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ARTI FI Cl AL CORNEA FI ELD OF THE | NVENTI ON The present
invention relates generally to corneal inplants. Mre
w@aolbitcalBar |y, the present invention rel ates tBCT/US2006/015173
artificial corneal inplants based on an
i nterpenetrating doubl e network hydrogel core and a
peri pheral hydrogel skirt. BACKGROUND It is estinated
that there are 10 mllion people worldwi de who are
blind due to corn ' . Carl sson et
al. (2003) in a p&&glqkﬁﬁﬁigjéQfgiB&ﬂ&hﬁeered cor neas:
how cl ose are we?" and published in "Curr. Opin.
Opht hal nol . 14(4): 192-197"). Most of these wll
remain blind due to limtations of human cornea
transplantation. The major barriers for treating these
patients are corneal tissue availability and
resources, particularly for people in devel opi ng
countries. To have corneas avail able for
transpl antati on, a system of harvesting and preserving

them nust be in ting
pot enti al donors@hﬁgﬁeééﬁﬁﬁéé%ﬂgvﬁfigﬁgﬁcﬁthin sever al
hours of death, preserving the tissue, and shipping it

Thq presané lra/ppﬁ@prqlac%gemmllb’uto yomealhnmlagm Meoek partenlpedy;tthe present
who have had refractive surgery nmay not be used as

inveloivarslatet he aeffivie comeslhianlagebaséd 60 b G@srpamirapiag double network
the future, even in devel oped countries, as the nunber

hyc%geﬂ’@&ﬂeeaﬁﬁ%ﬁéﬁ%ﬁéxﬂ%ﬂﬂog‘e@ﬁl&ﬁﬁ i ve surgery increases.
Even anong patients 'who are fortunate enough to

receive a cornealtransplant, a significant nunber wl|
devel op conplications that wWill result in the |oss of

vision. The nost_connqgﬁ§ﬂ£€$%§ﬁﬁgﬁps are graft

rejection and failure or severe

astigmatism |n successful cases, the inprovenent in
It ivesimatedrghyat ttldee an@b§ million people worldwide who are blind due to corneal
diseases (See e.g. Carlsson et al. (2003) in a paper entitled "Bioengineered corneas: how
close are we?" and published in "Curr. Opin. Ophthalmol, 14(4):192-197"). Most of
these will remain blind due to limitations of human corneal transplantation. The major
barriers for treating these patients are corneal tissue availability and resources, particularly
for people in developing countries. To have corneas available for transplantation, a
system of harvesting and preserving them must be in place. This requires locating
potential donors, harvesting the tissue within several hours of death, preserving the tissue,
and shipping it to the appropriate facility within one week. Patients who have had
refractive surgery may not be used as donors. Therefore, a shortage of corneas may occur

in the future, even in developed countries, as the number of patients undergoing refractive

surgery increases. Even among patients who are fortunate enough to receive a corneal
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nonths followi ng the surgery due to graft edema and
astigmatism A bioconpatible artificial cornea with

WO e@sues18nt egrati on and epithelialization can PEPUSE6/015173
the need for a human cornea and provi de excel |l ent
surgical outcones. Such an artificial cornea can

tra@dpldht NA%ienfdent idibe? fwillddeh R Bhplitatiis@Rat Will 2884t in the loss of
failure, as well as astigmatism and enable rapid

: Vi S 0 Sl ci AN ure_an
vishl Pl BESAEYon PRRBbALIS o8 B SRR YD ahd FARYE Spfldregutr or
world, without the resources required of an eye tissue
SSH RSUGIESEL | A THERFSE R SB3FTe S0 IRBHOVARBITo it may take many
shortages due to refractive surgery. Mreover, the
mopgsHpkrwigg thipesreg sy due tografiledemp and agigalatioor nea can
al so be applied to the treatnent of refractive errors,
such as nearsi ght edness. Through a procedure known as
epi kerat opl asty (or corneal onlay), a thin polynmer can

A bigcahpAmneghtitieial '381711%? 8 AtidsHe frﬁ’c Bord BRI Fﬁﬂfeﬁfﬁiﬁffg}n can replace

i ndex. A bioconpatible epithelialized onl'ay place
age .over. current e s
e A g i e AN B G S e B ons S am avificel
whi ch requires irreversihle corneal tissue renmoval. It
congien, fFap HEnigieithetisk 82/ eraoeal girthrsiegtion apd ?aafurw@w&eél 3sipgtigmatism,
supports_a stable epithelialized surface. o
and\giablq mapidrdasnal secoxenyf i Awlaificiahepingd wilk ehsirevew boliméed supply for
as a protective barrier against infections and prevent
tragipddntaticni any wehiezey ire thef worhl gwithoutghacewascek Gedkited of an eye tissue
devi ce-cornea interface. The critical requirenents for

bardRiahl @lihfhats YRPEShcedd foMRuHRY LEReRkRortaddt ARTBaLA R Be surgery.
surface for epithelial cellular adhesion and gooé

Ll f nutrients throu t he .

MAEETE B oy el E0RE RGN o PR IS ciied o e
i.mportant.characteristics of an artificial cornea

treq et AE TR Frrisa pYGhy A5 BeBUBHERIDI TnigrehgoBracedure known as
rechani cal strength, and the abili t% to integrate with

epikenatowtastyt (og soraeal onlay), a thin polymer can be attached to the cornea to change

the refractive index. A biocompatible epithelialized onlay placed over the cornea has an
advantage over current technology of laser in situ keratomileusis (LASIK), which requires

irreversible corneal tissue removal.

It would be desired to develop an artificial cornea that supports a stable epithelialized
surface. Multilayered, stratified epithelial cells would serve as a protective barrier against
infections and prevent destructive enzymes from gaining access to the device-cornea
interface. The critical requirements for epithelial support of the device are a
biocompatible surface for epithelial cellular adhesion and good permeability of glucose

and nutrients through the device to support the adherent cells. Other important



10

15

20

Accordingly, it would be considered an advance in the

art to develop an artificial cornea enconpassing these
wale®cnadiBe requirenents or characteristics. SUMBBY20067015173

THE | NVENTI ON The present invention provides an

artificial corneal inplant having an optically clear

chaggfitriglcscefl €1 anélidalposus indlvde epticdli ¢laribi, ddecamapdtiikty, good
sklrt perlpheral to the central core. In one

h, bPHEGBHfA th %EP%%H{%? i
|nterpene ra%?ﬁg doub e neé%%rk oge1 anth a first

network interpenetrated with a second networ k, and the

skirt is rrade of pol y(2-hydroxyet hyl acryl ate) (PHEA)

I n anot her odi nent, .both the central core and the
Acagirioghi towa ecﬂonﬁlﬂ?r@éﬁ@ﬁéwﬁ%ﬁq ifgheiatie deyrdeman Ritificial comea

hydrogels. I'n both enbodi nents, the first and second
encasipaststhese devizalde taguementsor khm@cmﬂjels are preferably

based on bi oconpati bl e polyners and at | east one of

the networ k poRY IR ARYHOFETEITNVENTION | i ¢

pol yner. Preferably, the core and skirt are connected

0 [ t he
Thcp ?r&g?feﬁléfgﬁntgég %#ﬁ/' dﬁ?eg %hgxﬁ ﬂglﬁé‘é@ﬁ%}, aje‘lk ;h \t71n§ E{i/'P ggtwaﬁly clear
a pref enbpdi ment blonDIec are
cenfiehai 2 A B0 hyqro ’é’i‘ﬁ Igporaptible pk lﬁd%eﬁlpﬁqfﬁ fpthe central core.
bi onol ecul es may be any type of bionol ecule, but are
In prefarbedinemsi theotential sora Hamademion inkgrpemstatiak doblonetwork
fibroblast cell survival and growth. Exanples of such

hydrogelpwith alfes netvedrld disierpenétraasdewithia seeotidir@dwé®, and the skirt is made
col |l agen, fibronectin, |lamnin, am no acids,

of }%‘(ﬁlf/@oﬁ;}’d}'!}?ﬁeﬁﬁd ah‘yﬁ’dtéebs(]P@TEjA)"uﬁll ﬁio%e@%hf%dm%n@flﬁftﬁtﬂhé’ eentral core

e bi‘onol’ecul es "ar inked in a spatially sel ect'l ve

e For I k a sterio f
anmg a%(tut Se&C elﬁl ?é;f)oggirné&%gn&%n Ql%uﬁloe gt%»vo lé %erogels In both
. | e maintain pa roten dsor pti on
emg%ren%yxts, &16 first anéi secolnd npm?osf Q/ (Iﬁt t¥1e doub e netvx;ork ﬁycfroggl alre preferably
based on biocompatible polymers and at least one of the network polymers is based on a
hydrophilic polymer. Preferably, the core and skirt are connected by an interdiffusion

zone in which the skirt component is interpenetrated with the core component, or vice

versa.

In a preferred embodiment, biomolecules are linked to the skirt, central core or both.
These biomolecules may be any type of biomolecule, but are preferably biomolecules that
support epithelial and/or fibroblast cell survival and growth. Examples of such
biomolecules include, but are not limited to, collagen, fibronectin, laminin, amino acids,
carbohydrates, lipids and nucleic acids. Preferably, the biomolecules are linked in a

spatially selective manner. For example, the bulk and posterior of the implant’s central
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to enable long-termoptical clarity. The present
i nvention al so provides a nmethod of naking an
wa@edaoefii@Bal corneal inplant. Wth this nethod, Per/us2006/015173
central core is fornmed by polynerizing a double
networ k hydrogel. Either sinmultaneously or in a

coRQRaY Ainthif LbRodHicd s B8t PR aHainkRiPFARRAY it bfotein adsorption and
hydrophilic skirt is formed by polynerizing a hydroge

i aphic mask with U/ light. This
o?%*ﬁgﬁ%g%8tk%ga%@?k defines the pores in the skirt.

The core and skirt are connected by an intediffusion

zone in which the skirt conmponent is interpenetrated

w th the core conponent, or vice versa. Preferably, i
Theinresent imengrn lso revideak wethed ofmmajdes anaetifigialhcorneal implant.

nodi fied with bionol ecul es. BRI EF DESCRI PTI ON OF THE
With GiREStHéE apreatrendore my fommied byt dphbdzingvatdoublesnetwork hydrogel.

obj ectives and advantages w || be understood by
Eitheaslhii@kah&tfisfyodd iaw s!éﬁalﬁésﬁég, RlHyarfogdeNb&<RA] HiBEShS4tibM, tHy drophilic

the draw ngs, in which: FI 1 shows a schematic of an

skigigf%ﬁﬁg vg&gﬁgggﬁggrgglpg{oggl glre%g @g@ﬁg’@ggﬁhﬁ%ﬁgﬁé With UV light.
T, bSPTIR el S oot e skies LRe foftand skirt are

peptides that may be used to nodify artificial corneas .
copestrddhan (gediffasion @epnin Whicdrihe ckirt gunmpongnkisgugsrpenetrated with
schemati c of bionolecule |inkage according to the
thepears entponedn b vite FefSa. Prafecabdy, ceitheh dreadkire, whtrtl s@eeor both are
integration of an artificial cornea according to

then modified with biomolecules.

BRIEF DESCRIPTION OF THE FIGURES

The present invention together with its objectives and advantages will be understood by

reading the following description in conjunction with the drawings, in which:

FIG. 1 shows a schematic of an artificial cornea according to the present
invention.
FIG. 2 shows a schematic of formation of an interpenetrating double network

hydrogel according to the present invention.

FIG. 3 shows examples of peptides that may be used to modify artificial corneas
according to the present invention.

FIG. 4 shows a schematic of biomolecule linkage according to the present

invention.
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the present invention. FIG 6 shows a schematic of a
nmet hod of fabricating an artificial cornea according
WO 200bhes1pT esent i nvention. FIG 7 shows a schepel/us2006915173
and an actual (B, C ) photonask useful for fabricating
an artificial cornea according to the present

FIGN%eNt i 0Rhowd BsciensRVeT tﬁﬁh@iﬁ?er%tﬁ)fan o PhALAMBsKed ﬁcording to

and the resulting hydrogel (B, ormed using a

photonaslﬁh%%gernqglpv%nﬁg the present invention. FIG 9
shows a p om crograprh of an artificial cornea

ccording to the present invention. FIG 10 shows an )
Flgxgrrpl e SO tlé&se&@elm & BRd. ?%%Bxl%aﬁmafanaﬁrﬂﬁe%@évea according

with collagen according to the present invention. FIG

11 shows tekempessst wheanl ul ar growth on an artificial

cornea according to the present invention. FIG 12

FIGhows exahpwesa alchémage e A)nted hatdcimlofB a0 ) i phokenbskduseful for
artificial cornea according to the present invention.

DETAI LEDsidpGith h Rl Eblaed MEREAON dL gtescl,nti iRvéhtion.
[ Tnplant 100

schematic of an artificial cornea

ordin e ' ' ant 0]
P 8 o 0% B BBRC0 o INERLICON EPURTbyhERg hyarogel (B, ©)
hydr ophi i c, bioconpatible skirt 120. Skirt 120,
cont ai ns [ygeddIsg? temash 36cprdigde Ahs IRSSHE {17eREeh nal
ti ssue and diffusion of nutrients through inplant 100.
FIGet)i onal Ishows apthetamito@rapyofaars extificial cornea according to the present

invention.

FI1G. 10 shows an example of site-specific modification of a hydrogel with collagen
according to the present invention.

FIG. 11 shows examples of cellular growth on an artificial cornea according to the
present invention.

FIG. 12 shows examples of tissue integration of an implanted artificial cornea

according to the present invention.

DETAILED DESCRIPTION OF THE INVENTION
FIG. 1 is a schematic of an artificial corneal implant 100 according to the present
invention. Implant 100 contains an optically clear central core 110 and a hydrophilic,
biocompatible skirt 120. Skirt 120 contains pores 122 to enable integration with stromal
tissue and diffusion of nutrients through implant 100. Optionally, implant 100 may also
contain an interdiffusion zone 130, in which central core 110 inferpenetrates skirt 120 or

vice versa. Exemplary dimensions of implant 100 are as follows: 4.0 - 12.0 mm total
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contain an interdiffusion zone 130, in which central

core 110 interpenetrates skirt 120 or vice versa.
wax@aplasy di nensi ons of inplant 100 are as f oP¢DWS2006/015173

4,0 - 12.0 mmtotal dianeter, 3.5 - 10.0 mm central

core dianeter, and 15 - 2000 mmcentral core and skirt

dia:&lla{e‘f Kf) gszlb an?%el%t?aq o%@ﬁ %l?éryangw§ @Ogb ﬁ%%&guéag core and skirt

bet ween 20 nmm and a ['ant

.prefer trient dlfoSI n coefflc
enidrs, e lﬁoprsf‘qr% BE B Ghagten ol Ho SOt Qg @pbabout 200
art|f|C|aI cornea. Preferably, central core 110 has a
wmnutri ent diffusion coefficient in the range of about
10 5 cnR/sec to about 10 7 cnR/sec. Nutrients
di ffusi ble through the artificial cornea may be, for
exanpl e, glucose gromh factors, etc. The diffusion

Im}‘;l lfdﬂlcﬂzrgfég%bﬁﬁ nftnt § ﬁ fjonbé/o sﬂ Jl tE)% 1@\%&!’ pHaSsage of

sh s |rst an secon

core Opti,c ar_cen ore

oS bl Be s fHopic, Pieder @Mb?e@ RE 455 Bt aa%iént diffusion
with a first network interpenetrated m;th a secon

coehiacigririn thevaage phBbgut 10Reciscsrtp aheutr 4 | ¢m™/srsu E}T@tnents diffusible
network is fornmed by synthesizing a first cross-1|inked

throvegghwiie kartifidiat kemes ynashésj forngxampde cdnebsaepwovtk fiaotorheetc. The
presence of the first. Since there is no intentiona

diffabidni coaffichan diBe BSIYSIRA Byhéhah¥g GRITROABRImEBL LY Jﬁsthe first and
each network can retain its own properties while the

n of each network can be varied

“mpﬁggﬁéﬁ{ently Such a doubl e network structure is, for
exanpl e, capable of swelling in water w thout
di ssol vi ng and exhi bits high nechani cal strength as
wel | as high water content, allow ng for diffusion of

Cenfral epugnt s,

Optically clear central core 110 is preferably made of an interpenetrating double network
hydrogel with a first network interpenetrated with a second network. Preferably, the
interpenetrating double network is formed by synthesizing a first cross-linked network and
then synthesizing a second network in the presence of the first. Since there is no
intentional chemical bonding between the two component networks, each network can
retain its own properties while the proportion of each network can be varied
independently. Such a double network structure is, for example, capable of swelling in
water without dissolving and exhibits high mechanical strength as well as high water

content, allowing for diffusion of nutrients.

For the purposes of the present invention, the double network hydrogel is based on two

biocompatible polymers with at least one of these polymers being hydrophilic. The first
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For the purposes of the present invention, the double

networ k hydrogel is based on two bi oconpati bl e
w@oelogmeris7 Wi t h at | east one of these pol yners PEr/ng2006/015173

hydrophilic. The firstnetwork may be based on, for

exanpl e, poly(ethylene glycol) (PEG,

T
Ve TR

The second network may be based on, for exanple

pyrsRlidange ryMED, Relvds-hy oy ol yacadrip) {RFE), (amaments thereof, or
pol y(hydroxyet hyl acryl am de) (PHEAAM,

derpatiy¢Nhsepf.oplyt second netivded maPKE Bagkd)an, furlexémplenpalydcrdic acid)
acid) (PMAA), roly(2-acrylam do-

(P ARA TEsoly( ey DREHESEA Am), oA oRAMRS) acrylamide) (PHEAAm), poly(N-
pol y( 2- h%roxye)tsgyl n?atcphacrgl at e) (pﬁéml;n’l e) ( m), poly(N

B S ST S i
2 bR ipie R RS PR RGBS BRmva)

present inventiaon. The interpenetrating doubl e-network
Poly(Zakyery Byl aseylathi A »supplonty ﬂwogtc@@er@éﬁwwr@pf- Any
network formation technique based on W initiated free
combigiiden ofdieydeeeribed tiirstrandRie@ndhetwoilt polymicss cmptbeodsed an a double
first macronononer 210 with reactive endgroups 212 is
net@HOS A Hird ukdful foptte présehbimmemioni ngl e net wor k 220.
Next, a second nononer 230 is added to the single
networ k 220. Upon addition of second nononer 230, the
single network 220 will typically swell. This second
monpner is..the osed light 1o form.an
Thg R RnrirR e Iy PBRTT G h e s a6, by REERERL fhat Acigwo-step)
the_%econd network conposition is typically different |
sequpRiipl gl ark fegmatipy (terhpigus ivaseday BV enfisisporde reticakpalymerization
by WV Iight has the advantage that it will enable the
(Flgs &) ofWith dhis peethed, anfitst snacwnaromear2li0fwith atactve aedgroups 212 is

exposed to UV light to form a single network 220. Next, a second monomer 230 is added
to the single network 220. Upon addition of second monomer 230, the single network 220
will typically swell. This second monomer is then exposed to UV light to form an
interpenetrating double network 240. With this method, the second network composition
is typically different from the first. Polymerizing double-network structures by UV light
has the advantage that it will enable the use of transparent molds to form artificial corneas

of desired shape.

In one embodiment, the polymer polyethylene glycol (PEG) is used as the precursor to the

first network. PEG is known to be biocompatible, soluble in aqueous solution, and can be
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of desired shape. In one enbodinent, the pol ymer
pol yet hyl ene glycol (PEG is used as the precursor to

w0 b@ofiigis3t network. PEG is known to be bi oconpetT/bbmp6/015173
sol ubl e i n aqueous solution, and can besynthesized to
give a wide range of nolecul ar wei ghts and chem ca

sy@ﬁ{s%@?t{ g F-Ehﬁycoll%‘gé%k gﬁflgcugl o g%hﬁ]attrgd“%emwal structures. The
e T .

Addi ng a photoinitiator_to a solutio

acTpiR(E @lidagioypaconyerting the PRA PobmR 4P A’@Q élawlartﬁ §PEG-DA) polymer.
results in the crosslinking of the PEG di acryl ate,

Addingi awhatdissistar ta aRBEGhaE PYiCadiectylade bywhter Zﬁm:%/ oposmge UV light
mechani cal and ot her properties of the doubl e network

resit§QABE brosSlinkaid 61 the PEGadinMtYIate, BRSO SOOI REG-dsdeeyatehydrogel.
acryl am de, 2-acryl am do- 2- net hyl propanesul foni ¢ aci d,
acrylic acid, and nethacrylic acid and their
derivatives can be used in the synthesis of the second

Topifagener el oS8 henEoaushal ERRLF “epRRIYIR, a variety of

ani oni c, containing carboxyl groups that bec .
actylipbated TRENQIRETY ANGieas aspdsBidenta iﬂ%ﬂOz?- meﬁmﬁgﬂpﬁtnﬁﬂﬂfomc acid,
carboxyl groups are ionized, their fixed ions repel
actylie acidptitbmetHacadiicragidt adftbeit Henvagives tamige: useH én dfeosyathesis of the
hydr ogel s prepared from PAA exhi bit higher equilibrium

sedon@l ddtRBriasImdbh@ Behbodin{en rpdly(ac@ﬁb ALid)@A Anhydogel is used as the
i ncreased. A precursor solution for the first network

se&)?lﬁ 1*%?\7\/55%’1 ?5@& 190:%{161{1 e&y?agn%g’%aﬁb%gp%ﬁéﬁ s bt @@é&ﬁ@ ﬁﬁ‘ﬁjzed at pH

di et hox phenyl a ophenone

h
Vaﬁﬂsmlm‘w@e PRa Q?METV&E% mq.ce R e St e Hle&f %xesewns repel
cast in a nold in dlaneter and 250
onpreeethere learingth fw@‘p@ ﬁwyﬂmgo{FéPT@*éorw ipiregelsrrepirad Som BAg exhibit

reacted under a WV |light source at roomtenperature.
higheoeqiehipdsn seellinges pH and AA (acrylic acid) content are increased.

A precursor solution for the first network can be made of purified PEG-DA dissolved in
deionized water with 2,2-dimethoxy-2-phenylacetophenone (DMPA) (or 2-hydroxy-2-
methyl-propiophenone) as the UV sensitive free radical initiator. The solution can be cast
in a mold (e.g. 2 cm in diameter and 250 micrometers in height), covered with glass
plates, and reacted under a UV light source at room temperature. Upon exposure, the
precursor solution will undergo a free-radical induced gelation and become insoluble in

water.
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precursor solution will undergo a free-radical induced
gel ation and becone insoluble in water.To incorporate
wo b@saeaend net wor k, the PEG based hydrogel s npgT1/D82006/015173
renoved fromthe nold and i mersed in the second
nmononer solution, such as acrylic acid, containing

o ko ot B it PR, ﬁ@@;@%@jﬁn{ﬁm pigifrom
4
molﬁ&ﬁn@%@%{mﬁﬁﬁé SAROIE S@Ea%%ﬁa?? Enagell %ﬁﬁgs ggntaining

to the W source and the second network wil| be _
DMB4| (ared-hy&oxy rismgthyl tpeopipphanonel aoitie pleptpdnitiator and triethylene
doubl e-network structure. QO her nononers for the

gly o chimdthaetyiste kK THEIDMVES) acithd cosadinBingeagamt oy €8], hours at room
met hacrylic acid and its derivatives, acrylam de, or

temper@fkd.| &Nk dvotreNBl Yhdy RANRSHpHS & ﬁ@l@v%ﬂr&em\i #f second
I ncorporated into the PEG based hydrogel using the

netw 1ﬁrbe;51>?)?rgg1rlzedrﬁlrlg Qtt}(l)er ﬁ]is?] fsu%f glpofkf’og% g&gh %nt%vork structure.

PO ymerl I‘OCG ure.

Othgrépﬁ%{ll C’gqré‘.;ae %!ﬂ%{g S#v&c{;}%fsls POl cgép%%ﬁé(r){\? Lo » methacrylic acid

pol yvi nyl pyrrolidone) (PVP), collagen and hyal uronic

and aﬁsudén(farws,wmlamtyb, osdctytamiderd-methgipropanasiionicsihean be also
these other polynmers for the first network, a

incadparblee ite ttheoPKGHy:sde dipdrogel uising tiseysahivosi anetheb yhitidter, sfusElinking
(two-step) sequential network formation technique

aget@RE pbRA®r2RQYLprob&furexanpl e, to prepare a doubl e
net wor K hyd rogeﬁ) using PHEMVA as the first network, a

PHEMA- based hydrogel coul d be synthesized by
pol yneri zing a 70/ 30 (vvt/vvt) 2 hydr oxyet hyl

ate/d till.ed vvat ut|oncna|n|
Instﬁﬂcﬁ/gﬁgﬁg?@;ﬂt eRRRERS FteAls Areh & BRIV (EBy et methaorytate)
ation, the solution may be reacted in a nold at 60
(PH%@/IAbrpcgg{(vmyl alcohol) (PVA), poly(vinyl pyrrolidone) (PVP), collagen and
hyaluronic acid (HA) could be used for the first network. Using these other polymers for
the first network, a double-network hydrogel can be synthesized by the same (two-step)

sequential network formation technique described above.

For example, to prepare a double network hydrogel using PHEMA as the first network, a
PHEMA-based hydrogel could be synthesized by polymerizing a 70/30 (wt/wt) 2-
hydroxyethyl methacrylate/distilled water solution containing 0.12 wt% benzoyl peroxide
as an initiator. For the gelation, the solution may be reacted in a mold at 60 °C for 24
hours. The second monomer, e.g. acrylic acid, acrylamide, methacrylic acid, or 2-
acrylamido-2-methylpropanesulfonic acid is incorporated inside the PHEMA-based

hydrogel to form a double network hydrogel by the same process described above.
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hours. The second nononer, e.g. acrylic acid,
acryl am de, nethacrylic acid, or 2-

waeooghisamBTo- 2- met hyl propanesul fonic acid is  PCT/US2006/015173
i ncorporated inside the PHEMA- based hydrogel to forma
doubl e network hydrogel by the same process descri bed
above. When PVA is used as the first network, a 10-20%
(wt/wt) solution of PVA in water could be prepared at

%?t er 15 R el:fs\%;cé %? ’hsél ﬁr?b@é%%a&o %V&%dzvéo}” (Wg])vﬁl %ro%wg inw, ter could

X e of dj et hyl | f oxi de and wat e
be Bighae aﬁ?ﬁtdr@ar%cf %@é@@@ﬁe |r§P@s’f lalﬁaramrsz dftczpativsly, a 10-
degrees Cel sius for nmultiple 24 hour intervals. For

20%\f)wtb7rtb§@1mmn 0§ PVA 283 b oextwe of dioretiy] sulfoxide (DMSO) and
gl ut aral dehyde coul d be conbined with 0.01 N sulfuric

watae bah bahehtal th7%0akpgmes Cetudlsdnddfozeh atredohdgedes CElNigs for multiple
m xture could then be added to the PVA sol ution and

24 Eé\ﬁtmieﬁfa?s LIV H&Wﬁﬁ(n%/ ; Lﬁ?@% !é('i[l&tcﬁé solRtiesy ﬁ@ralde gde could

Cel sius for 25 m nutes g Ion, the base

be Q@/rggﬁgglwﬂpﬁbfl Bpgulmggiﬁdaﬂya 752 %qglgblg% so%tl(ﬁ’hgf o Fhagol This

Mmer such as acr 1 C ati acr acry

o BTG T RS BT b i

above, the second network can be incorporated inside
at ‘théegpres-Gdginsl fandr miguitest oAfterr galaticsp thsl BY Aehased kydrogel would be
structure. For the synthesis of a double network based

imméersedin agdutior off ssdecoidmonahbagyeln agairyléoadidl dogylhaidepthethacrylic
at physiol ogical conditions by mxing 50 %type I, IV

aci@ oV Jac¥d rhf‘ageﬁmeﬁgil%{%?aﬂ%m LacBDd UL X same pleléyl?enzanon

concentrated Hank' s fer salt solution (HBSS).

proger*sgga{ d %9& ngcgf%ht)ﬁ?ese%%%@ tﬂ%& c@iﬁ b@?1 gpérgteg ?#‘dea% PVA-based

|ng a sold can
as befo t he is solidified. The
hy‘f‘%%%lt‘fgﬁ'iﬂag%“l @%SW& ‘fhen be i mersed in a
sol ution of a second nononmer such as acrylic acid,
nmet hacrylic acid,

For the synthesis of a double network based on collagen, first, the collagen gel could be
formed at physiological conditions by mixing 50 % type I, IV or VII collagen, 40 % 0.1M
NaOH, and 10% 10x concentrated Hank’s buffer salt solution (HBSS). Next, 0.02%
glutaraldehyde (GTA) may be added in bulk as a cross-linking agent. The final solution
can then be cast in a mold before the gel is solidified. The resultant collagen gel may then
be immersed in a solution of a second monomer such as acrylic acid, methacrylic acid,
derivatives of acrylic acid or methacrylic, acrylamide, or 2-acrylamido-2-
methylpropanesulfonic acid. Using the same polymerization process as described above,

the second network would then be incorporated inside the collagen gel.
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derivatives of acrylic acid or nethacrylic,

acryl am de, or 2-acryl am do-2- nethyl propanesul fonic
wa@eood/ 114187 ng t he same pol yneri zati on process aBCT/US2006/015173

descri bed above, the second network woul d then be

i ncorporated inside the collagen gel.To prepare a

o SPUELE SO RO AU MR (18) PR o
A R i e

,sulfonelnarmldtof_orma% his HA gel may then

mingies; ‘HegeHdern; theraba eogtlinked it a’r‘@ée b livinyih Swiones etmeld to form
acrylic acid, acrylam de, nethacrylic acid, or

a gél- abhiy |Fadi gdbnidy théhpe paeesed St laf sutittonaef 4l seddaiti igoiddger such as
sane polynerization process as descri bed above, the

acryfii%(h@[tﬁ aBSAMRIK, M@tﬁhé}?ﬁ’@adlﬂ‘ CRPRYr Al RHdd-Dh By lg%a%ulfonlc acid.

gel . At t énuat ed t ot ref l'ect ance/ Fourier tr form

Usn%{ At é}dﬁrﬁ%ﬂ: %gtlgh PRES 40 cfé%g@tyedca%gﬁg,ethgger g é[%gtwoﬂg would be

tor t ynmeri zatr on of

conver,si on %f C bonds fromthe precursor soI ution to
1n“¥ﬂ%ﬁﬁ§dP%6%F noni t ored by neasuring the

decrease in tern1na| C=C bond stretching (RCH=CH ) at

1635 cm 1 before and after UV exposure. Follow ng

synthesi s, the doubl e-network hydrogel can be washed
Atteenhied otab refldctandé/BourlidrathnefoimrinfrareBBA TROF BIR) $¥é€troscopy can be

equilibriumswelling and to renove any unreacted

use® ﬂﬁﬁ@ﬁi%}t tﬁe pﬁ%pmh@flzﬁﬂﬁtcﬁ"tﬁe drbB&s. hYHé BR/eSiGRBE BEC bonds
eval uated by measiring the wei ght-8welling ratio.

vor U S50 5 STRBE R PR B e

temea?lcﬁrét ' @Efssrsr%%meé@iﬁ#@%&m 3Bt SholpHEY exposure
hydrogel (See e.g. Cruise et al. (1998) in a paper

Foilémlmg padhesth a\iteafémésh -nejwiodnhysdrogelroan dsiWashgd axidnsieclyion Kistilled

structure ofinterfacially
water or PBS to achieve equilibrium swelling and to remove any unreacted components.

The water content of the hydrogels can be evaluated by measuring the weight-swelling
ratio. Swollen gels can be removed from the bath, patted dry, and weighed at regular
intervals until equilibrium is achieved. The equilibrium water content (WC) can be
calculated from the swollen and dry weights of the hydrogel (See e.g. Cruise et al. (1998)

in a paper entitled "Characterization of permeability and netwark structure of interfacially

- photopolymerized poly(ethylene glycol) diacrylate hydrogels" and published in

"Biomaterials 19(14):1287-1294"; and Padmavathi et al. (1996) in a paper entitled

"Structural characterization and swelling behavior of poly(ethylene glycol) diacrylate
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phot opol yneri zed poly (ethylene glycol) diacrylate
hydr ogel s" and published in "Biomaterials
wa2{084)613287- 1294"; and Padmavat hi et al. (199B0T/UR82086/015173
paper entitled "Structural characterization and
swel I i ng behavi or of poly(ethylene glycol)
i I yl t . I 8" . ed,. "_ ¥elpgol! I :
hydh P R i RS 8787 dn R Shthesized
stored jn sterile aqueous congdjtion il further
hydigegls Shesbe SR HE BT IS fIER O RPD JESUBIEFSSs opt i cal
clarity, water content, flexibility, and nechanica
strength can be controlled by changing various factors
such as the second nononer type, nononer
Keycehaesdrisgics oiff hydodgetsusieh aseiptibal eladtyl)waterpesitere, flexibility, and
A range of PEG diacrylate (PEG DA) doubl e-networks
mec%ﬁiBalrgﬁle%%’fﬂ 8dn 16@'cGHﬁréllerWbl%?%il@vé&%%%r%dﬁﬁé’sﬁthe second

been synthesized. It was found that the | ow nol ecul ar

. P . I
morfflel W ot (SO Y, ABKRuL SO PlY SBRtEEE,
hi gher nol ecul ar wei ght PEG DA (> 8000 Da) were

transparent and flexible. In general and also to
prevent phase separation, we found that the nolecul ar

A rapge ghPEGFdipaglaih (RIEG-Ihd) daublengiworpouitiDaolaylag yeeights from 575
exanple, we fixed the concentration of PEG DA

Da tortd0ee Dladravedeghsynfiided 1RGAB fOa)d that the 164 whdledulari weight PEG-
PBS for the 1st network and changed concentrations of

DA #€byho B_a}ig:!:uﬁé fideQBbls thit\lerd opRub Or YtiMle! Iwherta® the hydrogels made
cross-linking density of the doubl e network hydrogel

ror (908 B TR 1 1 500 o RS A6 SRR A 1
cendSE RS ot bR BT SR U REl Gl RS
%v/iv) to 50 %v/v). In this range of concentration of

showig by at keagt@080 Nahe wei ght ratio of the 1st and 2nd
net wor ks ranged from

In one example, we fixed the concentration of PEG-DA (molecular weight 2000 —14000
Da) to 50 %(wt/wt) in PBS for the 1% network and changed concentrations of acrylic acid
from 15 %(v/v) to 60 %(v/v). The cross-linking density of the double network hydrogel
increased as the mplecular weight of PEG decreased and the concentration of acrylic acid
increased. We made mechanically strong and transparent hydrogels when the
concentration of acrylic acid was in the range of 30 %(v/v) to 50 %(v/v). In this range of
concentration of acrylic acid, the weight ratio of the 1% and 2" networks ranged from
about 1/9 to 3/7. It was also found that incorporation of biomolecules into the double
network hydrogel did not change the physical properties of the hydrogel. In one

embodiment of the present invention, the double networks have a molar ratio of the first
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about 1/9 to 3/7. It was also found that incorporation

of bi onol ecules into the doubl e network hydrogel did
wmedeainasye t he physical properties of the hydpomes2006/015173

one enbodi nent of the present invention, the double

networ ks have a nolar ratio of the firstmacronononer

' ! j G RETREr shoQarRAt ARt istiBRkr ¢ 00.
map RSO E et %o PROZANRORTRG HPRUR! BB 151080 Ly 1100, In
inventian, th oubl e net wor ks have | ar _ratio of .
ancthis Pt dRte o 0 e TR YTt R oo e Sl bk & folar ratio of

nmononer ingredient in the range of 1/100 to 1/20Q0. W
thefagb magempenomar| ipewdinng ée the srcoRd maepmsitingredient in the range of
doubl e- networ k hydrogel s, based on pol y(et hyl ene
1/160 yebRPO.PEG) and acrylic nononers. These
doubl e- networ k hydrogel s have better nechanica
strength conpared to single-network (PEG hydrogels
whi |l e mai ntaining a high water content. For exanpl e,

WELSES L0 1500 BELIAT, U8B RERERTEBEIS b on
o e DU RS AL BT RFbB SO, ESTRL O b

skirt of the artificial cornea nmay be made of an .
hayenbeites anethagicah girargiB| @mpareth Fx Shglrretiwork AREG) dyidregeds while
above, or a single network hydrogel. In one
magrriiotignehigh witer ekitert. iFor rraleplef closiimkinghihehsecendanetwork in the
hydrophi lic, bioconpatible, and rapidly

preREHeOF0A YIERE | By NRbMinked Hiddt ieaRoMEleRds t@hNGEatét tihn 10-fold
high fidelity. In addition, PHEA can interpenetrate

inckéégé;ir%at&%ﬂé%gre h 0K s Pilfh 159, &9@5% %@kl hidip, TOrm a

ess ore-skirt junction. any skirt
material, the central core and skirt of the artificial
cornea nmay be joined together through an
interdiffusion zone, in which the central core
nponent

The skirt of the artificial cornea may be made of an interpenetrating double network
hydrogel, as described above, or a single network hydrogel. In one embodiment, the skirt
is made of PHEA, which is a hydrophilic, biocompatible, and rapidly photopolymerizing
network that can be patterned with high fidelity. In addition, PHEA can interpenetrate
into another network prior to polymerization to form a “seamless” core-skirt junction.
With any skirt material, the central core and skirt of the artificial cornea may be joined
together through an interdiffusion zone, in which the central core component

interpenetrates the skirt component or vice versa.

Attachment of Biomolecules to the Artificial Cornea
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i nterpenetrates the skirt conponent or vice versa.

Attachnment of Bionolecules to the Artificial CorneaTo
w@e@anid3epi t helial cell adhesion and proliferBt /082006015173

t he nonadhesi ve central core surface, and to

facilitate stromal keratocyte and fibroblast I n-grow h

To igg?rﬁotte eént;f)dlr(ié ecreélb%]cﬁl% o If%aq g;zro \R/F r%tl gupaecgleswg central core
BT B R S I Bl

col l agen, fibronectin, and | am nin, am no-acids

surfapespef the spre, slirtbonhethare preférably dsodified Mathdbiemplbsulean Examples
the |ike. Bionolecule nodification may be acconplished

of suithirlg bimnolappeiaches, buf hye nordmipdrta)l ¢edlnadbitsion-promoting proteins,
peptides/proteins directly into the polyner during its

sucB Y8 chRSden, ABnEn, %H@S}ﬁﬁﬂl%‘tanﬁ%-%&ﬁg‘?ﬁgptﬁgs) carbohydrates lipids,
peptldes/protelns to syntheS|zed hydrogel s.” The I att

h bly. rel h initiate
nuc?e?? a%g nr{%itr &F%,{}é. J%tge r?%éac e mo fgczatlgn grga%%z Eccomp?’lshed using two
el ective reac m nooxy p i de

aPP&%ﬂCgD%yd )&Qﬁ%%ﬁrﬁ‘il% t Protgins (d\él)%ﬁﬁd{ﬂ& ‘%Ptﬂoiﬁfréﬁf during its
functionalization of hydrogels with an

synieyigramdy(@h sebssanind elttgduuwtfczfl neptides/ rptaiamter symthasized hydrogels.
pepti des/ proteins. To incorporate cell adhesion

Theplapet sigsoatihrpgefetaply rdlies dauhb) ghaieihitiatdd dnndhmeged of adidvbenzamido
pepti des can be reacted with acryl oyl -PEG NHS to form

pepfifey| @Y @nERGxIRRE %a&%‘)@@ﬁﬁu{o%%? ﬂ@ﬂ&ese{mﬁl eaﬂsc?rg@-umtammg

in a paper entltled Sm)oth rrusc e ce growth in

d
P"lgﬁi%ﬁfgg?’%{. aIH %g%le gt?e‘[}g Inc 10 hgg 101, 9)? ehex%cﬁgg 19 with an N-
anal ogs far t|ss%§ |neer|ng bllshed in

n
hyd’f@fyéﬂ‘ét“é‘ml‘éﬁ §rosp wgf“tloﬂdﬂgb %YPYQFGIUS( 2001) in

a paper entitled "The m croenvironnent of inmobilized

Arg- Ay-Asp peptides is an inportant determ nant of

cell adhesion" and published in
To incorporate cell adhesion peptides directly into double-network hydrogels, the peptides

can be reacted with acryloyl-PEG-NHS to form acrylate-PEG-peptide monomers (See
Mann et al. (2001) in a paper entitled "Smooth muscle cell growth in photopolymerized
hydrogels with cell adhesive and proteolytically degradable domains: synthetic ECM
analogs for tissue engineering" and published in "Biomaterials 22:3045-3051";
Houseman et al. (2001) in a paper entitled "The microenvironment of immobilized Arg-
Gly-Asp peptides is an important determinant of cell adhesion" and published in
"Biomaterials 22(9):943-955"; and Hern et al. (1998) in a paper entitled "Incorporation of
adhesion peptides into nonadhesive hydrogels useful for tissue resurfacing" and published
in "J. Biomed. Mater. Res. 39(2):266-276"). These peptide-containing acrylate monomers

can be copolymerized with other desired acrylates, including PEG-diacrylates, using
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"Biomaterials 22(9):943-955"; and Hern et al. (1998)
in a paper entitled "Incorporation of adhesion
W@ebiltkds? i nt o nonadhesi ve hydrogel s usef ul f or PCT/552006/015173
resurfaci ng” and published in "J Bioned. Mater. Res.
39(2):266-276"). These peptide-containing acryl ate
n . i W . ot . i .
s BB B EANGTRAL 00 LR B RS gy o melor
hot opql yneri zati on conditions, to form ) ,
advgRiGe? 0 10 APBIOAF S e gePUde inrBosrRpiecisasly dgto e hydrogel
this approach is that the peptide is incorporated
anddior s@stqpentrhsntitiey lRperdsdel , and no subsequent
chem stry is needed. For exanple, an RGD peptide could
be used to forman acryl ate- PEG RGD nononer. This
nmononer coul d be copol ynerized with PEG DA in form ng

Forl d@ndplé, Sin ROIDY FBStiR&IMR Ke QSedMd forRt §Lhcrdhiel PRGERGD monomer.
form ng the second pol ymer network. Peptide

This GOLAREAELRR ﬁeoﬁléﬁolyﬁgﬁg&f LEAESEBY DR b 4t

-al
characterization ydrogel s using a lgﬁgPE&‘lrSt polymer

en
total ref]ectance/ Fourjer, transforminfrared .

netyvgqlwolrzﬂz Qther- ALY Spit forping Joe pREeHELPE yimegnetwork.  Peptide

. spectroscopy (XPS). Additional peptides could be used )

inceiyormioa percerBrmsedhy sebetoend shatciegizajen eftieshydrogels using
Al ternatively, bionolecules nay be attached to

attepohtgdestal edlebtpdecdBelrier tlansfotrh Snfped gadR/FTIR) spectroscopy and X-
proteins/peptides are attached with the pol yners using

ray(p%btdél&t@h@igéétﬁis@&byr eaw) Mddfiond fpRERZATE8e used to make new
peptides, (b) chenopsel ective reaction of am nooxy

mogﬁg%ﬂsgﬁﬁ cMr%%;gﬁ@i&?@?%ﬂo-ﬁggnt ai ni ng pol ymers, or (c)

oinrtra ofiali zation of hydrogels with an
N- hydr oxysucci ni m de group foll owed by reaction with
pepti des/ proteins. In each nethod, the peptides can
have two structural features: a recognition sequence
Altermgtively opipmedecsias maydrreaiiashedidpalymenipdd fngirogels. In this approach,
sequence/ resi due. The coupling sequence w ||
proteins/peptides are attached with the polymers using (a) photoinitiated reaction of

azidobenzamido peptides, (b) chemoselective reaction of aminooxy peptides with
carbonyl-containing polymers, or (¢) photoinitiated functionalization of hydrogels with an
N-hydroxysuccinimide group followed by reaction with peptides/proteins. In each
method, the peptides can have two structural features: a recognition sequence that
promotes cell adhesion and a coupling sequence/residue. The coupling sequence will
feature either an azidobenzoic acid moiety or an aminooxy moiety. FIG. 3 shows two
example peptides that were synthesized, an azidobenzamido-RGD peptide (FIG. 3A) and
an aminooxy-YIGSR peptide (FIG. 3B), with a generic peptide structure having a
coupling sequence 310 and a recognition sequence 320 shown above each example

peptide.
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feature either a azi dobenzoic acid noiety or an
am nooxy noiety. FIG 3 shows two exanpl e peptides
WO b@b/1vaBE synt hesi zed, an azi dobenzam do- RGCD pepUszme6/015173
(FIG 3A) and an am nooxy- YIGSR peptide (FIG 3B),
with a generic peptide structure having a coupling
sequence 310 and a recognition sequence 320 shown
above each exanpl e peptide. The recognition notifs may
be the Lam nin-derived sequence Yl GSR an e .
Therregpegifion MAHE TR 8 %&ME@-&@@? NN %ﬁgﬁwnﬁa@ fibronectin-
been shown to pronote corneal epithelial cel
derizgth eequgnce R, cadh bf miohdioe theers slwan iseprantcde bemedi epitbelial cell
directly to the NNterm ni of the peptides or to the
adhasibmo The @opplidg tofetieg foah balatthoted sittier diredtly. tolhe N-termini of the
pepti des can be synthesized by standard, optim zed
- | . i _ tds { i .
P A B O & R BB R PR tidegoon be

hdentkfie |l ectr. | oni zatii S . .
syt Shrab e BRI BRbeh RE3 trRBLFER abasg peptide synthesis

lexjibi]Jjty_ and control fo nt i.Zi ng. peptides, and
(PP Bemdee R EPss Pdbs BUare o7 PR, el HOea st sipgicosray
~ to independently optimze both the recognition and
lonigatigyl inasy spestraety, (BALIMPbr advant age of attachment of

pepti des after synthesis of the polyners is that it

al l ows conbi natorial conbination of peptides and
pol ymers to quickly generate | arge nunbers of

SPIREREVdenf}ReAIAL & NRWALRISIS cofiPbl fa&aémkﬁesiéﬁhgiepvegﬁdes, and it is

candi dat e pol ymers can’each be reacted wt

h
R 8 R DL L B 99 i g e

conbhi nations of different peptides on singl e )
recpIRR A AR ROBITRSOAGRARACTAERES 9 RNRQBRE of peptides after
250-320 nm 5 min) to generate aromatic
synihesis of the polymers is that it allows combinatorial combination of peptides and

polymers to quickly generate large numbers of peptide-decorated hydrogels. For example,
five candidate polymers can each be reacted with five peptides to make twenty-five
different hydrogels. Moreover, the modular strategy makes it easy to design combinations

of different peptides on a single polymer.

Azidobenzamido groups react with light (250-320 nm, 5 min) to generate aromatic
nitrenes, which insert into a variety of covalent bonds. Thus, peptides could be modified
with 5-azido-2-nitrobenzoic acid or 4-azidobenzoic acid. With this method, candidate
polymers are incubated in solutions of the desired peptides and then irradiated with UV
light to form covalent linkages between the peptides and the polymers. The advantage of

this attachment method is that no special functional groups are necessary on the polymer.



10

15

20

nitrenes, which insert into a variety of coval ent

bonds. Thus, peptides could be nodified with
W®G2@Bi1ta32- ni t robenzoi ¢ acid or 4-azi dobenzoi cPerU82006/015173

Wth this nmethod, candidate polyners are incubated in

sol utions of the desired peptides and then irradiated

Thevﬁlg{h g‘hégééa %gﬁ? {11(91 %@cmcclga\ﬁﬂje tthe (g@ I%ﬁgn EW&C trﬁe?ysltnglee it difficult

I'ymer's
i.s, that no eC|aI unctlonal gr.oups

achment net d

to %’P ﬁglafeé@aw PeRfide 5t ;h?ewr é o‘ﬂlsaé{ﬂlef oM RPSSIPLS e reactions

non-specific nature of the attachment, which may nake
include gitrqniedugertions iatmether peptisleamathen thef thepolydwrsnMdreover, with

surface. In addition, possible side reactions include
certaintangine abid sesides REV tautiationtib kriovpeft dretes unddshebletshastuidie

pol yners. Moreover, with certain amno acid residues

UV radiation is known to create undesirable

structures. Am nooxy groups react chenosel ectively

d r
AmHRSY bt (SRR g B A cond R (PPt room
temﬁ’lgrit ﬂ:éls ?W S %’l\ﬁthoa\lflg g&g%ﬁ@@g@gvﬁgﬁ@tgﬂs{‘ lgavglnslad%yketone_
co-nononmers during the polynerization of the second
modHEedRIogFlsebIp BHNE mhﬂgml ksetone MV Fedaswoné of it ooxyonomers
acetic acid. Candidate hydrogel polyners can be

duringcthd @bBuhdrization df yheasscdnd nstotouk.i Dis petideh @opldpbd mhedified with
(0.1 M NaOAc, pH 4.0, 24 h) to effect coval ent

am1ﬁb(§)é}ﬁﬁk!'@i6tacﬁf Gdﬂlﬁld&@@hy&i%gélopdlﬁﬁeﬁoéa)ﬁnﬁé mc%ét@@ in mildly acidic

formati on has been used extensively f

el 0 | I
oGRS G, 54188, A B
Pepﬁgb g) gﬁ p@gﬁqﬁt&g%ﬁﬁﬁég @]@mt & nf’cg]a{h; g Xedtu}sigdtgxetenswely for the
phot ochem cal fixation of peptides/proteins to the
chempgelogiive digatier @f bigmodeduiks ard iprecesds extushdy og¢ll under mild

contai ning a photoreactive azide group on one end
conditions.

In a preferred embodiment, peptides/proteins are fixed to the artificial cornea
photochemically. For the photochemical fixation of peptides/proteins to the hydrogel
surfaces, an azide-active-ester chemical containing a photoreactive azide group on one end
and an NHS end group (which can conjugate cell adhesion proteins and peptides) on the
other end will be used. With this method, shown schematically in FIG. 4, a solution of 5-
azido-2-nitrobenzoic acid N-hydroxysuccinimide ester is spread over the hydrogel surface
410. This can be accomplished by dissolving 5 mg of 5-azido-2-nitrobenzoic acid N-
hydroxysuccinimide ester in 1 mL of N,N-dimethylformamide (DMF) (See Matsuda et al.

(1990) in a paper entitled "Development of micropatterning technology for cultured cells"
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and an NHS end group (which can conjugate cel

adhesi on proteins and peptides) on the other end w ||
wheooaded37 Wth this nethod, shown schemati cal | pCT/nSHb&AD15173

4, a solution of 5- azido-2-nitrobenzoic acid

N- hydr oxysucci ni mi de ester is spread over the hydroge

(fac S_can. he dIS
and BBPEE azf?’%“o’m rielsen 3t %dﬁ%eﬁa?% g ﬁwemgbliwn over
ester |n 1nm N, N- di net hyl f or mam de
hydiggelyygieces élfter i1 goine the hé(d’ﬁ%ﬁb it f@ﬁtth@m ‘@oeXPBéﬁﬂe‘P&bYréWdlaﬁon
of mcropatterning technol ogyfor cultured cells"and
420pfﬂ§|®|¥@m®§3 fon S'mBate TWponsHYt ircdintide( Bie: MEB9- B4R yroapdeacts to
spreadi ng the solution over hydrogel surfaces. After

formaicovealeyi bendsheith e dgetogel buidase 4h@N e ieeddsa siiraddy will be
irradiation 420, for exanple for 5 mnutes. Upon W

thorbligif gm&é@wnhfsbﬁeMS @afﬁmﬁ%@ggge %ﬁﬁéais hfan{]@% Rurface. The

coval ent bonds wth sur ace 410 e
o BHACHE RS B B!l bR MO bt e

0 n i ncubated for 24 hours
4304\@%@%%”‘5}3{%3}& qqﬁ\lﬁﬁén BHtYEPns of interest 430,
whi ch react 440 wth the exposed NHS end groups.

Preferably, bionolecules attached to the artificial
cornea using this nethod are attached in 10 a

Prefstabby, dpeaslbdutesaaciasnd, to ghdartifisiah gorpbo tisihg tHiometiol\are htfached in
a particularly preferred enbodi nent, the bul k and

a s1@é1§f)@<ﬁf1@rmﬁﬁné1h% d. ”ﬂlﬁ@t%e Il@@fo@@e{ hGOr G W \}%atrt;}@\[@ﬂ? preferred

unnodi fi ed to naintai ntrinsi ¢ passi

e B AEATBRER! B oy ?nspﬁarggrcg g co?%gv@ R0 it
be sel ectively tethered with t hat

to AR JREAFIEIPAFSTYHH (0 ROISAD HEeg! s erable long:

encourage tissue 15 integration Whl I e m ni m zi ng scar
ternf opieali darityFlAdditBngRpwporss de Heerskiricmey Yeoselectively tethered with
bi onol ecul arly nodified artificial cornea inplant
biomolecules that mimic the extracellular matrix of the corneal stroma to encourage tissue

integration while minimizing scar formation.

FIG. 5 shows a schematic of how a biomolecularly modified artificial cornea implant
would function according to the present invention. Initially, epithelia 520 would be
removed and implant 510, with core 512 and skirt 514, with pores 516, will be implanted
into stroma 530 (FIG. 5A). In time, epithelial layer 520 will grow over the core 512 and
the stroma will grow through the pores 516 to give a fully tissue integrated implant 510
(FIG. 5B). The implant may also have epithelial cells already attached to the implant

prior to implantation.



10

15

20

woul d function according to the present invention.
Initially, epithelia 520 woul d be renoved and i npl ant
wWhi®s/1vé18h core 512 and skirt 514, with pores BABUSMW06/015173
be inplanted 2.0 into stroma 530 (FIG 5A). In tine,
epithelial |ayer 520 will grow over the core 512 and

t he r.oma W | row through the por ) to,give. a .
An oAt TBet! b B HPIED o, BBl e Lt g AHE sFhahesis s
i npl ant may al so have epithelial cells alread
assegiing Hireppepess o dhy ?’Ffﬂcg‘ﬁtamp SR a%lynﬁ%hagﬁtcaﬁm&ﬁ.Y approaches can be
i mportant aspect of attaching peptides to the surface
usedhfo eidats) thagressyhmhibeds Peptalesttecimentiche bs gonkmseddfy structural
the attachnment. Both anal ytical and chem ca

chaapierioaiinest tha hy e geis @ding A MRFTIR spedtfvscpyeX@Btand at times amino
nmet hods. Peptide attachnment can be confirnmed by

acid hid el BhalCABI RS 6F itl?@é(&l e tihe MEARRGRI StrdtStiBY can also be
ATR/ FTI R spectrioscopy, XPS and at times am no acid and

.el | anal ysi f; the-polyners. .T. tt n .
valiGy B0l e RIS B EPGSERt G idi8f ' p BT PRl of dvnamic

| abel ed with fluorescent or visible dyes and by use of
con 'Hgﬁﬁ%“%%ﬁﬁiﬁﬁn@hngle measur enents. Fabrication of an

Artificial Cornea An exenplary protocol for

synthesizing an artificial cornea according to the

present invention is shown in FIG 6. Hydroge
Fabfit#uwrfanAfifidiahCernenj ect ed with syringe 620 into a

two-1 evel Teflon nold 630 and then covered with a

An RRGhERBRS ?r&ﬂ@ol\’\f(}r hyltfe 8k RgKidD gt §8ScRtéa diog%ﬁn@%dthie r?resent

Ei ther the sane or "different precursors can be use
. th | f,f er ent vels. . UV |igh 50/ d S..th ed. . .
inv B BRI € B Use R s g0 R BTG plass q20 o
of the ld e t for the regions in the perjpher )
2 sl TR we #idsthen ea@ricgmh %El}qtovﬂ%h&%waﬁéﬁ‘f blocking

fromthe nold, the polynerized hydrogel 660 is |eft
disopiodR (B1G. 6A). Either the same or different precursors can be used in the different

levels. UV light 650 is then passed through the mask, completely polymerizing the
contents of the mold except for the regions in the periphery below UV-blocking discs 642
(FIG. 6B). When removed from the mold, the polymerized hydrogel 660 is left with a
pattern of micrometer-sized channels 662 in its periphery (FIG. 6C). A double network
hydrogel can then be formed by swelling the entire construct in a second monomer
solution, dabbing the excess monomer off, and then exposing the entire swollen hydrogel
to UV light. The final result is a construct 670 with a transparent center optic 672 and a
porous periphery 674 (FIG. 6C). This construct can then be coated with proteins or
peptides by azide-active-ester linkage on its anterior surface as well as in the peripheral
skirt region, as described above. The artificial cornea would then be washed thoroughly

(e.g. for 1 week in dH,0) to wash away unreacted monomers before integrating,.
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pattern of m croneter-sized channels 662 in its
periphery (FIG 6C). A double network hydrogel can
wo b@a/1b|a3f or med by swel ling the entire constr urRCT/UR2086/015173
second nononer sol uti on, dabbing the excess nononer
of f, and then exposing the entire swollen hydrogel to
W light. The final result is a construct 670 with a
t ransparent center optic 672 and a porous periphery

674 .G 6QC) s construct. can then be coated with

In aﬁ@étﬁéwaﬂge BWCB%‘B& g glow'g]e Asvensk gete qféie@é?dgshmqnﬁl@a@ & sypthesized
its anterior surface as well as in the peripheral

firsis iashed; end dhen rositibesd niithérl a aheld endahtbe photomask £br the skirt. The
cornea would then be washed thoroughly (e.g. for 1

skirtverdndnterdfda) hytdroxpshy laxdylaw)) ehctotrdtinton i SrobdinReE are then
integrating.ln an alternative procedure, the double

1n1e@?ede%Kn@Qﬁ§ éﬁh pi6s bethdcaRNSIPABoWEd StMnl'hhﬁai Fx%g int 1t for a

first, washe d“t hen p05|t|oned wthin a no

des{g@%te@ E%h?ﬂ%?lﬁgger g%()t {é%sn%“ It S 1 Islglll (r)strolugg ma[flen ex;%sed to UV

. rossll ker are then ected round the peripher

ligh 1555 BN PR ER ghdt PO PIRvE e AP opRA dad goreh fhentio are thus

designated period of tinme (30 seconds to 1 hour). The

COHEQW-QE? b)bﬂilelsklrt pedsimex pibinbchas diffnged irghtha pariphgty ofitbe core polymer.
phot omask to pol ynerize the skirt around the core; the

A doulile acevdrk yBircainrtecdresiedpy tHeamsikibdd alpsldy @escrivat Cékcbﬁt&hat after
di ffused into the periphery of the core polyner.

rem@@iﬂl@' R cORIMOImEK bhly G8e ?hé‘rﬁlex%%ﬁﬁ R¥x fed"f%tmq?ght to ensure

al ready descri bed, except hat after renovi ng excess

AR LB REL AR, ERSho o UBRE T el i o

th irt. Thl ensur es t hat athlrd network i s not
cre ‘?dg‘ﬁtt HCITR r‘igﬁ%“’ F%S‘?"é@a BRWOBK S caealetiihe pettiesiR): s

created in the skirt region). FIG 7 shows a schenmatic

(A) and an actual (B, C) photolithographic mask that

may be used to synthesize porous hydrogel skirts. Mask
FIGL (0shoontaaschsmatic (A)ask &t acedlt(BaIC) pdgtadithographic mask that may be
used to synthesize porous hydrogel skirts. Mask 700 contains an unmasked central region
710, for forming the central core, and a patterned, masked peripheral region 720, for
forming the peripheral skirt. Patterned peripheral region 720 contains UV-blocking disks
724, as shown in insert 722. FIG. 7B shows an actual photolithographic mask 730 that
may be used according to the present invention. Discs may be made of any UV-blocking
material, including but not limited to chrome, platinum, tungsten, copper, aluminum, gold,
or inkpi. This mask has a 2 cm unpatterned central region 740, and a patterned
peripheral region 750 with 60 um diameter discs 752 spaced 10 wm apart along lines with

p um ap g

1°of separation. Discs 752 can be clearly seen in the magnified view of mask 730, shown

in FIG. 7C. While the central region of this mask is 2 cm in diameter, other dimensions
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710, for formng the central core, and a patterned,

masked peripheral region 720, for formng the
w@eoepidsal skirt. Patterned peripheral regi onP@R0S2006/015173

cont ai ns UV-bl ocking di sks 724, as shown in insert

722. FIG 7B shows an actual photolithographic mask

are pd3siblRASIABN 1P Qs @@Ecaﬁﬁl@ﬁﬁbﬁhgaré Bodsiisle, Hﬂ’r@ﬁ%‘iy ranglng from about
invention. Di'scs may be made of any W-bl ockinh

t
20 gﬁﬁ # ht?tlut 2'05 ﬂé?ﬁé&%ﬂe’cgp A.rgpf)at zﬁrgr%%glgsr%g ?n& uselgl n}'lc%udflﬁlg. but not
[ li as a2 cmu atterned central regl on 740,
lima t%r%ﬁa% t4BFrBaH RRbtersh o o exemple Fies @ shiowws asphoiamicrograph of a
di aneter discs 752 spaced 10 nm apart along lines with
grid stifle sépematpatamn Ohcs r@p@sedatitrerashbing poweerhyidnogehefter UV
magni fi ed view of mask 730, shown in FIG 7C Wile
irradisgioa B} &l the @gtoas hodrokbli if ch@s kedt®n2Cym i n di aneter,
ot her di nmensionsare possible. Simlarly, other disc
di mensi ons are possible, preferably ranging from about
20 mMmmto about 200 nm di aneter. Any pattern of discs
used, including but not Iimted to radial and
EX@%ngtterns For exanple, FIG 8 shows a
hot om ¢ ofe aph of a grid style chronme pattern (A), a
LEEIG RN RAUCEICA AT AALONIES hydr ogel after WV
i rradi atl on (B) and the porous hydrogel in cross
F1G e shays 4 @hotormxpgrute fRhphasolithegygpagdiiyoetiesneg attifarizledrnea 910
artificial cornea FIG 9 shows a photom crograph of a
withlopticdllyt dleqgrcaniril cald 92patd poroedpaiphefal ekiad 9300TAGRIs R Hnple, the
with optically clear central core 920 and porous

cen®@ tHREIRI made §fta PBE/PAR cfo*ab& ROR! £ thE %‘ﬁg@%@ade of PHEA.

core was rrade of a PEG PAA dou | e networ
S o] PEG PAA h . Wa ]
Thg PHGreRAC L IRREeINod Miinesli Sr 8 o5, SEfRRial Bitwart fppmation
f I
SO BTSSR AL LS LS80 o ot e i

solution was made of purified PEG-diacrylate (MW 8000) dissolved in deionized water

with hydroxymethyl propiophenone as the UV sensitive free radical initiator. The
solution was cast into a Teflon mold, covered with a glass plate, and reacted under a UV
light source at room temperature. Upon exposure, the precursor solution underwent a
free-radical induced gelation and became insoluble in water. To incorporate the second
network, the PEG hydrogel was removed from the mold and immersed in a 50% v/v
acrylic acid solution with 1% v/v hydroxymethyl propiophenone as the initiator, and 1%
v/v triethylene glycol dimethacrylate as the cross-linking agent for 24 h at room
temperature. The double network hydrogel was then washed extensively in Dulbecco’s
phosphate buffered saline and allowed to achieve equilibrium swelling. Next, a circular

cutting tool was used to cut out a disc, which would become the central core component.
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sol ution was made of purified PEG diacrylate (MN 8000)
di ssol ved in deionized water w th hydroxynet hyl
w@e@pilogabenone as the UV sensitive free radi caPCT/US2006/015173
initiator. The solution was cast into a Teflon nold,
covered with a glass plate, and reacted under a W
The Hi80kva8 AHES Bast befvRRAal ARRAEH Al Uing thé’%@ﬁke?&??%?iﬁmégg.e A PHEA

precursor solution underwent a free-radica

tJ.en. e | ' r.. To in orate

preqlfadt SoRich Viay HER MDe{ 8 Bt ot oot Sfic &ReisB 26 FoBier wes

th ld and i rsed in 50% y/v, acrylic_acid
ano%ﬁﬁ?ﬁ&fﬂ“%ﬂ?tﬂ 1HopeF}) eﬁy%frfgwﬁ%? ﬁmwﬁpwf‘ép%mwagsk was then

the initiator, and 1% v/v triethylene glyco
prlaggdnimdeneryV dight seurct dorcd b seconink iThg regypdting ae-sRitt howstruct was

roomtenperature. The doubl e network hydrogel was then
themeeaitadd évone tisi platsy) washddudxgsselys aphsefidah @hbiphheegfered saline

saline and all owed to achieve equilibriumswelling.
untiN@¥ther @seCi rcul ar cutting tool was used to cut out a

di sc, which would becone the central core

conmponent . The di sc was then cast between a glass plate

and the center of a photomask. A PHEA precursor
.. solutiqn was, th I nj ct%q around the central optic
Sitegipecific biofunetiqna ofsthoollagedly to diffuse into the

__periphery of the for 15 m nutes. The phot omask

P E&ﬁ’s‘\ héaubleasedvarkdbydmgels Meght caded cwith othesbeterobifunctional
seconds. The resulting core-skirt construct was then

phot@enetet trasilidier ﬁl—Mé@Q—ﬁ%béﬂz@X@@ﬁN-‘l&?ﬂl}bxy@lminimide. The
stored in phosphate buffered saline until further use.

. hydRigdefs WBRGhéd Sxpabdf ROV ARk sGatd e5Wikebh Bak! | ; F{}ﬁguments)

PEG PAA doubl € net wor k hydr ogel s were coat ed” W
o BOhEE B HIE R0, BOOKE' STBL BRSPS s es oo -
hyd%%%ﬁ&ﬁéﬁﬁ&g éfquére%gﬁe Pf?q?rgﬁ@stgﬁugnt ngacltiio%hvtviﬂ? ?ﬁjer I(J:r?mgrzrsgrvnines of
collagen type I. Hydrogels functionalized with azide-active-ester and unmodified
hydrogels were incubated with 0.1% (w/v) collagen type I (Vitrogen); as a control,
PEG/PAA was incubated in deionized water. Fluorescence microscopy was used to
visualize the site-specific binding of isothiocyanate (FITC)-labeled collagen to the
hydrogels, as shown in FIG. 10. The left side of FIG. 10 shows a gel surface reacted with

Collagen-FITC and the right side shows an unreacted gel surface.

Growth of cells on hydrogels

Early passage rabbit corneal epithelial cells screened for epithelial differentiation were

seeded on surface-modified PEG/PAA double network hydrogels at a concentration of 1.0

X 10° cells/cm?. The epithelial cells exhibited excellent spreading (>75%) on collagen-
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to i nduce coval ent binding via the azide functional

group. This | eaves the Nhydroxysuccini m de group
wexwoeded3f or subsequent reaction with the pri nmBELUS2006/015173

am nes of collagen type | . Hydrogels functionalized

wi th azide-active-ester and unnodi fi ed hydrogel s were

bolraCRExg Pty Wb’@v!?brﬁs Jvffh{nvﬂ ¥durElchRYEA céﬂffﬁ?enl:y g @9 §Brs, and had

as a control, PEG PAA was I ncubated in delonized
r Qr I.o su
ml%%%% P ‘gr gl egﬁﬁgam Bi (ﬁ@d&ngﬁ%sfeelé{%%\g ]f%‘geygﬁa&é’ 5PUR! tifesentative
(FITC col.| agen t he hydro as shown in
Ph‘?fP@c‘)féraP%h%fe flt PRI prLBEIsChoN SRS a 1 138 b rapested, the
reacted with Collagen-FITC and the right si de shows an
unmpdidiad dewbly @letvgqufdai:eot epmoieteel fatteelirhent on spipadiog éhas shown). In
Early passage rabbit corneal epithelial cells screened
addition, eplitspedadalg whd heratdvad iwdign WedtogeBeded idtubated with collagen
surface-nodi fi ed PEG PAA doubl e network hydrogels at a

typ%oIn Q\@ﬂh‘bﬁﬁfp‘n@? &fde%&wé—éste@fuﬁ&%rﬁfh%‘@on 1*?1910%9&1% heht Blile or no

I s exhibited excellent spread |ng (>

ph}g?‘%wai eveggcoylpgg%gﬁﬁ?ﬁ I%)ligg‘?mur 3 &cgﬁfﬂ%cﬁ@‘gr at ed

over the remai nder of the unseeded surface by day 5. A
representative photom crograph of the adherent cells
is shown in FIG HA As expected, the unnodified
Eagp upseagre caprdal dilkrohlsst seBsroverecedaddedt emaioiegen gype I-modified
spreadi ng (not shown). In addition, cell spreading was
microperfrated \PEIE Avealstiated nbg edrcemtstion sTclub A BaF csilg/bm?. Cells grew to
coll agen type |I without prior azide-active-ester

corfiREdd VIR Zaldued) as sRHCiAIFIRY 150at 1ittle or no
physi cal adsorption of proteins to PEG PAA had taken

place (FIG HB). Early passage corneal fibrobl ast
cells were seeded on col |l agen type |-nodified

Im%cgogeré gr a% elgg gHEAaSsubst rates at a concentration of

: 22Cel ls grew to

We have implanted collagen type I-modified PEG/PAA optics intrastromally for periods
of up to 2 months. New Zealand Red rabbits housed in the Animal Research Facility at
Stanford University and weighing between 3.5 and 5.5 kg were anesthetized and prepared
for surgery using a standard procedure. Before surgery, each rabbit was given an
intramuscular injection of ketamine hydrochloride (40 mg/kg), xylazine hydrochloride (4
mg/kg) and glycopyrollate (0.02 mg/kg) with duration of action of 45 min. After this time
period, half doses of ketamine hydrochloride (20 mg/kg) and xylazine hydrochloride (2
mg/kg) were administered at 30 min intervals as needed. Once the rabbits were placed
under general anesthesia, proparacaine drops were applied to the corneas topically for
additional local anesthesia. The sedated animals were then placed in the lateral decubitus

position to facilitate surgery on the left eye. The lid margins and the surrounding
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confluence within 24 hours, as shown in FIG HC
I npl antation of Artificial Corneas W have inpl anted
waeoelbaydas’ t ype | -nodi fi ed PEG PAA optics i ntraBCT/ORBNG/§15173
for periods of up to 2 nonths. New Zeal and Red rabbits
housed in the Aninmal Research Facility at Stanford
periUinfé?%r%{i Wéréaagarga'vﬁm P@%E&;ﬂﬂ‘@ 81utdd 3030 Yvif: ﬁalg&e?@glﬁe sglution.
anest heti zed and prepare or surgery using a standar
ocedure. Before syrgery, each rabbi.t. was given
Stefile, SLRGRCHART Pl TP Bk URRR AP aVSE o sl theoteft eye.
mg/ kg), Xyl azine hydrochloride (4 ng/kg). and ) )
Thrgp: {heappegdairy. (conpeahgras Was theeatedt Diointamigent hydrasfon with
45 mn. After this tinme period, half doses of ketam ne
balinedd osdiiner sdietip20 Tay/fagilitated profeazsungiony grioc hicopaskagf 20f the
ng/ kg) were admi nistered at 30 min intervals as

micAGeARIme OMEerdobe’y 8PPivias MheyPr8pRded! THRY hgedIeM & of a sterile,

anest hesi a, proparacai ne drops were applied to the

i A SR el PV R pepf B LAERKT S et fomi.
.decubi.tus position.to facilitate surgery on.t |, eft -

Usify & d8lltsoBibint s i S S B oRdp b6 A8 o ok positon,
area were cleaned with 10% i odine diluted 50:50 with

the pafirg gehy véas nrptosssl shigh8y oukpidthe PEbit frgpiesis irsdpesmaitained by
pl aced over the upper and | ower eyelids of the l|eft

tyingya 0-silkrsaotigé pustetibey po oloe dyrator afatheeddbed Placamenast the hydrogel
prevented by intermttent hydration wth bal anced

undSitlehiheths @pithéla -c_eiHQai@C\iviisi LHi & eAIPERaBL b QT ASIKOFlap Asing a
passage of the mcrokeratone, the rabbit's eye was

i ghtrl e l.eplip0 terl |.e, :

B B Lo FARLROR mibRk AR BBy P in e S BB fitjon ring of the
aspect of the |ower..conjunctival fornix. Using a

Ho R R A A0 P GOHO PG AT RSN RGP Bt pd then a
at _the 12 o' clock position, the entire gl obe was i

160pmispemeiet sEpmahlay wagtcreated pung ity micrpkegpiosn. I bgaltap was lifted
t hen nmai nt ai ned by

using a LASIK flap spatula, and a sterilized, 3.5 mm diameter hydrogel disc (100 _m

thick) was placed onto the stromal bed. The flap was replaced and then sutured to the
underlying stroma. Finally, a tarsorraphy (sutured lidclosure) was performed to reduce the
chance of implant extrusion. Neomycin, Polymyxin B, and Dexamethasone combination
drops were administered three times daily for 10 days post-operatively. Sutures for the

cornea flap and eyelids were removed after 7 days.

In preliminary studies, the implants were nearly indistinguishable from the surrounding
stroma. During a two-week study, collagen type I surface modified PEG/PAA optics
(~100 _m thick, 3.5 mm diameter) were implanted into 8 rabbits to assess the

biocompatibility and nutrient permeability of the complete central optic prototype
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tying a O-silk suture posteriorly to the equator of

the gl obe. Pl acenent of the hydrogel underneath the
wepicbhed1iBal cell |ayer was achi eved by creati onCDUSH06/015173

LASIK flap using a Bausch & Lonb Hansat one

m crokeratone. Briefly, the 8.5 mmsuction ring of the
matdAAS AL EnFIRRE WA Sw¥R ol BRSE. WARE o IsRCH RYBnAMRfMaeBithelial

vacuum pressure, and then a 160-m croneter stroma

S| h ] . o f S

ulopiofBay 95 HREA ST i R B S RABSE. M iy bORIAS due 1o

. 5. i ameter hydrogel .disc (100.. mthi was -
megiabil BHOD HEcEh A HEBOPPh&OPRERHES P aiedClipal and
_then sutured to the underlying stroma., Finally, a ]
histodegistlr apynqes of wipithelizld en%ﬁm@}alvmltbew thase ashost-term studies

reduce the chance of inplant extrusion. Neonycin,
derRaisymaesi thatBthe PG /Deyda rgitica a0 diczonpatiblei amd cmofisiliteteeadequate

adm nistered three tines daily for 10 days

nutHest tARQbALth VA dverSikd %?ﬁhélﬁfm.t EGe anAeshdws2P haRblogical section
eyelids were renoved after 7 days. In prelimnary

. Pl!g!” . .
dexﬁér’%é?r[wlatﬁ ﬁ% htsegﬁl%};o gﬁﬂ [ nfgasfg r onma. %{}W ﬁdgggp@v\lllo- wee g%g)}n a rabbit
col | type | surface nodified PEG PAA optics (-100
COTR¢4 fi‘f?e?ﬁgélﬁ%pB 5 nm di aneter) were inplanted into 8
rabbits to assess the bioconpatibility and nutrient
pernmeability of the conplete central optic o
Wephayeplspetieied the pentrah @D caRtatyfor wippet sufaceepithealization in
with no signs of inflammation, epithelial ulceration,
liveorabbip aoitfeas an ounstudyy venienmhnted § it mmadibine®r coltegen rypeakmodified
extruded due to nechanical factors associated with
PEG/BX Qp@ticPgd £4bbRicoeheds ubing thpidllowikg surbical tedfiques. A modified
hi st ol ogi cal evidence of epithelial and stromal health

cor'g%%g %/%_1\%9 Olgtgé’é'dtuié & 43 &éeud{oeﬁn@bagﬁ W@?@gﬁﬁ?&agﬁﬁﬁs.tﬁﬁimals were

I cs are bl oconpat e an Itate

 eniRARED Rt el BRARE andpRRoRGF ket gy Similary, <

LASIK flap was created in the left eye using the Hansotome microkeratome. Once the flap
was created, a central hole in the flap was created by the following technique. The flap
was lifted using a LASIK flap spatula. A flat metal spatula was then placed under the
lifted flap to act as a foundation upon which a 1.5 mm diameter hole was created using a
sterile skin biopsy punch. The attached edges were cut using vannas scissors. A 3.5 mm
hydrogel button was placed over the stromal bed. The flap was then replaced such that the
1.5 mm flap hole laid over the center of the hydrogel button and was sutured down as
described above. The 1 mm rim of stromal tissue was able to secure the implant within the
cornea, while the central hole provided an area on the polymer onto which the surrounding
epithelium could adhere and migrate. The migration and proliferation of epithelial cells

across the polymer surface was evaluated using fluorescein dye to reveal non-



denonstrating healthy epithelial growh anterior to a

PEGE PAA hydrogel in a rabbit cornea after 14 days. O
wooohava3al so studied the central optic's caparCT/y¥S1006/015173

support surface epithelialization in live rabbit

corneas. In our study, we inplanted 3.5 nm di aneter

. n. t.vpe - I i j it . . .

opi QI BIE eV RE WallPres B b0 by i Ok B BB ein staining
nodi fi ed corneal on]ay procedur used to inplant .

at the RN ARV P Ry YRS TRt wsmlgglﬁglpeevadenw of
in a sterile fashion, and prepped as described above.

mulgijayietegrdellulag ogergrasitikon thepppiig etier bhdat ikmivohe | eft eye
usi ng the Hansotome m crokeratonme. Once the flap was
created, a central hole in the flap was created by the

As pot bbwirdigatyeskithiigule affheillf dpppecists, Varicusdchasgeng sabdtigidas, and
flap spatula. A flat netal spatula was then placed

altettitid@s cduld beinhdde dr btrprise iraplemasted wWithontladégagihguPen the principles
which a 1.5 mmdi aneter hol e was created using a

of tR flebdif iNEnfof)! R@é&dﬁg@%h? séb%n@ trhé‘i"r%ﬂtigx? X 16 GetEithined by

ust ng vannas sci ssors. 0 hydrog tton was

l.aced over the.strompl bed. The flap was then
the?"é%’l"%{%}%alaérﬂ%ﬁ“‘f‘ﬁ%‘{ﬁ?gﬁ SHIRIR £ | ap hol e |aid over the
center of the hydrogel button and was sutured down as
descri bed above. The 1mmrim of stromal tissue was
able to secure the inplant within the cornea, while
the central hole provided an area on the polyner onto
whi ch the surroundi ng epithelium coul d adhere and.
m grate. The migration and proliferation of epithelial
cells '".5 across the pol yner surface was eval uated
using fluorescein dye to reveal nonepithelialized
regi ons. Wund cl osure was determ ned by the | ack of
fluorescein staining at the end of postoperative week
2 (not shown). FIG 12B shows histol ogi cal evidence of
mul til ayered cellular overgrowh on the optic after 14
days in vivo.



As one of ordinary skill in the art wll appreciate,

vari ous changes, substitutions, and alterations could
wheoosatd3or ot herwi se i npl enented w t hout depaPCT/m§2006/015173

fromthe principles of the present invention.

Accordingly, the scope of the invention should be

determ ned by the foll OWI@E ‘ime and their | egal

equi val ent s. CLAI M5 What ’él dis: 1. An

artificial cornea, conprising: a) an optically clear
Whetdatleithedigr e, wherein said central core conprises an

i nterpenetrating double network hydrogel with a first

network interpenetrated with a second network, wherein

1 2\ m%§.1 netmogk qnd said second network are based
© on b6 dipat et E°PBI'HErs and wherein at least one of
sabd netmork polyners i s based_on _a hydrophilic

5 p@! yndh ordically) clgats Remtral prare p berdin 13914 grairele aercaromprises an
core, wherein said skirt is hydrophilic, porous,
hydr og@rpm@dng atodblei etwonhatyidodge] with arfiest artwdrk ditatpenetrated
cornea as set forth in claiml, wherein said skirt

conpr xS secolalidt@origwherdin byidfiegektwdrk Anad shid's8ond network are
network interpenetrated with a second network, wherein

sai d Bésreﬁtom@ito\é@ﬁq o@ﬁ@?@%ﬁ%\%ﬁ%é}%mrlféa& %e%ss%f{if network

on bi oconpat i bl ereln at least one
said ner s ed on _a hydrophilic
pol y &%x%r“? & r%%qu%qt}u SR ’éfnget forth in
claiml1, wherein said skirt conpris
10 r ) y( 9 sk M@l{aﬁ% s peptat @re,?\'&lﬁﬂp said skirt is hydrophilic, porous,

hydrogel-based, and biocompatible.

2. The artificial cornea as set forth in claim 1, wherein said skirt comprises a

double network hydrogel with a first network interpenetrated with a second

15 network, wherein said first network and said second network are based on
biocompatible polymers and wherein at least one of said network polymers is

based on a hydrophilic polymer.

3. The artificial cornea as set forth in claim 1, wherein said skirt comprises

20 poly(2-hydroxyethy! acrylate) (PHEA).

4.  The artificial cornea as set forth in claim 1, wherein said skirt, said central

core, or said skirt and said ceniral core further comprise biomolecules



4., The artificial cornea as set forth in claiml,
wherein said skirt, said central core, or said skirt
w@paeanild7 central core further conprise PCT/US2006/015173
bi onol ecul escoval ently linked to said skirt, said
central core, or said skirt and said central core. 5.
The art i fiLGi.al. r . .sef. : in _claim4. . wherei.
o d 5PSHTLE Y BRB TR taid S cPieE B sirt AR id contral
consi sting of collagen, fibronectin, |amnin, am no
aci ds ,*%tar bohydrat es, |ipids, and nucleic acids. 6.
The artificial cornea as set forth in claim4, wherein
sai d Sovallepartifididagpeneroapsdt Sexh am clanh die véeréinsakbiomolecules
i nkage. 7. The artificial cornea as set forth in
clai m 4, wafeesehictedsiaon thegadupndonkistik@ @£ csltugen] SB®nactin, laminin,
5-azi do-2-nitrobenzoic acid N hydroxysuccini m de ester
5 li nkage OEmﬁmda%'idsV@érbM}%rmEi%?ids, 4hd lﬂafei@&éigé.' ci al
cornea as set forfh in claim4, wherein sa
bi onol ecul es are linked in a spatially selective
manner. 9. The artificial cornea as set forth in claim

4, further, co ising epithelial cells adhered to said..

bi onol®ec u{rgg ?ﬂ%?ﬁ?ﬂ cqof ?“’I‘ti%e#ﬂém damn savhreasaid epvalent linkage
inclaiml, wherein said artificial cornea has a

nutri ent EQMPLSSS 8N agidefactive-evier linkbgd.ci ent to al |l ow

passage of nutrients through said artificial .
cornea.1ll. The artificial cornea as set forth in claim

1, wherein said central core has a nutrient diffusion

10 coef fi7ci eMhe hitiflclif cbARAGs St AV clhinfB, WARERGGId Qvalent linkage
about 10 7 cn®/sec.

comprises a S-azido-2-nitrobenzoic acid N-hydroxysuccinimide ester

linkage or a derivative thereof.

8.  The artificial cornea as set forth in claim 4, wherein said biomolecules

15 are linked in a spatially selective manner.

9.  The artificial cornea as set forth in claim 4, further comprising epithelial

cells adhered to said biomolecules.

20 10.  The artificial cornea as set forth in claim 1, wherein said artificial cornea has a
nutrient diffusion coefficient sufficient to allow passage of nutrients through

said artificial cornea.
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12. The artificial cornea as set forth in claim]l1,
wherein said pores have a di aneter of between about 20

womneoantkidbout 200 nm 13. The artificial cor neBCHESHE6/015173

forth in claiml1l, wherein said first network i s based
on poly(ethylene glycol) (PEG, poly(2-hydroxyethyl

mef]hacfﬁ/e' ﬁrtl ial E}Tﬁ%%ls}v%)ﬂrﬁlgﬁn laily 3! %81%'119 Fﬁg ceh ral core has a

pol y( V|nyI coho v nyl "pyrro
PVP dro | at e PH
t(:ier i )v %%ﬁ%ﬁﬁ%?& 216}{#%&5%?1?% %f %O%EAa n@glzfégc i gbout 107

forth in claim1, wherein said second network is based

on polcﬂé?@f’yl ic acid) (PAA), poly(acrylam de) (PAAM,

pol y( hydr oxyet hyl acryl am de) (PHEAAM ,

pol% ( Niesutiticipldosmeaydsant fiveth if RMiRAAWherein said pores have a diameter
pol y(nethacrylic acid) (PMAA), poly(2-acrylam do-2-

et hyldgibepaRaaubitd0im asd dhot PAVERS).
pol y(2- hydr oxyet hyl nethacryl ate) (PHEMA),

pol y(2- hydroxyet hyl acrylate) (PHEA) or derivatives
thereof 15. The artificial cornea as set forth in

' | Kk I ed
P B e B O Braca i oL 18 Gl Mg R e network s based

polynerlzed from nononers, wherein the nolar ratio of
t he  f iongroly{ethyisak ghygeb éHEﬁbxrmﬂY(ﬂdlymysthMdthamym)KPHEMA),

mononer is |lower than 1/100.16. The artificial cornea

as setcoflagenh hiyatumnid aid,, poli@isil alcobbl (PVAS] pdl?@v\l\@ﬂli)ymhdone)
pol ymeri zed from macronononers and said second network

IS pol(PWey,ipsBa2- bk PRAPIRESate MIIEAY) of Eénmlv@é theflkEO

of the first network nacronononer to the second
networ k nmononer is in the range of 1/100 to 1/2000.
17. The artificial cornea as set forth in claim]1,

V\'hﬁlr eiﬁzet rF ﬁc1ai gornee{ gst Ise(%: g%h%%?aim 1, wherein said second network is
based on poly(acrylic acid) (PAA), poly(acrylamide) (PAAm),
poly(hydroxyethyl acrylamide) (PHEAAm), poly(N—isopropylacrylamide)
(PNIPAAm), poly(methacrylic acid) (PMAA), poly(2-acrylamido-2-
methylpropanesulfonic acid) (PAMPS), poly(2-hydroxyethyl methacrylate)

(PHEMA), poly(2-hydroxyethyl acrylate) (PHEA) or derivatives thereof,

15. The artificial cornea as set forth in claim 1, wherein said first network is
polymerized from macromonomers and said second network is polymerized
from monomers, wherein the molar ratio of the first network macromonomer to

the second network monomer is lower than 1/100.
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said first network and said second network is in the
range of 1/9 to 3/7. 18. The artificial cornea as set

wo eoobh1d187 cl ai m 1, wherein said first network PCT/D8S®eE015173
on pol y(ethyl ene glycol)-diacrylate (PEG DA) and said
second network is based on poly(aerylie acid) (PAA) .

T I fort 8 .
ohGr erfie ARABGHELThed B RE0FER BOPaRct e o id rbgtwork s
isin the r.a of 300/<(v/v) to 54(20/((v/v 20. The
arti fl?%lV‘aHené%f? E‘é’gl gecogonoBiersand, sEf secqnd n‘?m@ﬂ% ishpolymerized
sai d doubl e network hydrogel is based on polyethyl ene
gl ycofrompeg)omgrs.vkerei (thecmblar ratiei affihe Hfst 2@0OriDmacomonomer to
hi gher. 21. The artificial cornea as set forth in
cl ai nthé sesdnermeiwork anchogheu b ie tietangs &f Y00 aopbodE based
on pol yethylene glycol (PEG wth a nol ecul ar wei ght
of 2000 Da to 14000 Da.22. The artificial cornea as
set forth in claiml, wherein said core and said skirt

arg el Sﬁffl‘%’ijal QXm%Q als gétef%ﬁhfng ﬁf’angq ?ﬁnéihg Th a]]iio between

artificial cornea as Set noerar

material .form ng sajd.core |nterpenetrates eria

for mi %A £t gelayery fu,ld %5"‘11&: YWTERLRFWREE Sl e 1PRgGR ”al‘lntd9 §0a$/a

skirt interpenetrates with material form ng said core.
24. A nethod of fabricating the artificial cornea as

set forth in claiml, conprising: a) formng said

cedit r'ihe avifeiddygomed gt fartnim daind] dokertia sarlt fiver Ketwork is based
hydrogel; b) form ng said porous, hydrogel -based,

bi OCW%I%&ylé?ﬁé 1P Hia@ryslgthr(?]’E@lDﬁlQl éﬂ@eﬁl@ 's@&)rﬁaﬁ&work is
hydr ogel” under a p oto i t hographi ¢ mask

based on poly(acrylic acid) (PAA).

19. The artificial cornea as set forth in claim 18, wherein the concentration of

poly(acrylic acid) (PAA) is in the range of 30%(v/v) to 50%(v/v).

20. The artificial cornea as set forth in claim 1, wherein said double network
hydrogel is based on polyethylene glycol (PEG) with a molecular weight of

2000 Da or higher.

21. The artificial cornea as set forth in claim 1, wherein said double network
hydrogel is based on polyethylene glycol (PEG) with a molecular weight of

2000 Da to 14000 Da.



l'ight, wherein said photolithographic mask defines
said pores in said skirt. 25. The nmethod as set forth
WO poosl1ad1aT 25, further conprising site-specifi cetT/¥S2006/015173
nodi fying the anterior surface of said central core
wi th a bi orml ecule. 26. The nethod as set forth in

c&% aé% ur ﬁ Q(?I‘E’lea AR fosr{hnlg cla d' f )(zvhegen% %éu c%#e' arntd saldt skirt are

connected by an interdiffusion zone.
23. The artificial cornea as set forth in claim 22, wherein material forming
said core interpenetrates material forming said skirt, or wherein material

5 forming said skirt interpenetrates with material forming said core.

24. A method of fabricating the artificial cornea as set forth in claim 1, comprising:
a) forming said central core by polymerizing said double network hydrogel;
b)  forming said porous, hydrogel-based, biocompatible, hydrophilic skirt by
10 polymerizing said hydrogel under a photolithographic mask with UV
light, wherein said photolithographic mask defines said pores in said

skirt.

25. The method as set forth in claim 25, further comprising site-specifically

15 modifying the anterior surface of said central core with a biomolecule.

26. The method as set forth in claim 25, further comprising modifying said

skirt with a biomolecule.



