HPA and HA-Tyr were

prepar ed weoe{diseast 0 the procedures described i n Exanplpegisi2fiiansiss !
above. [00139]7.5% G n-HPA and 7.5% HA- Tyr sol utions were nade by

di ssolving freeze dried &G n-HPA and HA-Tyr respectively in phenol-red free

DVEM supgh& 8B ?@I\)Mta‘ﬂ vah%asBRP é&ﬁbéWahéh@N)fo DQ'Urﬁit*sMI B) 81024LGRtsm,nl - of
strept omycin. 5% Gt n- HPA/ HA- Tyr conposite ution, conprising

G nHPA abdl OIB2T S, )0 4funitalrl = .08 urmts/mlearé?b}@ﬂaﬂe@/w CHOmL75 M of

H202 and ratipn nit 7 m and
T e PR H R AR e 8b B Rt B, Mo B b Bah e Toove
The resubéemfBofthesEAGtiRsTiHe SRITRGS st dMtHE QURIrstewegidns aamd&s frihr dboud! -
and VI-3 respectl velépHFFl in an appropriate vol unme of phenol -red. free

DVEM wasO0&dden te gbe i ame the sverapa detancebaiyeetRfiReTt £28i0BP ogel
sol uti on@%_?asfmtrﬁagbhygm q,ﬁteo 88{;810@(? h{-;h_hydrpgel sol ution-into 5%
e' o)

G n- HPA/ HATyr composi roge 'on with HFF1 at a density of
220,000 cells/m . [00140] 5_0pl dr opl ets of the 5% conposite hydrogel
sol uti onf00d8da] ai ni g ¢drHie shewarie#F1GB0SA, BB 6C 5BnSEcHFc8AP6Be6CsE6B: i | e

g\c/)g(rjin} Igﬁeé #\P’a-?‘%gfﬁvf#dﬁ’a?%’rs tégwmﬁgegg%ﬁé@ca ghﬁ&@%%%é??y !I'he next

day, fregdydMEM P @ed/ahegﬁfagﬂarwth vahsug ebﬁégrﬁ dam%% WHES vm%ﬁrtaed

every 2 days. [00141 HFFL1 pr ration was anal ly tor 4 weeks to
assess tWioenp‘labbmbéf'bﬁ)ewasmibdgat@ltha[815Tr'1ﬁM@rtbml‘éen dsDNA Kit
(invitrogenTM seeded in each conposite hydrogel. At the end of each week,

0. gy miBl P abgonadd T eE ey E-anRl Ve L Gl BraboTe e U3 uvb e,
Super nat @gi-biPrepleagecappeitcdnd 2ARsh rRfiwoikpehilethd MAFByriphiaterappearatided to
each conposite hydrogel containing HFF1. Each of the resulting _cell mxture

was vot eXeREredAispereaeigrgh Oytt8?%@@?05'?)@”9880\%“6@({3%5 168268 5Bor 30
m nutes g@ -5 ﬁefEaS@p héé@@é’p%t@n% FBJWES?}QN@PWI it ﬁseﬁq{RﬁaCh of the

resul ting sanple erna ants was col | ted an sed e PicoG een DNA
assay. |[O@gRiBhBnstandard (2 jig/ nl) was prepared from 100 1.1, g/ mof the
DNA solution and | x TE buffer. Pi)coGr een dsDNA Quantitation reagent was

prepar ed[001 34] In contrast, in the case of sample IV-2 (concentration of H202= 8.5
mM), the Gtn-HPA phase appeared as spheres while the HA-Tyr phase appeared
| as a mesh network (FIGS. 6A, 6B, GC,'GD, 6E, 6F). The higher concentrations of

HRP fesulted inasmaller size of the Gtn-HPA phase as particles. This observation

seemed to be in good correlation with the gelation time of the composite hydrogels.

[00135] Phase~separated’ structures were also observed in samples V-3 and
IV-4, both of which were prepared using 17 mM H;O,. The morphology'of sample
IV-3 (FIGS.V 7A, 7B, 7C, 7D, 7E) showed a similar trend as that of sample V-1
(FIGS. 5A, 5B, 5C, 5D, 5E, 5F). However, in the case of sample V-4 (FIGS. 8A,
8B, 8C, 8D, 8E, 8F), the Gtn-HPA phase transited from a mesh network to spheres

with increasing HRP concentration.

[00136]  EXAMPLE VI Gtn-HPA/HA-Tyr composite hydrogels containing
HFF1. |
[00137] HFF1 proliferation in sample Gin-HPA/HA-Tyr composite hydrogels

with different microstructures was studied.
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28 by making a 1:200 dilution of the concentrated dye solution in |Ix TE
buffer. 100 of appropriately diluted sanple supernatant was added into each

wel | of ay86y¥eizbiigl ate. Then, 100 pl of PicoG een reagepi/si@si1adseg to
each well. The sanples were excited at 480 nm and fl uorescence intensity

was neasured at 520 nmusing Tecan Infinite(r) MOO mcroplate reader. The

f I uor escppags] Nt enFirb¥zd 8ried GARHPARAN HA TR Xeh BR&Sared adbbiinddaINA
standard curve and a HFF1l standard curve were plotted. The nunber of cells

t hat adhefosgdaiesedaseribedpoExa@plsedrdgad Haloveal cul ated from the standard
curves. [00143]FIGS. 9A, 9B and 9C are confocal images, taken using a

conf ocal scannj ' S ’ =\/30 e _sanpl e
conposi ttgoﬂ?gi ogel Sn,n éda"g@mmﬁgb%%?&?hsﬁ)&%ﬁ g'g-%%ﬁ%’is g’? r%l %%ggi)bsyc@é%%o@gn- mlgA
ConcontratLah of LRP lood Tar ELa o Ot G ot mare
concentration o used for an wer e

r espect i SIRjEME0tEsoWithi1 0% KBS, 600 anitsiniof senicilimand 168989/Miafs/ . Prior to

hecor dant e ORNERE 7 STESEEHPARAT I diipdie R dLoRtotf EOmPRSRBTERE, 1

QA_ Tyr bplgP_Ai amd H%deﬂa:meigedraﬂotdsf 8:14 i,@l\éélang megereﬂﬂwﬁie O\r/]ci ﬁﬁgthhef Hg@@ed?r aFFl
or ol 1 1 or 319 Bl PrconvenGguon Pt 0P anteien B0 URal R A ROS0R: was

obser ved,iifigh| %&dfﬁéﬁ%_tﬁ%ibfé@éﬁuﬁ@ db8sY iﬂ'l?)ﬁd'h%l@ lﬁl’db-o'dB.A THRHeR0fing

[ 00145] Exanple VII: - Tyr conposite hydrogels and prinmary
hepat ocyGésHPA/BART yr compasiednydrogald 8leEe saotples VednidbRiandovl-df sanpl e

G n- HPA/ HA- Tyt co i,.t.e hydrogels on, prinmary rat at s' _al I N

secr ot | olf REEEANEA T T G0 arTate oine AR BedfhiRd HRE RN e T e
by di ssofoveatth dfrtRe 765 %" GedHPAMHAFArabeh gddiitd Wydrdyeg Balugiinisd @ceadifliggce with
the procedures in Exanple I-A and 11 above, respectively in phenol -red and

FBS fr eec®p2arspgsite hydipaelsaiviian ilehfe StippiPAMEA: By canepositeinyedvpae!
dexanet h : | L hGhh !l in and 100 ng/ M of
st)r(eptonﬁ%fvﬁb/?’ﬁ@géggqgggﬁé{)@%g%@@?e@ H:A Tyr co'rrpog?te hydr ogel

solutions with different conpositions of G n-HPA
[00140]j 50ul droplets of the 5% composite hydrogel solutions containing

HFF1 prepared above were transferred under sterile conditions in a 48-well plate
(Nunc™, Denmark) and were left to gel overnight in a cell incubator at 37°C with
5% CO; and 95% humidity. The next day, fresh DMEM was added to each well.

The culture medium was changed every 2 days.

[00141] HFF1 proliferation was analyzed weekly for 4 weeks to assess their
proliferation using Quant-iT™ PicoGreen dsDNA Kit (Invitrogen™) seeded in each
composite hydrogel. At the end of each week, the composite hydrogels containing
HFF1 were dvissolyed using 0.5mg/ml colleagenase and were centrifuged for 5
minutes at 1500rpm. Supernatants were removed and 200ul of reporter lysis buffer
was added tb each composite hydrogel containing HFF1. Each of the resulting cell
mixture was votexed for 30 seconds, stored at -20°C, thawed and sonicated for 30
minutes on ice, and centrifuged at 6.0rpm for 20 minutes at 4°C. Each of the
resulting sample supernatants was collected and used for the PicoGreen DNA

assay.

[00142] | DNA standard (2 pg/ml) was prepared from 100 pg/mi of the DNA

solution and 1x TE buffer.” PicoGreen dsDNA Quantitation reagent was prepared
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and HA-Tyr but the sane stiffness (G = 690 Pa, 1340 Pa or 3340 Pa) were
prepared by adding 0.88 mM of H202 and varyi ng anounts HRP respectively, in

accor dancgowyiihisgie procedure described in Exanple 1V abpygcandobhées
i ngredients are summari zed in TABLE I1. [00148] TABLE Il. Sanpl e

G n- HPA/ HA- Tyr conposite hydrogels (sanples VII-1A, VII-1B, VII-1C VII-2A,

VI -2B, B hakfag &t 12208A%iluibh D3ﬁneaé%c\é|nlra€@ d@ Qolﬂﬁén in W\TE’tﬁuf{éM 100 ﬁt i 0)
[HRP] (units/m’) (sanple 3) (F 3340 Pa

10 : 0 mfepprognately diytel mnle(wperna?nmagadded/unto B@ph weII of a 96 well
plate. Then, 100 pl of PicoGreen reagent was added to each well. The samples
were excited at 480 nm and fluorescence intensity was measured at 520 nm usving
Te.can Infinite® M200 microplate reader. The fluorescence inte'nsity is proportionél
to the number of HFF1. A DNA standard curve and a HFF1 standard curve were
‘plotted"The number of cells that adhered on’ each composite hydrogel was—

calculated from the standard curves.

[00143] FIGS. 9A, 9B and 9C are confocal images, taken using a confocal
laser scanning microscope (Olympus™ FV300, Japan), of the sample composite
hydrogels showing that the average size of the discrete Gtn-HPA regions (stained
red) increased with increasing HRP concentration: the concentration of HRP used
for FIG. 9A, FIG. 8B and F!G. 9C were respectively 0.0199 units/ml, 0.0437 |
units/ml and 0.0596 units/ml. Prior to taking the confocal images, the Gtn-HPA was
conjugated with Rhodamine in accordance with the procedure described in
Example I-B above, while the HA-Tyr portion was Conjugated with FITC in

accordance with the procedure described in Example Iil above.

[00144] FIG. 10 shows the dependency of HFF1 proliferation on the average
size of discrete Gtn-HPA regions. It was observed that more HFF1 adhered to

larger discrete Gtn-HPA regions.

[00145] Example ViI: Gtn-HPA/HA-Tyr composite hydrogels and primary rat

hepatocytes’ albumin secretion

[00146] Effect of composition of sample th-HPA/HA-Tyr composite

hydrogels on primary rat hepatocytes’ albumin secretion was studied.

[00147] 5% Gtn-HPA and 5% HA-Tyr solutions were made by dfssolving
freeze dried Gtn-HPA and HA-Tyr, prepared in accordance with the procedures in
Example I-A and Il above, respectively in phenol-réd and FBS free Hepatozyme
media (Invitrogen) supplemented with 0.1 mM of dexamethasone (Sigma),100
units/ml of penicillin and 100 mg/ml of streptomycin (Invitrogen). Sample Gtn-
HPA/HA-Tyr composite hydrogel solutions with different compositions of Gtn-HPA
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8.5: 1.5 0.0388 (VI1-2A) (FIG 11A) 0.0496 (VII-2B) (FIG 11B) 0.135
(M1-2C) (FIG 110 7 : 3 0.0596 (VII-3A) (FIG 11D) 0.0993 (M 1-3B) (FIG
11E) 0. 1980(M133Gs (FIG 11F) [00149] Sanpl e G n- HPA/ HACTIG26QmMess t
hydr ogel solutions (250 pl per well) were deposited under sterile
conditions in a 48-well plate and left to gel overnight in a cell incubator
at 37C. &id FREYyr Rt thE BamRCHiRes¥RGe= 590028 @401 Bpgsﬁ@ﬁazm@é vel | and
then incubated at 37C with 5% CO2 and 95% humdity. After 12 hours of

i ncubat i BePalReEPY addied hddp mMof Hed-wedevansp einairts HRPESpestivelyeidh cul ture

medi um . ure di um wa h nd,cpll ected every .24, hours
o nosea bR Aie it Wi biheRhit Fatpenln EXARE Ty RBOYEEhG RS IHaRDisne

i nked i sresiespeiesd il FABLE(IELI SA) quantitation kit from | nrunol ogy

Consul tants Laboratory (ICL). [00150] FIGS. 11A, 11B, 11C, 110, 11E and 11F
are confocal |nmage t aken usi n%ﬁg conf ocal_1 aser 'scanni ng m croscope

S
(0 ympustPRi#8B00, JARMS Il s3amsaledstn-BEAIHA Ty oepmasielhydiggels samples op,
VI -2C, W a3i- Mk 1 vi3Brangd; Yh! v/3( i ) hingpt mfocal i mages, the
G n- HPA \|Y|r|1 1é6‘é§ﬁtl1l l%rr\é 50313’3' %/}éh}/ﬁg?a%’yc“ gmbtw&'%cl}gpmgﬁeé}fdnggc%c rdance with the
procedure described in Exanple |-B above and appeared in red, while the

r

pr ocedur C S eR, BUs Wh AT LT D v Bl b NEaTed i n green. |

(wt. ratio) G' =690 Pa G’ =1340 Pa G' = 3340 Pa
10:0 0.0477 (VII-1A) | 0.0581 (VII-1B) | 0.0894 (VII-1C)
85:15 » 0.0388 (VII-2A) | 0.0496 (VII-2B) | 0.135 (VII-2C)
| | | (FIG. 11A) (FIG.11B) (FIG. 11C)

17:3 0.0596 (VII-3A) | 0.0993 (VII-3B) | 0.198 (VII-3C)

(FIG. 11D) | (FIG. 11E) (FIG. 11F)
[60149] Sample th-HPA/HA-Tyr composite hydrogel solutions (250 pl per

well) were deposited under sterile conditions in a 48-well plate and left to gel

_ ovem.ight in a cell incubator at 37°C. Primary rat hepatocytes were seeded at
10,000 cells per well and then incubated at 37°C with 5% CO, and 95% humidity.

v After 12 hours of incubation, unattached hepatocytes were washed off by PBS and
fresh culture medium was added. Culture medium was changed and collected
evéry 24 hours to assess the amount of albumin secr-eted,'using the rat albumin
enzyme linked immUnosorbent aSsay (ELISA) quantitation kit from Immunology

Consultants Laboratory (ICL).

[00150] FIGS. 11A, 11B, 11C, 11D, 11E and 11F are confocal imag.es,'taken
using a confocal laser scanning microscope (Olympus™ FV300, Japan), of sample'
composite hydrogels VII-2A, VII-2B, VII-2C, VII-3A, VII-3B and VII-3C. Prior to |
taking the confocal images, the Gtn-HPA in each sample was conjugated with- |
Rhodamine in accordance with the procedure described in Example |-B above and
appeared in red, while the HA-Tyr in each sample was conjugated with FITC in :

" accordance with the procedure described in Example Il above and appeared in |
green. | '
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WO 2011/ 133113PCT/ SG2011/ 000158 [ 00151] 1t was observed from FIGS. _11A
11B, 11C, 11D, 11E and 11F that at a fixed G n-HPA and HA- Tyr conpositi on,

the degregoahiPRang separation in the sanple conposite tpmlfS@g@IIlﬁm@ggreased
wi th increasing concentration of HRP from0.0388 units/m to O. 135

units/m_. In addition, when the wei rati o & n- HPA: HATyr = 8. 5:
G n- HPA [BR48% appekrias QES%V%fTPkaF&é?Mka 1B B1G DA ﬁn%ﬂagéhﬁtppear ed

as donaif }?HEPG r reasi ng
HRP conce ratl oﬁmﬁ%&%A 1 déﬁp %f%%&ﬁ%ﬁot e \G/\é/esl%ﬁrgltrlda'fﬁ}ﬁe
Gt n- HPA: éammgrcompbsae Hytlmg@lmdéﬁéapé\@s@thap@@asm@ (ﬁmcént]‘ailmofl\l‘iHFéfr(bﬂne
HA- Tyr pQAﬁSﬁB Pﬁ@gar ed as a matrjx network, and HPA_ domai ns becane

smal | er /BU 4% Aol SARPISORE Rt adsitiarh whﬂrdée vmht rpfig Gtadd%mhs\ |
00152
E:orrpos} t @ﬁhy%f%oge{ofsb%\}? @ﬁbﬂ?@%ﬁﬁp&ér%a%éﬁ@é& ﬁ&wﬁﬁé’fﬁ sarrp ©

hydr ogelphdsk- a‘;mearedﬂfaslalpmwmj abiddby GinvitieA riatrix ribM@rkFlaec(aime denser"wlth <

g gl gh-er';‘;%gﬁ @%E n???’frmgf?{) &ig&ﬁg&q?é eellagjé \R/(hggl,{%ﬁé(ve\ygsu fneSS)
sapl e b APAANRRCER ARGl IHPACHALOSD buarbE B RRAIRG will (HEHAAT P

observed that each “of the conposite sanples VI1-2C and -30
led to mhaseaﬂptmmed searmeairamebyotic patdby Gis- P#%Ad@ntmmeuecam@tsmmA

hydrogel . one -1 t n HPA/ HA- Tyr
CoNnposi ¥ V&Fec?& @%gorg:&nﬁ) 'Oagpﬁn‘tﬁ? H% cyt e function, as
conpared to the pure & n-HPA hydrogel. [00153] Corrpar ative Exanple: G n-HPA

hydr ogel[60¢521t ai ni FIGPT2 aapmsrabumi)gé@@%ﬁby gxi rt Besatetytes sample
[ 00154] Ef f ect of stiffness él ndi cat ed t he val ue) of G n-HPA hydrogel s

on pri neﬁ%m%?ﬂ eyeEReRls Vals2C ang \vH- ﬁCs%?c@@PPafedM%h §@mﬂ>i|%@tn-ﬂ‘t*fb°155] 5%

€} HPA d d
U ¢ ndRRedBAL B el e Hendh G S e B P S e
medi a sup@]O@ﬂv};nttwlawbderxlél%H%ﬁi a@ivemn® @fe. Gﬂﬁamﬁ)haﬂs\«g’r@r(aﬁn@mﬁfr)% 100

ts/ m_ of | | 0 HPA [ uti
wth G TR Baest Arede e PRl Bl A AR 26 8B ARrR Ho02 and
0.0198 lﬁl%&rﬁ(ﬂ’%ecﬁ‘éﬁbr@b@ﬁéﬁa%&we%/ M waé aﬁ%‘%lﬁ&?@&ﬁﬂé@[@aﬁh oTlﬂ‘Ra %ﬁpb‘?&

hydrogel s were prepared under sterile conditions in a 48-wel| plate and

| ef t t o hydrogely &samplas h2€end Vikdbated tamozg alburso q@lcrettrongm was added to

each wel t d t hen
i ncubat nga?&éff?eé Q&Pﬁﬁ@é}(@ andﬁggﬁﬂ&%% z%légeg\%qn§ urs er?g ached
hepat oc\thaisthees - Maamwfbobmoeméh@zdd;g‘eisewbre:béﬁerra rﬁE!ﬁhtallﬁ’hwaS added.
Cul ture nmedi um was chauggd and col | ect ed eveﬂ_YLP24 hours to assess the

anount GYePRIARYER iR EOMpaTasyiorthe Ruse GindipA hveEregahe | nked

i mmunosor bent assay (ELISA) quantitation kit from I nmrunol ogy Consul tants

Labﬂ] at 2091 ?31(1) Lol Exdr pR CHA-HPR HYBRSJUIS BEMtaffingbRtER r&tecr et on
on e stiffness '

hepatocytes’ albumin secretion

[00154] Effect of stiffness (indicated by the G’ value) of Gtn-HPA hydrogels

on primary rat hepatocytes’ albumin secretion was studied.

[00155] 5% Gtn-HPA was made by dissolving freeze dried Gtn-HPA
prepared in accordance with the procedure in Example I-A above, in phenol-red
free Hepétozyme media supplemented with 10% FBS, 0.1 mM of dexamethasone
(Sigma™), 100 units/mi of penicillin and 100 mg/mi of streptomycin. Gtn-HPA
solutions with G’ = 231 Pa and 2118 Pa were prepa‘red by adding 0.88 mM of H;0,
and 0.0198 units/ml and 0.0356 units/ml of HRP respectively. The Gtn-HPA

hydrogels were prepared under sterile conditions in a 48-well plate and left to gel‘ |
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of the Gn-HPA hydrogels. It was observed that the Gn-HPA hydrogels were
better substrates for hepatocyte growh as conpared to the tissue culture

late (T I n addition, hepatocytes were able ' their
P (TGFd 26 {fgﬁ F p y Pb?ﬁg\b]ﬁ;ﬂgﬁh@s

functlonallty onger periods when grown on softer Gn ogels (G
= 231 Pa), as conpared to stiffer G n-HPA hydrogels (G = 2118Pa)
[00157] | evegnight petheriaeybaterat 314t 2k eiapd wers addedds: Gr?éhé/v@il iNeXtnt ended t o

spect 11 CAALAGS UilFe S89AALPTTRAD LA YR R Yrc B TARRGIN BIEPC ind! ver

range, ranges are 1 ndividually and

speC| ficadl @O@llasdlmedun'{lcﬂ@lwﬂeﬂmvhddrs ajrmtabhedlhéﬁaﬁicm Wéletwaﬂted/vor d "a"
i ntended to nean "one or | east. one", and a

SI ngul aroégyﬁa%anﬂfr@ﬁﬁé?d”ﬁ? mﬁ@lblﬁ'dé‘/%l Qﬂd&ds q;l‘é'F‘é’Prﬁ”ecﬂ'B'ﬂi‘l\S@? P'E‘aW@
f h
) ﬁ; eg; WE&Iﬁétcg‘%ldggﬁt24t%r§?6 AN oun’tI &CAJM%{A%:(J%BM SRUsitd ﬁém. t ed

be open-ended a neans ut not
to, unl malmmtnerwym@medflmmn%othmSayl(EIdSrA)e:uaontamanyqt ffcd@160] When a
list of jtens |is in Wth@ﬁl—hor before the last item any one of

ve
t he ||st@2{“Pf‘%|HﬂygiO éHk}a'%tﬁ SJEIRLTS ation of two or nore of the listed

items may be sel ected and used. [00161] O course, the above descri bed

embodi nefpqs5e] € | NFPEIeS shewlehé HbHéﬁdéﬁdW@f APhvirPsEtrefloen ey slifffds Ng.
The descri bed enbodi nents are susceptible to nany nodifications of form

arr angen@‘rthecﬁtnﬁai?’ﬁaydm%s | B veascohseteed tat dipe CamHi?A hydiegelswere befter
rather, %@psttr%i g%ﬁégto%ytce ORARR a%lclomspuacrgd B (S8 Qeord b8 (+&B) scope. as

defi ned
control. In addition, hepatocytes were able to maintain their functionality for longer
periods when grown on softer Gtn-HPA hydrogels (G’ = 231Pa), as compared to

stiffer Gtn-HPA hydrogels (G’ = 2118Pa).

[00157] It will be understood that any range of values herein is intended to
specifically include any intermediate value or sub-range within the given range, and
all such intermediate values and sub-ranges are individually and specifically

disclosed.

[00158] It will also be understood that the word “a” or “an” is intended to
mean “one or more” or “at least one”, and any singular form is intended to include

plurals herein.

[00159] It will be further understood that the term “comprise”, including any
variation thereof, is intended to be open-ended and means “include, but not limited

to,” unless otherwise specifically indicated to the cbntrary.

[00160] When a list of items is given herein with an “or” before the last item,
any one of the listed items or any suitable combination of two or more of the listed

items may be selected and used.

[00161] Of course, the above described embodiments-are intended to be
illustrative only and in no way limiting. The described embodiments are susceptible .

to many modifications of form, arrangement of parts, details and order of operation.
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WHAT IS CLAIMED IS: 1. A conposite conprising: a first conjugate of a
polymer and a first phenol -containing noiety; and a second conjugate of a
gel ati n ofyooplld8AR and a second phenol - cont ai ni ng NI epyi/aRenRvsssai d
polymer is selected so that said first conjugate is |ess cell-adhesive than
sai d second conjugate, at |east one of said first and second conjugates is
crossl i mkgslidvantion, r?a%éml%ﬁhténdéa% eAtSmPasPas slien pRIbMidaton WitHigitst e regi ons
that are rich in one of said first and Second conjugates. 2. The conposite
of cl ai nscbpewnedefined Aydheolaiosite is a conposite hydrogel. 3. The
conposite of claiml1 or claim?2, wherein said polynmer conprises a

hyal uronic acid, a poly(ethylene glycol), or a dextran. 4. The conposite of
any one of claims 1 to 3, wherein at |east one of said first
phenol - contai ni ng noi ety and said second phenol -cont ai ni ng noi ety conpri ses
tyram ne or a hydroxyphenyl propionic acid. 5. The conposite of any one of
clains 1 to 4, wherein said second conjugate conprises said gelatin. 6. The
conposite of any one of clains 1 to 5, wherein said second conjugate
conprises a conjugate of said gelatin and tyram ne, and a conjugate of said
gel atin and hydroxyphenyl propionic acid. 7. The conposite of any one of
clains 1 to 6, wherein said first conjugate conprises a conjugate of said
pol ymer and tyram ne, and a conjugate of said polynmer and

hydr oxyphenyl propi onic acid. 8. The conposite of any one of clainms 1 to 7,
wherein said discrete regions are rich in said second conjugate. 9. The
conposite of any one of clains 1 to 8, wherein said discrete regions have
an average size of about 10 nrn to about 500 pm and an average di stance
bet ween adj acent discrete regions is fromabout 5 nmto about 500 pm

33 -



10. The conposite of any one of clains 1 to 9, wherein said first conjugate
i s nonadhesive to cells. 11. A nethod of form ng the conposite of any one of
clainms 1 we-Wy/@enBrising: mxing precursors for the fippgiscand os@sond
conjugates in a solution for form ng said conposite; and dispersing a
catalyst in said solution to catalyze crosslinking of at |east one of said
first and second conjugates to formthe matrix. 12. The nmethod of claim 11,
wher ei n YHAT tRCUAIBIED KS:di spersed in said solution in an anount sel ected
to control a rate of said crosslinking to allow one of said first and
second cpnwwﬁg@s,@oﬁﬁ?ﬁgﬁgrate in-discrete regions having sizes in a
presel ected range he nethod of claim 11 or 12, wherein said catalyst

f di sh d d 202 14 Th hod
of o1 o m 11 of Mol é’raﬁ brcged Fi<C o e B EcaistdierFr ox: dase

and H202. 15. The t haod of 14, wherein the con ration of
hor ser adi sh p%?%?(?'ﬁ%%nﬂ"ﬂat@ aiR PHRO! 9&%@%@@86%585%@9'&0%%% ate of
crosslinking.my The net hod of claim14 or claim 15, wherein'the

concentration of ¥|202 in said solution is selected to control stiffness of

sai d conposit g:ggg?ﬁ d: Lin or

col | agen; V\he\&télerjr??nagé'ﬁ a %’i\'g s%fé@s?%(;i gb ng?tys?faé(?ﬂ s¥§8 Upgﬂa 'Sqe%elr‘ﬁé‘or col | agen

i's conj ugat edadhdsiveathahesail securdacarijugatapaiegst e of miwrsirandssdoeaa cell -
conjugates is crosslinked to form a matrix, and said composite comprises

discrete regions that are rich in one of said first and second conjugates.

2. The composite of claim 1, wherein said composite is a composite hydrogel. -

3. The composite of claim 1 or claim 2, wherein said polymer comprises a

hyaluronic acid, a poly(ethylene glycol), or a dextran.

4. The composite of any one of claims 1 to 3, wherein at [east one of said first
phenol-containing moiety and said second phenol-containing moiety covmprises

tyramine or a hydroxyphenylpropionic acid.

5. The composite df any one of claims 1 to 4, wherein said second conjugate

comprises said gelatin.

6. The composite of any one of claims 1 to 5, wherein said second conjugate
comprises a conjugate of said gelatin and tyramine, and a conjugate of said

gelatin and hydroxyphenylpropionic acid.

7. The composite of any one of cl\aims 1 {o 6, wherein said first conjugate
comprises a conjugate of said polymer and tyramine, and a conjugate of -

said polymer and hydroxyphenylpropionic acid.

8. The composite of any one of claims 1 to 7, wherein said discrete regions are

rich in said second conjugate.
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adhesive than said gelatin or collagen, said at | east one of said polyner
and said gelatin or collagen is crosslinked to forma matrix, and said

conposi t eweapPrissAs di screte regions that are rich in operRG26aiodoRe! yner
and said gelatin or collagen. 18. A nethod of form ng the conposite of

claim17, conprising: mxing said pol mr and said gelatin or coI | agen in a
sol uti ondf dNereomRagesliany BipRistiaians WirBevhetsir said disaste woionst haw d

pol ymer and,sajefl, Eﬁg'o@a%uf% hﬁgﬁnaﬁ&t%WéHﬁh%ﬁcﬁj?Wathr | Sistance.

phenol - contai nin y; and d ersin d sol ution to

catal yze cbe%éemhdjagemfdlectreteéaﬁglomls fnfma@bdt ﬁ(mlnytmab@ncﬁ(ma/yrd gel atin or
collagen to formthe matri x.

10. The composite of any one of claims 1 to 9, wherein said first conjugate is
-nonadhesive to cells.
11.A method-of forming-the - composite-of-any-ene-of-claims-1-{o-10,-comprising:-
mixing precursors for the first and second conjugates in a solution for
forming said composite; and |

dispersing a catalyst in said solution to catalyze crosslinking of at least one

of said first and second conjugates to form the matrix.

12. The method of claim 11, wherein said catalyst is dispersed in said solution in an
amount selected to control a rate of said crosslinking to allow one of said first
and second conjugates to concentrate in discrete regions having sizes in a pre-

~ selected range.

13. The method of claim 11 or 12, wherein said catalyst comprises at least one of

horseradish peroxidase and H2Ox.

14.The method of claim 11 or 13, wherein said catalyst comprises horseradish

peroxidase and H,0,.

15. The method of claim 14, wherein the concentration of horseradish peroxidase in

said solution is selected to control said rate of crosslinking.

16. The method of claim 14 or claim 15, wherein the'concentration of H,O, in said .
solution is selected to control stifiness of said composite.
17.A composite comprising:
a polymer; and
a gelatin or collagen;

wherein at Ieaét one of said polymer and said gelatin or collagen is

conjugated with a phenol-containing moiety, said polymer is less cell-
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adhesive than said gelatin or collagen, said at least one of said po_lyme:r and
~ said gelatin or collagen is crosslinked to form a matrix, and said composite
com‘prises discrete regions that are rich in one of said polymer and said

gelatin or collagen.
18. A method of forming the composite of claim 17, comprising:

mixing-said-polymer-and.said-gelatin-or collagen in-a-solution.for-forming
said composite, wherein the at least one of said polymer and said gelatin or

collagen is conjugated with said phenol-containing moiety; and

dispersing a catalyst in said solution to catalyze crosslinking of at least one

of said polymer and said gelatin or collagen to form the matrix.
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