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CORNEAL ONLAYS

This invention relates to the field of ophthalmology, and more pamcularly is directed to
corneal implants.

The comea is a complex layered structure comprising an outer layer of epithelial cells,
Bowman's membrane posterior of the epithelial layer, the stroma posterior of the
Bowman's membrane, Descemet’s membrane posterior of the stroma, and the endo-
thelium immediately posterior of Descemet’s membrane. A number of surgical procedures

% involve implanting a lens structure into or onto one or more of thess comeal components.
In one form of eye surgery, the epithelial cell layer is removed and a corrective lens
structure is placed and secured at the location where the cells are removed. In another
form of eye surgery, a portion of the layer of epithelial cells is removed and a
wedge-shaped annulus from Bowman’s membrane and the underlying stroma is removed.
An incision is then made from the posterior end of the resulting groove radiating |
outwardly in an annular zone to define & flap. A corrective lens structure is then attached
by inserting the wing of the leas structure beneath the comeal flap and suturing it in place.
A corrective lens structure can also be placed entirely within the stroma. This sargical
procedure involves making an incision in the cornea to gain access to the stroma and elso
involves disrupting the stroma by placing a lens structure therein.

" The aforementioned comeal corrective surgeries ars employed for the treatment of severe
visual disturbances such as those associated with excessive or insufficient corneal
curvature, traumatic injury to the cornea, for contact lens intolerant patients and the like.
These procedures are generally known as keratoplasties.

It has previously been recognized that implanted corneal prostheses must be effectively
anchored to corneal tissue, and provide permeability to gas, metabolites and nutrients
{particularly glucose). Apart from surgical techniques and mechanical fixation with
sutures and the like to fix implants in place, previous proposals have employed attachment
factors which coat the implant (see, for example, US Patent Nos 4,715,858; 5,171,381; and
5.192,316). With regard to questions of permeability, prior proposals have included the
use of hydrogel forming polymers of high-water content on the basis of their permeability
to glucose and gas' exchange characteristics. We have found that hydrogels, whilst porous
to glucose, nutrients and metabolites, are not porous toward protein. Hydrogels and like
“porous” polymers block the free movement of proteins and other high molecular weight
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1t has also previously been proposed to provide comeal implants with holes for the
passage of nutrients and fluids from the lower layers of the cornea through the implant to
the upper layer of the cornea. These proposals suffer the disadvantages that the holes
provided are too small to allow passage of proteins, or altematively, are of such a diameter
that visual acuity is effected either by direct distortion of light passing through the implant
or by tissue ingrowth into the implant obscuring vision.

We have now suxprisingly found that the flow of high molecular weight tissve fluid
components such as proteins and glycoproteins (for example, growth factors, peptide and
protein hormones, and proteins associated with the transport of essential metals) and the
like, across a corneal implant, that is, from epithelial cells to stromat cells and even to the
endothelial layer and beyond, is essential for long term maintenance gnd viability of tissue
anterior and posterior to a corneal implant. In the context of implants within the corncal
epithelium, wherein an area of epithelial cells are debraded and an implant inserted either
within the remaining epithelium or on the basement membrane, the flow of tissue fluid
components necessary for the all important coverage of an implant with adhered epithelial
cells is critical. This includes tissue fluid flowing from the stromal tissue beneath the
implant towards the issue on the anterior surface (and particularly the epithelial tissue)
during the process of the initial coverage of the anterior surface with epithelial celis, and
the flow of proteinaceous compenents from these epithelial cells to the stromal tissue and
beyond.

We have surprisingly found that the corneal implants of the prior art prevent the passage
of high molecular weight proteins and glycoproteins (such as those having a molecular
weight up to or greater than 10,000 daltons and up to and in excess of 200,000 daltons or
more), and adversely effect the formation of an epithelial layer over an anterior surface of
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This invention is particularly directed towards an implant to be placed beneath, within, or
through comeal epithelial tissue, or within the corneal stroma or other tissue layers of the
cornee. For convenience, all such implants will be referred to hereafter as corneal onlays.

In accordance with the first aspect of this invention there is provided a comeal onlay for

@ use in surgical implantation into or onto the cornea of a mammal, said onlay having an
optical axis region with optical characteristics which provide visual acuity therethrough,
said onlay being comprised of a non-biodegradable non-hydrogel ocularly biocompatiblie
material, and charecterized in that said onlay has a porosity sufficient to allow passage
therethrough of tissue fluid components having a molecular weight greater than 10,000
daitons, thereby providing for a flux of tssue fluid between cells anterior of the implanted
onlay and cells posterior thereof, wherein the porosity of the optical axis region is such
that it allows the flux of tissue fluid components whilst excluding ingrowth of ocular
tissue, and wherein said onlay is adaﬁ)ted for epithelial recolonization.

In another aspect of the invention there is provided a method for correcting the optical
properties of an eye or altering the appearance thereof comprising, surgically implanting
into or onto the cornea a corneal onlay for use in surgical implantation into or onto the
comea of 8 mammal, said onlay having an optical axis region with optical characteristics
which provide visual acuity therethrough, said onlay being comprised of a non-biodegrad-
able non-hydrogel ocularly biocompatible material, and characterized in that said onlay
has a porosity sufficient to allow passage therethrough of tissue fluid components having a
molecular weight greater than 10,000 daltons, thereby providing for a flux of tissue fluid
between cells anterior of the implanted onlay and cells posterior thereof, wherein the
porosity of the optical axis region is such that it allows the flux of tissue fluid components
whilst excluding mgowth of ocular tissue, and wherein said onlay is adapted for epithelial
recolonization.

The coreal onlay may comprise the same visual acuity across its dimensions, as do
conventional contact lenses. However, as visual acuity is only required for that portion of
the onlay which covers the pupil, hereafter referred to as the optical axis region, itis
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The porosity of the comeal onlay over the optical axis region of the eye allows the flow or
flux of tissue fluid components comprising high molecular weight protein, as well as small
molecular weight nutrients such as glucose and respiratory gases through the onlay. The
@ porosity of the onlay allows for protein species having a molecular weight of several
 thousand daltons up to several hundred thousand daltons or-more to freely pass through
the corneal layers as hereinbefore described. It is the passage of high molecular weight
proteinacecus components, such as growth factors, hormones, signalling proteins,
molecular transmitters, and transport proteins such as transferrin which transport essential
metal ions, which provide for the maintenance, integrity and health of tissues posterior and
anterior to an implanted corneal onlay. Our experiments have shown that the passage of
proteins and other components having a molecular weight of at least 10,000 daltons is
essential for tissue integrity and maintenance. Having said this, it is clear that the passage
of proteinaceous and other components having a molecular weight less than 10,000
daltons is also important and this invention therefore embraces the passage through a
comeal onlay of nutrients, metabolic gases, and particularly proteins, carbohydrates and
. lipids having a molecular weight up to 300,000 daitons or more, such as 500,000 daltons,
or even up to 1,000,000 daltons.

The corneal onlay as herein described, is capable of being surgically associated with, and
preferably attached to, a living cornea so as to changg its optical properties (such as
correct vision deficiencies of the eye) or to change the appearance of the eye, such as
coloration of the pupil.

The porosity of the corneal onlay may be provided by virtue of the material from which
the onlay is formed, that is, by the inherent porosity of the material, Alternatively, pores
may be introduced into the material from which the onlay is formed by various procedures
well known in the art such as those described in WO 90/07575, WO 91/07687, US Patent
No 5,244,799, US Patent No 5,238,613, US Patent No 4,799,931 and US Patent '
No §,213,721.
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Alernatively, porosity may be provided by an inter-penstrating network of holes
throughout the onlay material prepared such as by polymerization in the presence of an
insoluble material. Subsequent removal of the insoluble matexial gives rise to interstices
throughout the formed polymer material.

Regardless of the methods of formation of the requisits porosity of the onlay of the
invention, the onlay must have a porosity sufficient to admit proteins of 2 molecular
weight up to and greater than 10,000 daitons, such as from 10,000 to 1,000,000 daltons,

' but not sufficient to admit cells and thus tissue invasion into the optical axis region of the
& comeal onlay. Where porosity of the onlay is provided by pores, the optical axis region
% comprises & plurality of pores, the number of which is not in any way limiting on the

invention, but which is sufficient to provide flow of tissue components from the anterior to
posterior regions of an implanted onlay. By way of example only, the number of pores
provided in the onlay may range from 200 pores per square millimetre tc 300,000 pores
per square millimetre or more. Preferably, the pores formed within the optical axis region
are in the range of 5 nanometers to 15 x 10° nanometers in diameter. Pores of this size -
within the optical axis region would not cause refraction of visible light to an extent that
would cause any problem with regard to vision correction. More preferably, the pores in
the optical axis region have a diameter of from 13 to 300 nanometers, and even more
preferably from 20 to 150 nanometers in diameter. It is to be understood that the term pore
does not put any geometric limitation on the nature of the pores which may be of regular
or irregular morphology. In this context the term “average width” may be preferable to the
term “diameter”. Within the above mentioned preferred diameters, it should be recognized
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that not all pores may be of the same diameter, but may vary within the range given.

Outside of the optical axis region, the onlay may have the same porosity as the optical axis
region, that is, allowing passage through the onlay of small molecular weight nutrients,
respiratory gases, and proteinaceous and other components of tissue fluid having &
molecular weight up to and greater than 10,000 daltons (for example, up to 1,000,000
daltons or more) whilst being of a porosity which specifically excludes tissue ingrowth.
Alternatively, this region of the onlay surrounding the periphery of the optical axis region,
which may be referred to as the skirt, may atlow the ingrowth of cells of the cornea
thereby assisting in anchorage of the onlay to the eye. In this embodiment, the skirt may
contain a plurality of pores of diameter of 20 microns or more, preferably 50 microns to
1,000 microns, more preferably 50 to 500-microns, and even more preferably 50 to 300
microns. Pores may be formed in the skirt in the same manner as that described above for
the preduction of pores in the optical axis region of the onlay.

Porosity in the skirt may be an inherent feature of the material from which the skirt is
formed. In this regard it is to be appreciated that the skirt may be formed of the same
material as the optical axis region and may be integral therewith. In this situation, pores of
differing diameter may be formed in the optical axis region and the skirt. Alternatively,
the skixt may be formed in a distinct and separate manner to that of the optical axis region
(for example, by polymerization in the presence of an insoluble agent such as glucose
which is subseguently dissolved from a polymerized matrix to give a highly porous

@ interpenetrating network), such that whilst formed of the same material as the optical axis
region, the skirt has a much greater porosity thereby allowing tissue ingrowth.
Alternatively, the skirt may be formed of a different material from the optical axis region,
which material is of a higher porosity than the optical axis region so as to allow tissue
ingrowth. The skirt may be processed in a manner to produce high porosity such as by
preparing a coherent mass of melt drawn fibres having an interconnecting network of
pores, such as fibres made of a polyolefin material, which is applied to the optical axis .
region. The skirt may, for example, be formed from a highly porous ceramic material
which is fused to the optical axis region such as by solvent welding, heat fusion or use of
adhesives. Highly porous ceramics which facilitate tissue ingrowth are well kmown (see,
for example, J. Biomed. Mater. Res. Symp, No 4, pp 1-23, 1973).

The corneal onlay may be prepared from any one of the known natural or synthetic
polymeric materials with the requisite mechanical properties such as polymers and
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4@ ingrowth, this being a function of greater porasity. The skirt region may be formed from
one or more of the aforementioned polymers, ceramics or any other biocompatible
" non-biodegradable material having pores with a diameter greater than about 20 microns so
as to allow tissue ingrowth. '

The comeal onlay of this invention may be produced according to standard techniques for
the production of corneal onlays as are well known in the art. Clearly the precise
techniques used for the polymerization of polymers, copolymers, mixtures thereof,
production of ceramics, and the joining of optical axis region to skirt where necessazy,
will depend upon the nature of the materials employed, with appropriate methodologies
being adopted for respective materials according to conventional procedures.

. The corneal onlay may be shaped during or at the conclusion of its production process
@ according 1o standard milling, polishing, and/or shaping procedures as are well known in

" the field for the production of corneal prostheses. By way of example, the corneal onlay
produced by polymeﬁzation is formed 1o shape either by moulding during polymerization,
or by lathing of a preformed button. Alternatively, the optical axis region may be first
formed to shape, for example, by either moulding or lathing of a preformed button,
whereafter a skirt is attached to the periphery of the optical axis region by polymerization
thereabouts. Alternatively, the optical axis region may be attached to a porous outer skirt,
for example, by dipping the skirt in acetone and pressing the two together. Alternatively,
an optically acceptable adhesive may be used of materials fused together by the
application of heat such as generated by & pulse laser. A skirt may first be formed having
an annular orifice, within which the optical axis is formed either by polymerization of
fixation of a pre-formed button.
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The comeal onlay according to this invention is adapted for epithelial recolonization. By
this is meant that the polymeric substance from which the onlay is formed does not inhibit
cellular attachment or motility. Additionally, the respective surfaces of the onlay may be
modified as is hereinafter described to facilitate cellular attachment.

The outer posterior and anterior surface of the corneal onlay may be modified by the
application of a polymer having pendant groups capable of being converted to reactive
functional groups which are thereafter capable of covalently coupling to the onlay surface.
For example, a surface modifying composition may comprise & poly amino acid, such as
polylysine, where, for example, aboot 10 mol per cent of pendant groups are capable of
being converted to nitrene functional groups. The modified surface may of itself, stimulate
the adhesion of cells adjacent to the implanted onlay, such as epithelial cells, or cells of
the stroma. Alternatively, the modified suzface may be coated with one or more
components which promote the growth of tissue adjacent to the implanted onlay. For
example, such materials include fibronectin, laminin, chondroitan sulphate, collagen, cell
attachment proteins, anti-gelatine factor, cold-insoluble globulin, chondronectin,
epidermal growth factor, mussel adhesive protein, thrombospondin, vitonectin, and
various proteoglycans, and/or derivatives of the above and mixtures thereof. Fibronectis,
derivatives of fibronectin, epidermal growth factor, derivatives of epidermal growth factor
and mixtures thereof are particularly useful. Alternatively, the comeal onlay itself without
susface modification may be directly coated with one or more components which promote
the growth of tissue a&jacem to the implanted onlay and/or cell adhesion to the onlay.
These components may be any component or components which provide cell adhesion
and/or promote cell growth such as growth factors and adhesion factors. Preferred
materials are those detailed in connection with the application to a surface modified
corneal onlay. Preferably, the coating of components which promote the growth of tissue
adjacent to the implented onlay are covalently bonded to the onlay, without effecting the
optical properties thereof. As a result of surface modifications, or by virtue of inherent
properties of the onlay, the onlay of this invention is adopted for epithelial recolonization.

The comeal onlay according to the invention described herein is distinct and superior to
prior art proposals in that it provides an effective flow of high molecular weighm tissue
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towards therapeutic compounds applied to ths anterior surface of the implant.

The corneal implant according to this invention may be inserted into the eye according to
established keratectomy procedures as are well known in the field.

“This invention will now be described with reference to the following non-limiting Figures
and Examples.

FIGURES

| FIGURE1: isa histogrem which depicts the percentage (%) of animals with corneal
; ulcers for specific membrane pore sizes. Column A represents the
membrane materials Cuprophan / Gambrane.

FIGURE 2: is a histogram which depicts the percentage (%) of animals with epithelial
and anterior stromal thinning for specific membrane pore sizes. Column A
represents the membrane materials Cuprophan / Gambrane.

: FIGURE 3:  is a histogram which shows bovine corneal epithelial cell attachment to

; tissue culture polystyrene (TCPS) in fractionated serum after twenty four

hours. The X-axis represents the medium. The Y-axis represents the
percentage cell naumber of control, wherein the control = DD/Fn atday 6,
set at 100 %. DD represents serum free culture medium and 20% (v/iv)
fibronectin and vitronectin-depleted serum; "100k" represents serum-free
culture medium, to which was added 20% (v/v) of Fraction 1, having
serum factors of 1000 to 100,000 daltons in size; “30k” represents
serum-free culture medium, to which was added 20% (v/v) of serum factors
of 1000 to 30,000 daltons in size; "10k" represents serum-free culture
medium, to which was added 20% (v/v) of serum factors of 1000 to 10,000
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”anterlor to an inplanted corneal onlay. Qur,experipents have shown that the
Ipassage of proteins and ot her conponents having a-fol ecul ar *wei ght. of at

il east 10,000 daltons is essential for tissué integrity -and mai ntenance.
iFHV|ng said this, it is clear that the passage of proteinaceous and ot her
conponents haV|ng a nol ecul ar wei.glgf.. | ess than 10,000 daltons is al so
gnportant and this invention therefore enbraces the passage through a
corneal onlay of nutrients, netabolic gases, and particularly proteins,
barbohydrates and |ipids haV|ng a nol ecul ar weight up to 300 000 daltons or

hore, such as 500, 000. "aL. LV The

i:orneal onl ay ° 2We‘l ‘ % 0‘*’3@‘ g&ég&%ﬁ?%&kox?%c

associ at ed wi twhiciames prdsidsQ K\;Ivhoﬁmd’aqr@soﬁl $Q1 f °§%mas to

change its opi] z%a‘@%ﬁ 905l et #bﬁ diaf 4 26% (¥, elmmﬁeéﬁncwm es of the
e

eye) or to change appearance 0 suc oration of the
pupi | . The piroseatin-dpisrtscaum{a ﬁqﬁmgt Z‘% gﬁﬁd‘é tue of the

-material fromoptiehmbdiame ahd¥n déndiey tiathhe tisdic du&m'dpolyilﬁ-enmkmfmt por osi ty
of the material. Alter tJVﬁg# ores may be introduced into the materi al

from whi ch th?’%rﬂ‘%ﬁm@? “8€P Bari ous procedures well known in the art
such as those descrl bed in WD 90/ 7575, WD 91/07687, US Patent No 5, 244, 799,

US PaLent No 5, 238, 813, WSl BIRH codibaf cf@RiRPlei PtletdR 8h Guc
culture polystyrene (TCPS) in fractionated serum after six days culture.
The X-axis represents the medium. The Y-axis represents the percentage
cell number 24 h/S (control at day 6); cell cutgrowth 6 days /24 br
{wherein the hatched portion of the column represents the outgrowth, and
the black squares represent the cell number). "DD" is serum-free culture
medium + 20% (v/v) Fibronectin- and Vitronectin-depleted serum (not
fractionated as to size); "100k" represents serum-free culture medium, to
which was added 20% (v/v) of Fractioa 1, having serum factors of 1000 to
100,000 daltons in size; "30k” represents serum-free culture medium, to
which was added 20% (v/v) of serum factors of 1000 to 30,000 dalions in
size; “10k” represents serum-free culture medium, to which was added 20%
(v/v) of serum factors of 1000 to 10,000 daltons in size; "100+30+10k”
represents serum-free culture medium, to which was added 20% (v/v) of
serum factors of 1000 to 100,000 daltons in size; SFM is serum free culture
medium: and Fn denotes that the tissue culture polystyrene surface was

% precoated with fibronectin.
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" Example 1: Passage of Macromolecules Across the Cornea is Essential for
* Maintenance of Normal Corneal Structure/Integrity
Membranes of differing pore size were implanted into the eyes of cats to detenmine the
| effecﬁs of facilitating or blocking the flux of high molecular weight tissue fluid
* components across the cornea, both posterior and interior of a corneal implant.

In & first experiment, dialysis membranes with 2 1.4 nanometre pore size were implanted
into the cornea of cats. These membranes, whilst allowing the passage of glucose, amino
acids, water and respiratory gases, block the passage of components having a molecular
weight greater than 10,000 daltons. Both the coreal epithelium and stroma of test animals

lost integrity over the test period of four weeks. This experiment shows that tissue
.- This Sheet Has Been Rela-
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-15 - . Por es may be forrred after pI’OdUthI'OI’l of 4 he onl ayfshape (such as
by polynmer casting), or in bulk material 'prior to onlay shape formati.@m.,:,

Such procedures nmay invol ve: i) Usage of sparks;- or laSers to burn
hé)l es through the onlay or onlay nmaterial. Pores may be

conveni ently produced by using exclhrer |asers, such as a pul se type |aser
under m croprocessor contol as described, for exanple, in W 920687;

components having a molecular weight greater than 10,000 daltons, namely proteins and
glycoproteins, are essential for comeal integrity.

Four adult cats were then used in a more detailed study.

A. Baseline Measurements

Baseline measurements of corneal integrity including slit lamp evaluation were conducted.
Details of corneal transparency, vessel hyperaemia and penetration, surface charac-

teristics, opacities, etc, were assessed.

mental Design

Two types of membrane, Nuclepore Filter {(polycarbonate) and dialysis membrane

Cat| Implanted Membrane Membrane Contralateral Sham
© [No Eye Type Pore Size (um) Eye (Y/N?)
1 | lefteye Polycarbonate 0.05 No

2 | Lefteye |Polycarbonate/PEG|e Non-perforated: No

<0.0014;
© Perforations: 20-30
3 | Righteye |[Polycarbonate 0.05 Yes
4 | Lefteye Polycarbonate 0.1 Yes

(polycerbonate/PEG), were used in this study (Table 1). Prior to implantation, the
membranes were trephined to diameter of 12 mm. The membrane used for Cat 2 had holes
formed at the periphery thereof of 20 to 30 micrometres formed using a laser. The
Nuclepore Filters were rubbed with Miraflow contact lens cleaner, then rinsed and
autoclaved in sterile isotonic saline.

The dialysis membrane was rinsed and autoclaved in sterile isotonic saline after laser
perforation.

Table 1: Membrane and Surgical Details

C. Surgical Procedure

1. The cats were anaesthetised to 2 depth of stage 3 - plane 2.
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i i , Repetitive drawi ng of polyneric materdial as: dqstrl bed f’.ﬁ US Patent : .
No!b, 213 721, 1) Mil ti phase formation processes; fol.l owed: by chain “%:°
polymeri zation such as described in US Patemt No 5, 238;%13. '
Al ternatively, porosity may be provided by an inter-penetrating network of
holes throughout the onlay material-pfepared such as by pol ynerization in
thé presence of an insoluble mateial. Subsequent renoyal of the insoluble
maﬁerial gives rise to interstices throughout the formed pol ynmer nmaterial.
ardl ess of the nethods of formation of the requisite porosity of the
?ay 5f Aldamondimifowss used tomleky afimm iheisien Jusp dnsidsi &98@1@&'@1‘@@5 to admit

pr Ot ei9S AlootreaDiRshGH wilh g%&ggi ?& er %aﬁﬁﬂaﬁ?@&@ , such
as: frogf]n 10 cOOO to 000, 000 %é u% Icient to adm Fﬁ{:bgl | s and

thUs tlss@m%%@e@ﬁ? into the optlcal axis region of the coneal onlay.
Wher e @Or@ﬁkng?lgﬁcld@e@fér@éps' | & miehibydAdad mxma% famblewaPirsedd g @e' €gi on

compri ses ak urality of pores, the nunber of which is not in any way
IlmtlngW he invention, but which is sufficient to provi de fl ow of
ti ssué coﬁmrﬁatdrﬂmi ﬁia@nhdmcmmavas@:ﬁasb@wzm 9 to 0 mononylon. In Cat 3 and Cat 4,

the incision was closed with 8 to 0 sitk.
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{  D. Follow up Evaluation
: The eyes were assessed daily until clinical signs warranted termination (Table 2).

i Table 2: Follow up Period

Cat Number of Days
No Prior to Termination
1 23

2 28

3 16

4 Ongoing

Euthanasia of cats was performed with an intravenous overdose of sodium pentobarbitone
2t 140 mgikg of body weight.

E. Hisioclogy

Animal’s eyes were removed rapidly after euthanasia. During the enucleation, fixative was
dropped on to both eyes (2.5 % glutaradehyde in 0.1 M sodium cacodylate trihydrate,

2 mM ealcium chloride, pH adjusted to 7.2 with 1M HCI, at 25°C) at a sufficient rate t0
ensure that the anterior corneal surface remained moist. Immediately afier death 0.3 ml of
fixative was injected into the anterior chamber of each eye to aid the fixation of the
posterior corneal surface.

Comeas were separated from the remainder of the eye and immezsed in fixative for sixty
hours at 4°C. Two 1 mm wide strips were cut from each cornea; one from periphery to
centre along the superior-inferior axis; one from periphery to centre along the
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osterjor regions of an inplanted outlay. By way of exanple only t he nudben
f pores provided in the onlay nmay range from 200 poréS per squate Ll
llimetre to 300,000 pores per square millinetre or fhore. Préferably, the
ores formed within the optical axis region are in the range of 5
anoneters to 15 x 10e[err] nanonettdrs in dianeter. Pores—of- thi-s—size
MWthin the optical axis region would not cause refracti Sf Vvisibl ht
0 an extent that would cause any problemw th regard to 'T TS on.
bre preferably, the pores in the optical axis regi on haygss { 2
r onnaeltempeel asionet ers, and even nore preferably fro SN B T O
anoneters in dianeter. It is to be understood that the ternlpore does not
ut an I&gonetlc limtation on the nature of the pores which nay be of
egu rregular nor phol ogy.In this context the term"average w dth"
nay be preferable to the tern1"d|aneter" Wthin the above nentioned

pr ef %ragfed dl Iggrgwrn a's&sm%]a% lo the smrd§c o zeg findings.

P

i o s Wiio. Wi~ .

Clinical Observations
The clinical appearance of the membranes, that is, the position and the size of the
membranes, did not change throughout the observation period.

_ Deposition, oedema and neovascularization were more severe in implanted test eyes
4 compared to the "sham" control eyes, which were not membrane implanted. These
reactions appeared to be localized anterior to the membrane/pocket.

o In the implanted eyes, ‘deposits’ were observed anterior to the membrane,
particularly in the inferior region of the pocket two to three days after surgery.

o  For the "sham" eyes, the "deposits’ were mainly located in the central region of the
pocket and appeared less dense than those observed in implanted eyes. The
*deposits’ were of similar appearance to those for the implanted eyes, however, they
did not progress to the same extent.
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©  Corneal neovascularization started at the site of incision and continued to penetrate
into the swoma overlying the membrane in all cats. However, corneal
neovascularization regressed in one eye (Cat 4) during the study. The
neovascularization observed was a complication of the surgical procedure rather
than vessel growth due to lack of nutrieats.

o Anterior stromal "deposits’ and oedema were observed for Cat, 1 Cat 3 and Cat4
throughout the observation period.

o  Anterior swomal deposits, oedema and neovascularization were observed in the
implanted area overlying the non-perforated region of the polycarbonate/PEG
membrane. However, oedema and neovascularization were not observed in the area
overlying the perforated region.
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o  The epithelial cells of all the implanted eyes were changed, to some extent, in
morphology as evidenced by an increass in the amount of extraceliular staining,
more granuiar nuclel and less well defined cytoplasm.

DL D Y. et L ame e a

o  There was evidence of an inflammatory reaction in the comeal anterior and posterior
to the membrane in Cat 2 and Cat 3. It manifested as swolien keratocytes, round and
derkly steining cells, presumably neutrophils, and necvascularization in the posterior

$iToma.

o  There was & close association of the cellular changes with the implanted membrane
in Cat 2. This is evidenced by: -

- the density of keratocytes increased dramatically approaching the membrane;

. there was an increased number of small, round, darkly stained cells (possibly .
neutrophils) within the epithelium overlying the membrane and in the stroma
anterior and posterior to the membrane;
in areas over the non-perforated region of the membrane, Bowman's layer
appeared to have broken down;

- granular material was observed adjacent to the stroma/membrane interface; the
. anterior stroma/membrane interface accumulated a thicker layer of granular
raterial then that seen posteriorly in Cat 2;
- morphological changes in cellular components of the epithelium appeared more
obvious in areas overlying the non-perforated region of the membrane than over
the perforated region;
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o  The endothelium appeared intact and continuous in all the implanted eyes.

© In Cat 3, a mass of keratocyte-like cells penetrated between Descemet’s membrane
and the anterior surface of the endothetial cells in the implanted eye. Several red



;E:erial'as the optical axis region and may de infégral;thergmﬁvh. Inthi s .
t dation, pores of differing dianeter may® Be formed-in thetoptical axis®*c:*
bgi on and the skirt. Alternatively, the:skirt may be forned-in‘a distinct
hd separate manner to that of the optical axis region (for exanple, by

bl ymeri zation in the presence of albinsol ubl e agent such as glucose which
subsequently dissolved from polynerized matrix to give a highly porous
ht er penetrating network), such that whilst formed of the same nmaterial as
ne optical axis region, the skirt has a much greater porosity thereby

| owi ng $ib6& eild WaleAMobbseribd afltivaing (@ ihe pobizgios fice bf twyendethtlivmed of a
'fferentT%E? rial fron1%h %§%#C%§ axis,region, which material is of a
gher pot &8P ?ﬁwﬁﬁﬁ”T%%°d%?? ILI9P SHAL®F so as to allow tissue

hgrowt h. The skin nmay be processed in a nmanner to produce high porosity
Lich J I i el an

"t orb A SRR RN Hihe BB e OF WFR holb AU WG FOCRALLAR, B0, |

mat e riissbe comporenisaapssithecomen onetsip drgcuerationf treegirosen andfge may, for
eXanPigne BRWHRE thybs QWA B HYsY oPRkRHEy 608 BbhelPdpihbm, Whi ch is fused to
the optical axis région such as by solvent welding, heat fusion or use of
adhesi ves. Highly porous ceramics which facilitate tissue ingrowth are well
khown (see, for exanple, J. Biomed. Mater. Res. Synp, No 4, pp 1-23,

1973) . The corneal onlay may be prepared from any one of the known
natural or synthetic polynmeric materials with the requisite nechanical
properties such as polymers and
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ol yners qf the classes conmmonly known asfasﬁylibsj poliyol efins;"

f1 yoropol yners, Silicones, styrenics, vinyls, polystdrs,”polyuiethanéé,'”:;’f‘
polilycar bonat es, cellul osics or proteins such as collagen based naferials. )
Hydr ogel pol yneric conpositions are_ggecifically excl uded due to their
prdpensity of shrinkage, |ack of poradSity to high nol ecul ar wei ght species,
andg poor cellular attachnment properties.
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Wierfe a mixture of polyneric materials is useqd®n the sproductioh of: the ::I,
correal onlay, these materials may be copol ynerized according to technique$®"Z*
wel |} known in the art to give a resultant padlyneric net’ﬂﬂwrsmetHQBm'md ‘
abovie, the skirt may be forned of dlffn,zrent pol yneric or{] ‘
thari the optical axis region so as to*all ow tissue ingroigkg! 38 03 1=
fungtion of greater porosity. The skirt region nay be formed fnmm oneor

norg of the aforenmentioned pol yners, ceram cs or any other bioconpatible

non-ijbi odegnbl e material having pores with a dianeter greater than about 20
m'cdons sg as jto gl lowjtissue ihgrowth. he corne@l onlay of this
i nvention {may jbe groduged accordisg to standar techhiques for|the
producti onf of neal dnl ays as 3vve|| krnjown in the at Ceakly the
pregi se tgchni % used for the po gygerl zatfi on of pélyners, cépol yners,
m xtiur es tiher go prochtion of , Bagn nd the jpining of ¢ptjcal jaxis
reglion t o {ski rit‘Baer e rlecessaryj, % epernid upon the nature ¢f the
natqu al s lenpljo q =W tih=appr o @ @t hodqotpgi es bel ng adopted for
respectiveg natje al§ adcgr ding it & #@ntidn@ procgdures. The comgal
onl e{y may {(be shapedzdurl g or %ncl usgjn of ts producti on process
accardi ng it o tanddard. CLing, ol shinhg haping procedures as are
wel [{ knowj inithethel difor th§ production gf cornea prost heseés. By way of
exanpl e, tihe do%ne al onlay 8!
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jet her .
Herials fused toget

j di ng or
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for exanpl e,
Al ternatively,

t he opti cal
by di pping the skirt

fiduced by.pol ynertzation is formed to shape “éither sby moul di pg during
ymeri zation, or by lathing of a preformed button. -Alternatively, the .
ttical axis region may be first forned to shape, for exanple, by either
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such as generated by a
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attachrrent or

s'rface may of itself,
i gpl ant ed onl ay, such as epithelial cells, or cells of the strona.
Alit er naTﬂMSWéWﬁMﬁW@G 28 Speificatiops be coated with one or nore
Names Materials Pore size (nm) Porosity (ca %)| Diameter (mm)
Cuprophan |Regenerated <15 10
cellulose
Gambrane |Polycarbonate/P 14 12 and 8
Poretics Polycarbonate 25 1.50 g
100 2.36 12and 8
Nucleopore | Polycarbonate 30 1.20 12and 8
15 0.10 8

The corneal
recol oni zati on.
substance fromwhich the onlay is formed does not

area, Ww l

motility. Additionally,

y Reguired for |

| result’

berzany @ni@jsafﬁ Wi@jﬂ ﬁm&ﬁﬁﬁtﬁﬂéw

e@@%wg S A SRR e el

_ onIy or, a portion thereof may be col outedewith’ one Of nore pignents Qr:
dyes as are we known in the field. Col oured” dnl ays,
col ouration around the pupil
on inplantation.
for epithelial

i nhi bif

The outer posterior and anterior surface of the corneal

wo pl i catjon. of poI yrrer Qaw ng

stinul ate the adhesion of cells adj acent to the

8 mm.

Table 6: Summaery of Animal Status for Bach Membrane Type

Prior to implantation, the membranes were trephined 1o a diameter of 12 mm, 10 mm or

Surgical procedure and follow up evaluation was carried out according to Example 1. The
@ number of animals which were implanted with specific membranes are set forth in
Table 6.

Nucleopore
| Number |Cuprophan|Gambrane {Poretics 25 nm
100 nm| 50 nm| 50 nm|
Total
implanted 2 3 8 15 16 6

Of the large amount of clinical observations and histological data assembled, the most

pertinent data for an assessment of epithelial and stromal health following onlay

membrane inserdon is corneal ulceration, and epithelial and anterior stromal thinning,

*and- parti-cul arly -
in change of eye col oration

onl ay according to thi 2
By thii¢.is nmeant that th (R R (i

t exanpl e,
such as

no,aci d,
ﬂendant groups are




nents \Ah+4:h—pf01mt1§‘th€“grovvth of tissue adg acént to the |rf‘pl ant ed T ler.

onl ay. For exanple aLerials include fibronectiny Lamnin, .
chondr oi t an 1'"‘“;'“ gen, cell attachnent proteins, anti -gel atine

l'in, chondgpnectin, epidernal growt h factor,
? 8¢ onbospondi n, vitronectin, and various
pr ot ¢ogl ycans, and/or derivatives of the above and m xtures therof.
Fi brgnectin, derivatives of fibronectin, epidermal growh factor,
i yatives of epidermal growth factor and mi xtures thereof a particularly
i . Alternativly, the corneal onlay itself w thout surface nodification

{

be drigusetl showsat histogiantwhich sets ontthe pemmnamm animhis i egohdmplantadhe growt h

{ ss t he
by - %@%%ﬁgl&%ﬁa &g)e an W”Dgynaé“gx@ gl‘ orrpor?gi%? Wﬁ{b pr ovi de
cel If ad Heying# perasist 0@%@&@0\6@1 ¢org¢aémqsrmhﬁxghtymh0§ gimalss and

 ad r N ection wth
nfpteS] it BRRBAREhTRIRLS0 8F 05 éﬁﬂ%"?ﬁ?w&%}%&w BRI e

E G RS He AESS TP o PRS0 o PPN fasaan 10 the
lfant eghioh have @pereGiveaf appoxiniaelg ésks tiun! 11$ ne) mmmmaﬂeé@m ing the
SF? e PR P G Peimo e niRE e vl B o0 B J0P 81 o mvent  on 1 s
ed for epithelial recolonization. The corneal onlay according to the
e SR ISRV it PR e} AL BB BEDC>
, aﬂmmor stromal thinning following ocular lmplamaaons of membranes of varying pore

size. Figure 2 clearly shows that as the pore size of the implanted membrane decreases,

the number of animals with epithelial and anterior stromal thinning increases. All animals
implanted with membranes having a pore size of 15 nm or less exhibited epithelial and

anterior stromal thinning. Membranes having a pére size of 25 nm resulted in 75 % of

animals showing epithelial and anterior stromal thinning, This figure fell to 31 % and

27 % respectively for membranes having a pore size of 50 nm and 100 nm.

Figures { and 2 clearly show that the pore size of corneal onlays for the inscrtion into the
eyes of animal should be greater than about 15 nm.

Exampie 3: Comneal Epithelial Tissue Requires Trophic Factors of a Molecular Weight
Greater Than 10,000 Daltons for Cell Antachment Mﬁﬁ@ﬂ and Epithelial Outgrowth
In this experiment the requirement for access to tissve fluid factors, as exemplified by .
serum, 1o enable the optimal proliferative and migratory responses of comeal epithelial
cells was determined. Corneal epithelial cells were maintsined in a culture medium
{serum-free) which provided for the requirements of the cells for glucose, nutrients,
metabolites and small physiological molecules. The purpose of the experiment was to
determine the requirernent of these cells for tissue trophic factors, in order to permit
certain cellular functions that would enable the colonisation of 2 corneal implant with
corneal epithelinm and for the meintenance of that epithelial tissve. This was
demonstrated by examining the effect of the addition to the culture medium of serum, as
an example of such tissue fluids, npon migratory and outgrowth activities of comeal
epithelial cells.
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As the purpose of the experiments was 1o determine the requirement of comeal epithelial
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p@ﬁymm’ surface. Two tissue and serum factors, fibronectin or vitronectin, can be found in

& soluble form and can also adsorb onto surfaces, and in this insoluble form can sexve to
promote cellular attachment. In order to distinguish between nutvient or trophic support

from serum factors, as distinct from stimulation of cellular adhesion to the culture surface

as a sresult of adsorption onto that surface of serum fibronectin and/or vitronectin, the

serum used in these experiments was exhaustively depleted of the adhesive proteins
fibronectin and vitonectin prior to use in the cell assays.

ct snmu ation © anachme

The cell culturs assay system used for the detenmination of the effect of tissue trophic

factors was chosen to represent the corneal onlay material of the prior art, in being
 supportive of the processes of initial cell attachment. The comeal epithelial cells were

cultured on the synthetic polymer surface called tissue culture polystyrene, which is an

oxidized polystyrene surface that has been optimized for support of cellular attachment. In

'having a surface chemistry that is supportive of the attachment of corneal epithelial cells,

this polymer surface resembles that of an example of a corneal onlay described in the prior

' art, insofar as cell adhesion is concerned.

It has previously been proposed that extracellvlar matrix components such as fibronectin,
 laminin or collagens may stimulate the cellular attachment activity of corneal epithelial
% ~ cells. In preliminary experiments, different extracellular matrix components were

compared for their ability to support the initial attachment and outgrowth of comeal
epithelial cells when the factors were adsorbed onto a culture surface, in oxder to
determine an opﬁlmal_ surface for the stimulation of comeal epithelial cell migratory
activity. In these preliminary experiments, the culture medium used was serum-free

. medium containing 20% (v/v) foetal calf serum depleted of both Fibronectin and

»i Vitronectin, in order that the effectiveness of the different extracellular matrix components
é may be determined without any contribution from vitronectin or fibronectin adsorbed from
the serum component of the culture medium.

In order to investigate the migratory response of bovine comeal epithelial cells to the
various extracellular marix components, it was appropriate to determine the rate of
outgrowth of cells from a cell island. This was achieved by seeding cells onto a defined
central region of the culture surface (tissue culture polystyrene) of a known diameter at a
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I effectively provided a sealed chamber into which the cells can be loaded. After seeding
k and culture for sufficient time for the cells to attach (four hours culture), the rings were
&{ removed and fresh culture medium applied. The cells in the epithelial island wers then

free to grow out over the surface, at & rate that could be determined in part by the

extracellular matrix component that had been preadsorbed onto the polymer surface. In
this assay, two different formats were possible. Cells may be seeded either within the

i region of the central chamber thereby effectively creating a circular island of cells, or
# alternatively outside the chamber and so leaving a central region of the surface devoid of

' cells. Using these assay formats, the extracelluler matrix components were compared for

their influence upon the cutgrowth of epithelial cells,

EXPERIME
Preparation of Surfaces of Extracellular Matrix Components: Five different defined
maitrices have been tested for their ability to support attachment of corneal epithelial cells,
by pre-adsorbing the following proteins onto tissue culture polystyrene and then blocking
any residual protein binding sites with 1 % (w/v) solution of bovine serum albumin:

1. Bovine serum vitronectia at 3 ug/ml (Isclated as previously described);

2. Bovine serum fibronectin at 10 pg/mli. (from Sigma);

3. Murine laminin at 30 pg/ml. (Purified from EHS sarcoma, provided from

Collaborative Biomedical);

4. Mousine Collagen Type IV at 40 ug/ml. (Purified from EHS sarcoma, provided from
Collaborative Biomedical);

5. Bovine Collagen Type I at 1.5 mg/ml. (Purified from bovine calf skin, "Cellagen”
from ICN).

These precoating concentrations were chosen to be levels that would offer maximal
stimulation of cell adhesion. 80 311 of matrix solution were added at the predetermined
concentrations to replicate tissue culture polystyrene wells (96-well culture trays) and
incubated for one hour at 37°C. The matrix solutions were then removed and the surfaces
*blocked’ with a solution of 1% {(w/v) bovine serum albumin in serum-free culture
medium end incubated for one hour at 37°C. This "blocking”’ step ensures that all
non-matrix supplied ceil binding sites are effectively neutralized prior to cell seeding. The
blocked tissue culture polystyrene surface was also included in each assay and, as a resuit
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Cell Attachment Assay: One hundred il aliguots of 0.7 - 1.0 x 10° cells/m] for cultured
cells, or 3.0 - 5.0 x 10° cells/mi for primary celis in 1 % (w/v) bovine serum albumin in
sexum-free culture medinm, were added to each well and incubated for ninety minutes at
37°C. Cell adhesion was determined by methylene blue staining and absorbances read at
650 nm on a plate-reader. Collagen Type I was used as the reference substrate for each
cell origin type and csll attachment set at 100 %, and so for the purposes of reporting, cell
adhesion to all other matrices was expressed as a percentage of that on the Collagen

Type ! in the same experiment.

T Cell Outgrowih Assay: One hundred j aliquots of cultured bovine corneal epithelial cells
(pessage numbers 5 to 7) of imbal origin were seeded at 5 x 10° cells/mi into the centre of
the stainless steel migration fences, or 0.45 mi aliquots of cell suspension at
| 1 x 105 celis/ml seeded around the outside of the fences. These concentrations were
} sufficient to give a uniform monolayer of attached cells after four hours incubation. Cells
1 were incubated for four hours at 37°C before removal of the fences. The culture mediurm
i used was 20 % (v/v) feotal bovine serum, depleted of fibronectin and vitronectin, in 40%
(vfv) Dulbecco’s Minimal Essential Medium, 40 % (v/v) Ham's F12 medium.

Each treatment was conducted in triplicate using the following surface coatings:
a) Fibronectin - fibronectin, precoated at 10 pgfmi;

\  b) La-laminin, precoated at 25 pgfm)

B9 o CI-collagen type I, precoated at 187.5 ug/ml

The precoatings were incubated for one hour at 37°C prior to use. During the culture
period, the culture medium was changed every third day.

The cutgrowth index was calculated as: | This Sheet Has Been Replaced
Outgrowth Index = five {or seven) day cell gutgrowth area x 10 l lmm ml“ M Iiﬂil'
initial four hour cell area '

RESULTS

1. Response of Cultured Cells - Initial Cell Attachment. For cells that had been in
culture for a short period (passage numbers 2 - 3), each of the extracellular matrix
molecules fibronectin, vitronectin, collagen I, collagen IV, and larinin, were stimulatory
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each region, but for each cell origin the response of these primary isolates towards

fibronectin was varigble from experiment to experiment (mean response varying over 2

2.3 10 2.8 fold range). Vitronectin, although stimulatory, was consistently much less

effective than leminin, the collagens or fibronectin in promoting cell attachment of each of
these primary isolate cells. This is a surprising finding insofar as vitronectin is concerned.

2. Effects of Extracellular Matrix Components on the Migration of Cultured Corneal
Cells | '

iy Cell outgrowth from a centrally seeded area. Table 7 shows the comparison of
different exiraceliviar matrix treatments for cell outgrowth from the epithelial cell islands
over & five to seven day culture period. In view of the poor performance of vitronectin for
the stimulation of attachment of primary comeal epithelial cells to vitronectin, this factor
was not included in the comparison. Some interesting differences between the different
extracellular matrix treatments are apparent. In the presence of serum depleted of both
fibronectin and vitronectin, surfaces coated with either fibronectin or Collagen type I
performed well in terms of area covered by cells moving out from a central island. The
leminin coated surfaces, however, performed poorly relative to the other surfaces.
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La/DD 1.6 = 0.8
Col /DD 22 £ 03
Culture period seven days:y TCPS/NS 54 &+ 05
& FaDD | 47+ 03
Lo/DD 23+£03
Col I/DD 42 + 04

In Table 7 the following abbreviations are used:

TCPS = tissue culture polystyrene

NS = foetal calf sexrum (not depleted of fibronectin or vitronectin)
Fn = fibronectin

Ln laminin

Coll = collagenl

DD = foetsal calf serum, depleted of both fibronectin and vitronectin

i

" i) Cell Ingrowth from a Peripherally Seeded Ring. Comeal epithelial cells seeded
arcund the outsids of the fences were monitored, until one replicate of any weatment had
completely covered the central area of the well. The effectiveness of each treatment was
calculated and expressed as a percentage of the central area that was covered at the end of
the experimental period. Table 8 shows the comperison of different extraceliular matrix
treatmeants for cell outgrowth from the epithelial cell islands over a seven day culture
period. This format gave similar results to those found on the central seeding method.
Laminin again proved t0 be a poor surface for the promotion of migratory activity, but
Fibronectin and coliagen I were effective in stimulating cell migration,

i



'corrponents havi ng a nol ecul ar wei ght greatéé t han E’lO,dOO daitons, FnarreEy:.:

proteins and gl ycoproteins, are essential for carrieal integrity. Four :
adult cats were then used in a nore detail ed study. A. Baseline
Meaur enent s -26 -

Table 8: Effects of Extracellular Matrix Components on the Migration of Coltured
Corneal Cells - Cell Ingrowth from & Seeded Ring of Cells

Susface/Medium | 5 % Ingrowth * (Mean + SD)
TCPS/NS 94.4 + 5.7
Fr/DD - 956 £ 5.7
La/DD 529 £ 79
Col /DD 954 % 4.8

: P In Table 8 the following abbreviations are used:
TCPS = tissue culture polystyrens

NS = foetal calf serum {not depleted of fibronectin or vitronectin
Frn = fibronectin

Ln = laminin

Coll = collagenl

DD = foetal calf serum, depleted of both fibronectin and vitronectin

# Mean of four hours initial uncovered area - seven day uncovered area x 10
Mean four hour initial uncovered area

These preliminary experiments showed that both fibronectin and collagen I are stimulatory
of both the initial cell attachment of corneal epithelial cells to polymer surfaces and also
the outgrowth and migration of the cells from cell islands. For the experiments in which
the effect of serum trophic factors was to be determined, the fibronectin-coated polymer
surface was included as bemg representative of a surface containing a biclogical adhesive
factor.

Determination of the molecular weight of serum trophic factor(s) that support the
migration and outgrowth of corneal epithelial celis

EXPERIMENTAL

Fractionation of serum

Foetal bovine serum was depleted of the cell-adhesive molecules vitronectin (Vitronectin)
and fibronectin (Fibronectin) by the methods we have previously described. This depleted
Fibronectin and Vitronectin-depleted serum was then passed through 2 series of

Thas Sheet Has Been Reﬂ
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Experiment Design Two types of ne ane, Nucl epore Filter (polycarbonate)
and di-al ysi s nenbrane (pol ycarbonat’el PEG, were used in this study (Table
1). Prior to inplantation, the nmenbranes were trephined to dianeter of 12
nm The menbrane used for Cat 2 had holes fornmed at the periphery thereof

of 20 to 30 mcronetres fornmed using a laser. The Nyciepore Filters were
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in sterilelisofonic saline after | aser perforation. Tabl e 1: Menbrane and
Sur |%®“ﬂ@?’%§@@@%memw@§ﬁ‘f%um: Merbr ane Merbr ane
Contral ateral Sham No Eye Type Pore Size

(1 erf.] nAm&cqn Pl@iﬁ ﬂ(@%%@, with a molecular weight cut-off at 10,000 daltons;
2. Amicon PM30 with 2 molecular weight cut-off of 30,000 daltons;
3. Amicon XM100 with a molecular weight cut-off at 100,000 daltons.

‘The membranes were cleaned prior to use as per the manufacturer’s recommendations.
The membranes were each pretreated with a solution of 1 % (w/v) bovine serum albumin
in PBS, followed by a wash with sterile PBS, in order to reduce nonspecific binding of
proteins onto the membrane surface and conscquental loss of serum components, during
the subsequent filtration step. The various membranes were held in an uitrafiltration
assembly (Amicon) and the Fibronectin and Vitronectin-depleted serum or fraction thereof
was stirred with & magnetic stirrer and filtered &t an air pressure of 400 kPa.

The fractionation of the performed by the following method; The Fibronectin
and Vitronectin-depleted serum was diluted with two volumes of sterile
phosphate-buffered saline (PBS) and put through a sexies of sequential filtrations. All of
the Fibronectin and Vitronectin-depleted and diluted serum was firstly passed through a
43 mm diameter XM 100 membrane and the filtrate collected. The retentate from this
membrane was discarded. Two aliquots of the filtrate from the XM100 membrane were
taken and passed throagh either a PM10 or a PM30 25 mm diameter membrane. The
filtrates from these two membranes scparately collected and the retentates of these
membranes were discarded. Low molecular weight components were removed from these
filtrate fractions and the remainder of the components in the fractions were concentrated
back down to a volume that was calculated 1o be equal to the volume if they had not been
diluted (and assuming full recovery), by weatment upon a 43 mm diameter Amicon UM2
membrane with an exclusioa cutoff of 1,000 daltons. There were, therefore, the following
fractions, as also outlined in the attached Scheme 1:

Fraction 1: The filtrate of the XM100 membrane that was subsequently retained
upon the UM2 membrane - this preparation would contain components
in the 1,000 - 100,000 daltons range.

Fraction 2: The filtrate from the XM 100 membrane that was also a filtrate of the
PM30 membrane but was subsequently retained upon the UM2 ~

This Sheet Has Been Rzﬁwed
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1 Left eye Pol ycar bonat e .0.05 - ‘ e No 2 :Left
eye ° Pol ycarbonte/ PEG Non-perforated: . No : Tt
<'0.0014; : a- Perforations:: 20-30 3

Ri ght eye Pol ycar bonat e 0. 05 Yes 4 Left eye
Pol ycar bonat e 0.1 -28 - Yes C. Surgical

Procedure 1. The cats were anaesthetised to a depth of stage 3 - plane 2.

membrane - this preparation would contain components in the
1,000 - 30,000 daltons range.

Fraction 3: The filtrate from the XM 100 membrane that was also a filtrate of the
PM10 membrane but was subsequently retained upon the UM2
membrane - this preparation would contain components in the
1,000 - 18,000 daltons range.

SCHEME 1

Serum fractionation strategy

Fetal bovine serum

{depleted of Fn and Vn)
Diluted 1:3 with PBS

100 KD MW cus-off
filter

100 KD filtrate

30 KD cut-off 10 KD cut-off
{L, - filter Jilter

100 XD filtrate . 30 XD filtrate 10 KD filtrate

Concentrated to original volumes by retention upon a 1kD MW cut-off filter

Each of these fractions were sterilized after preparation by passage through a Gelman

* Acrodisc’™ (.22 um filter. The serum fractions were run on a 12.5 % polyacrylamide
mini-gel (BioRad Protean II) under non-reducing conditions, to confirm the efficacy of the
filration procedures, and the protein concentration for each fraction was determined .-
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- 12 - ., 2. Adianond knife was used.to neke -a '8 mmincision Just i nsi de
the superior linbus. 3. A corneal di ssecto-r vmthra shape edge was-:used to

forma |anellar pocket of 14 nmto - 15 mm di-ameter:- 4. Using
plastic-tipped forceps, a menbrane of 12 mmin diameter msw%&
t he pocket. 5. In Cat 1 andZat 2, the incision was HIBRCE

0 nononylon. 1In Cat 3 and Cat 4, the incision was clo Lk

sil k. 1). Follow up Eval uation The eyes were assessed dai Ty urt

clinical signs warranted trem nation (Table 2).

Fol | ow up Period- Cat Nunber of Days
Assay of Effects of Serum and Serum Fractions upon Corneal Epithelial Cell Growth
and Migration
The Fibronectin and Vitronectin-depleted serum and depleted serum fractions, prepared as
described above, were added to the culture medium (1:1 Dulbecco’s Modified Essential

- Medium/Ham’s F12 serum-free culture medium) at a conceniration of 20 % (v/v) in order

to study the effects of the various fractions upon the attachment and growth of bovine
corneel epithelial cells and the assays were conducted over a culture period of six days.

Culture wells were set up with sterile stainless steel "fences” which were contained within
the wells and centrally located. Aliquots (100 1) of a cell suspension of corneal epithelial
cells (prepared from bovine corneal tissue) were each seeded into stainless steel “fence”
enclosure at a density of 5 x 10° cells/ml. This ccll loading was sufficient to give a
confluent monolayer twenty four hours after sceding the cells into the culture area defined
by the lumen of the fence, in & culture medium that contained intact serum. In these
experiments the fences were removed from the culture wells after twenty four hours
culture, then the culture medium volume adjusted and the culture allowed to continue.

Each test sample of Fibronectin and Vitronectin-depleted serum fraction was assayed in
triplicate wells, with one well being for quantitation of the area of the culture containing
cells after a twenty four hour culture periad, and two wells being used for measuring the
area after seven days culture, At the appropriate time-point, the cells were fixed with

- formol-saline and stored in sterile PBS at 4°C unti] required. The ceil density was
determined by staining with Methylene Blue after Oliver et al., and the amount of bound
stain measured colourimetrically at 655 nm on a plate-reader. Methylene blue staining was
used o determine both cell outgrowth areas (by image analysis using a Quantimet 570
image analyser, detecting cells by the increased colour following uptake of the blue stain),
and to measure the extent of cell proliferation (determined colourimetrically at 655 nm, on
an immunoassay plate reader).

The culture media combinations were:

i) serum-free colture medium, to which was added 20 % (v/v) of Fraction 3, having
serum factors of 1000 to 10,000 daltons in size;

Y serum-free culture medium, to which was added 20 % (v/v) of Fraction 2 having
serurn factors of 1000 to 30,000 daltons in size;

it} serum-free culture medium, to which was added 20 % (v/v) of Fraction 1, having
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Fractions 1, 2 and 3, having serum factors of 1000 to 100,000 daltons in size;
v) serum-free culture medium + 20 % (v/v) Fibronectin - and Vitonectin-depleted
serum (not fractionated as to size).
vi) serumi-free medium alone.

As described above, two culture surfaces were used: firstly, tissue culture polystyrene, snd
secondly, tissue culture polystyrene that had been precoated with bovine serum
Fibronectin at 10 pg/ml and incubated for one hour at 37°C prior to cell loading.

RESULTS

By separating Fibronectin and Vitronectin-depleted serum into fractions containing known
molecular weight ranges, it was possible to assess the effects of serum components, within
specific molecular weight ranges, upon corneal epithelial cell attachment, migration and
outgrowth,

Figure 3 shows the effect of the different fractions prepared from Fibronectin and
Vitronectin-depleted serum upon the attachment of corneal epithelial cells during the first
twenty four hour of culture. In the manner in which this experiment was conducted, the
number of cells present on the surfaces in the different treatments were close to being the
same for each treatment after twenty four hour of culture. The different treatments could
therefore be compared for the rates of cell outgrowth and increase in cell number beyond
the initial twenty four hour culture period, having a similar population of cells in the assay
at the twenty four hour tme point.

Figure 4 shows the effects of these various fractions upon the area of the culture surface
covered with cells during a six day culture period, expressed as the cell outgrowth index
{calculated as described above). Figure 4 also compares these sesuits in 2 manner that
relates the increase in cell culture area over the six day culture period (expressed as a ratio
of that at twenty four hours) to the cell attachment data (at twenty four hours).

Cell migration and outgrowth of the island was 'evicﬂem on all the medivm/surface
combinations, but to markedly different extents. On average, in the treatments containing
Fibronectin- and Vitronectin-depleted foetal calf serum {the positive control) or the
treatment containing 20 % (v/v) of serum Fraction 1 having serum factors of 1000 to
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100,000 daltons in sizs, the cells migrated out to cover an area approximately ten times
larger than those covered by the cells in the treatments containing Fractions 2 or 3.
Furthermore, corneal epithelial cells cultured in the treatment containing recombined
Fractions 1, 2 and 3 migrated out to cover about 33% of the area of the positive control
combination on both tissue culture polystyrene and fibronectin coated tissue culture

polystyrene.

Figure 4 makes an interesting comparison between the different serom fractions. Similar
levels of cell attachment after twenty four hours culture were seen with the treatmneats
having either seram-free medium alone, or serum-free medinm conteining 20 % (v/v)
Fraction 3 (having serom factors of 1000 to 10,000 daltons in size) or 20 % (viv) of
Fraction 2 (having serum factors of 1000 to 30,000 daltons in size) or 20 % (v/v) of
Fraction 1 Chaving sexum factors of 1000 to 100,000 daltons in size) or the recombination
of Fractions 1, 2 and 3. Notwithstanding the initial cell attachment being equivalent for
these different treatments, there was a marked difference in the increase in cell area. Only
the treatment containing 20 % (v/v) of Fraction 1 (serum factors of 1000 to 100,000
deitons in size) and the treatment conteining the recombination of Fractions 1, 2 and 3,
provided for increased cell area over the six day culture on tissue culture polystyrene. The
same result was seen for these treatments with the surface of Fibronectin-coated tissue
cuiture polystyrene.

In using these two examples of culture substrata as well as in using a culture medium that
provides for the small molecular weight requirements of the cells, the experimental format
* used in thess experiments is representative of corneal onlays previously described,
providing for both cellular access to nutrients and other small molecules and also
providing for a surface chemistry that supports comeal epithelial cell attachment. Taken
together, these results indicate that there isfare tissue trophic factors, as exemplified by
factor(s) in serum, that are required for optimal epithelial call coverage of a synthetic
polymer surface such as the tissue culture polystyrene surface. These factor (s) are greater
than 1000 daltons in size and are also retained on filters that exclude molecules of 10,000
and greater. These results indicate that the activity, or a portion thereof, can be identified
as falling within the molecular weight range of 10,000 to 75,000 daltons (determined from
being excluded by the Amicon PM 10 membrane filter and included by the Amicon
XM100 membrane filter). These serum factors exe not the adhesion factors Fibronectin or
Vitronectia.,




RESULTS Tables 3 and 4 provide a summary of. the ste-udy design and fi ndi ngs.

. *dinical Observations o The cl.i hi cal -appear-ance df t he menbranes;

that is, the position and the size of the ° . nenbranes, did not- change
throughout t he observation peri od. Deposition, oedema and
neovascul ari zation were nore severd?-n inplant ed test eyes conpar ed

to the "shant control eyes, which were not nenbrane inplanted. These
reactions appeared to be | ocalized anterior to the nenbrane/ pocket o]
In the inplanted eyes, 'deposits' were observed anterior to the nenbrane,

part ihesedekyity nﬁﬁcﬁ%t thayikereds a mgi:ezﬁenﬂoﬂcbﬁ;ewmbhmﬂk forttivphiz Iolay st a](‘j ter
sur e e ocated in
t heggﬁ?fﬁﬁg@ 36{ foglfgﬁﬁ ?@Q’ﬁi@s 0%%@%%@{0 (H\&n @éﬁ%%ﬁ{e{’ssg@lﬁgs% t han t hose

obs e Tissde factonysticnesestroy sémulbtreepithelial cell @pwwﬁn fromrepithélia isluidsy appear ance

{Bpehdeatufotfihe sEMFRksive PfXeins fibronectin and
vitronectin. By molecular weight fractionation of the serum, this activity has been shown
1o be greater than 10,000 daltons in size. Hence, the comeal onlays according to this
invention have a-porosity sufficient to allow passage therethrough of tissue fluid
components having a molecular weight greater than 10,000 daltons.

Example 4: Corneal Onlay Prepamﬁom

Comeal onlays may be prepared from a polymer comprising crosslinked macrocycles that
are mede up of uaits of the following formula

~(—CR!=CR2-A~)-

wherein A is alkylene or alkenylene each having from 3 to 10 carbon atoms and each of
which may be substituted by one or morc R3 radicals, each of R! and R?, independently of
the other, is hydrogen or lower alkyl, and R? is lower alkyl, fluorinated lower alkyl or a
siloxane radical. Such polymers arc described in EP-A-501,917 which is incorporated
herein by reference in its entirety.

In a first experiment, 5 % tert-butylper-2-ethylhexanoate is added to poly(l-octene-1,8-
diyl) {trade name Vestemmer®) and the crosslinking agent is incorporated in a customary
commezcial kneader under reduced pressure at a temperature of 35°C. Comal onlays are
compression molded from the resulting mass at 160°C and a pressure of 5 to 20 bars for a
period of five minutes using suitable dyes. The corneal onlays so obtained have an oxygen
permeability (Dk) of 106 and a tear strength of 2.7 MPa. Pores are formed in the onlays
using a microprocessor controlled pulse laser. In the optical axis region of each onlay a
plurality of pores having a diameter of about 200 nm are formed. Outside of the optical

axis region of each onlay a plurality of pores having a diameter of about 200 microns are
formed.

In a second experiment onlays are prepared from copolymers of the formula [ as described
in EP-A-538,188, which is incorporated herein by refere:mce in its enmemy Specnf caﬂys
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§id not prqgress to the sane extet. o, a‘ConneaI neovaseulaﬁrzatlonfl i
gtarted at the site of incision and cont’inued:to penetrate . |nto the
8toma overlying the nenbrane in all cats. However,-<orneaf- -: ‘
fleovascul ari zai on regressed in one eye (Cat 4) durlng the study. Te
tovascul ari zati on observed was a cddplication of the surgical procedure
at her than vessel growth due to |ack of nutrients. o Ant eri or
%t onal ' deposits' and oederma were observed for Cat, 1 Cat 3 and Cat 4

hr oughout the observation peri od. o] Anterior stromal deposits,

jedenmgOancohedwisgeiv]lal.t LiEjpemanesl (FOAMOL S bthyl dteylate are bopipntsstdar ea
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transition temperature of 100°C is obtained. The sheet is compression molded to give
corneal onlays. Pores are formed in the onlay as described as above.

Patent and other techaical sources referred to herein ave incorporated by reference into this
specification.

The invention hersin described is subject to variation, as will be appreciated by the skilled

addresses, without departing from its spirit or scope. All such variations are embraced by
this invention.
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ro 14 - o] No clinically detectable chant esto-the stroma postemor to

the rfenbr ane or to the endot helium wer e obser=ved for any ‘of the
i nplant ed- eyes. Il Hi stologil Cbserations 0 The epithelium over the
I npl ant ed nmenbrane was reduced bot n thickness and in t he nunber of

cel | layers, conpared to that found”in the control cornea—{unoperated. .
and operated), in Cat 1 and Cat 3 respectively. o The eplthellal cells

pf all the inplanted eyes were changed, to some extent, i nThisSheetHasRoownRentnged
as evi denced by an increase in the anount of extraceliular ikl
hore granular nuclei and | ess well defined cytoplasm o | ] M INI
Vi demigindf an inflammatory reaction in the corneal anterior and posterlbr

1. A corneal ontay for use in surgical implantation into or onto the comea of 2 mammal,
said onlay having an optical axis region with optical characteristics which provide visual
acuity therethrough, said onlay being comprised of a non-biodegradable non-hydrogel
oculerly biocompatible material, and characterized in that said onlay has a porosity
sufficient to allow passage therethrough of tissue fluid components having a molecular
weight greater than 10,000 daltons, thereby providing for a flux of tissue fluid between
cells anterior of the implanted onlay and cells posterior thereof, wherein the porosity of
the optical axis region is such that it allows the flux of tissue fluid components whilst
excluding ingrowth of ocular tissue, and wherein said onlay is adapted for epithelial
recolonization.

2. A corneal onlay according to claim 1 wherein the periphery of the onlay surrounding
the optical axis region defines a skirt having a porosity sufficient to permit ingrowth of
oculer tissue so as to facilitate anchoring of the onlay to the cornea.

3. A corneal onlay according to claim 1 or 2 wherein the surface of the onlay is modified
s0 as to stimulate the adhesion of cells adjacent to the implanted onlay.

4, A corneal onlay according any one of claims 1 to 3 wherein the onlay is coated with
: one or more components which promote the growth of tissue adjacent to the implanted

oniay, and/or cell adhesion to the onlay.

5. A corneal onlay according to claim 1 wherein porosity of the onlay is provided by a
plurality of pores haviﬁg a size sufficient to allow passage through the onlay of
proteinaceous tissue fluid components having & molecular weight greater than 10,000
daltons but which excludes tissue ingrowth.

6. A comeal onlay according to claim 2 wherein porosity of the visuai optical axis is
provided by a plurality of pores having a size sufficient to allow passage through the onlay
of pmteinaceéus tissue fluid components having a molecular weight greater than 10,000
daltons but which excludes tissue ingrowti.

7. A corneal onlay according to claims 3 or 6 wherein said plurality of pores comprisea -
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tio the nenbrane in Cat 2 and Cat 3. It rmnlfeéted ass swol Iven keratocyts
rund“and * darkly stainig cells, presumably né&lirophir ds, and -
ngovascul ari zation in the posterior - strofa. *° —~THéfe-was—a_ CLQse _
agsoci ation of the cellular changes \gl,th t he i npl ant ed brane

B is i “t"he density of ke??i S s ogen &

difamatically approachi ng the menbrane; there wa

soronﬂim@ﬁ@f ﬁ-om lémaaam@@%atﬁ@%@sqr@mms to the nenbrane; - in areas

oyer the non-perforated region of the nenbrane, Bowran's |ayer

appeared to ha roken down . - granul terial was observe
afi acelt Am%%@? EPHEHP S T vhepin i plifeiity OF pores Compe for

migirdnem 16 trenbmeresto S0 wkadmetres. t hi cker | ayer of granul ar
than that seen posteriorly in Cat 2; nmor phol ogi cal
changes in cellular conponents of the epit hel i uma peared nore

obvi ou§. iAncamend @WMMMMW@@MM@O PoTe$ campriseanbr ane t han
over diam ﬁéﬂ,ﬂ%;%ﬁrlgganﬁ&gwfeggl on; The endot hel i um appear ed i nt act

and contlnuous In a nt ed eyes

10. A corneal onlay according to claim 2 wherein-said porosity of the skirt is defined by a
plurality of pores having a diameter of at least 20 microns so as to allow tissue ingrowth
and anchorage of the onlay.

11. A corneal onlay according to claim 10 wherein the skirt is formed of a different
biocompatible non-biodegradable material than the optical axis region, and wherein said
skirt is either integral with the optical axis region or secured to the periphery thereof.

12. A method for correcting the optical properties of an eye or aliering the appearance

thereof comprising surgically implanting into or onto the cornea a comeal onlay baving

optical characteristics which provide visual acuity therethrough, said onlay being

comprised of a corneal onlay for use in surgical implantation into or onto the comea of a

mammal, said onlay having an optical axis region with optical characteristics which

provide visual acuity therethrough, said onlay being comprised of a non-biodegradable

non-hydrogel ocularly biocompatible material, and characterized in that said onlay has a

é @ porosity sufficient to allow passage therethrough of tissue fluid components having a

’ molecular weight greater than 10,000 daltons, thereby providing for a flux of tissue fluid

between cells anterior of the implanted onlay and cells posterior thereof, wherein the
porosity of the optical axis region is such that it aliows the flux of tissue fluid components
whilst excluding ingrowth of ccular tissue, and wherein said onlay is adapted for epithelial
recolonization.

13. A method according to claim 12 wherein the periphery of the onlay surrounding the
optical axis region defines a skirt having a porosity sufficient to permit ingrowth of ocular
tissue so as to facilitate anchoring of the onlay to the cornea.

14. A method according to claim 12 wherein the surface of the onlay is modified so as to
stimulate the adhesion of cells adjacent to the implanted onlay.




In Cat 3, a mass of keratocyte- li ke celks peneratedfbetmeen Eegtenet's
nE rane and the anterior surface of t he endothe1rak-ee##sq4liinL

i npl anted eye. Several red- This
- 15 - bl ood cells were al§8 observed adher i pgg

face of the endothelium Thesé& features were nof [FHls
"shant eye. Ll

15. A method according claim 12 wherein the onlay is coated with one or more
components which promote the growth of tissue adjacent to the implanted onlay, and/or
cell adhesion to the onlay.

16. A method according to claim 12 wherein porosity of the onlay is provided by a
plurality of pores having a size sufficient to allow passage through the onlay of
proteinaceous tissue fluid components having a molecular weight greater than 10,000
daltons but which excludes tissue ingrowth.

17. A method according to claim 13 wherein porosity of the visual optical axis is
provided by a plurality of pores having a size sufficient to allow passage through the onlay
of proteinaceous tissue fluid components having a molecular weight greater than 10,000
daltons but which excludes tissue ingrowth.

18. A method eccording to cla@ms 16 or 17 wherein said plurality of pores comprise a
diameter between 15 nanometres to (.5 micrometres.

19. A method according to claim 18 wherein said plurality of pores comprise a diameter
between 15 nanometres to 300 nanometres.

20. A method according to claim 18 wherein said plurality of pores comprise a diameter
between 20 1o 150 nanometres.

21. A method according to claim 13 wherein said porosity of the skirt is defined by a
plurality of pores having a diameter of at least 20 microns so as to allow tissue ingrowth
and anchorage of the onlay.

22. A method according to claim 13 wherein the skirt is formed of a different
biocompatible non-biodegradable material than the optical axis region, and wherein said
skirt is either integral with the optical axis region or secured to the periphery thereof.

23. A method according to claim 12 wherein said onlay is transplanted into the epithelium
of the cornea.

24, A method according to claim 23 wherein the onlay is positioned adiacent the

e

VRN R L

« ¢ L ® 8 *



shown ,above i npl ants which preverjt: f‘f,he fﬂ ux o,.f,fhi gh. ol ecul-ar wei- ght

pr ot ei naccous ti ssue conponents acrass the ‘cornea’resulis i'n degeneration

the stroma and breakdown of the Bowran's layer as weltTas a toss of

ntegrity of the corneal epitheli.gn. - 16- - mssmmammﬂlm

basement membrane of the cornea.
25. A method according to claim 13 wherein the optical axis region is coloured.

26. A corneal onlay as claimed in claim 1 for vse in & method as claimed in claim 12,
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CORNEAL ONLAYS

ABSTRACT

Cornesl onlays for use in surgical implantation into or onto the cornea of a mammal are
described. The corneal onlays according to the invention have an optical axis region with
optical characteristics which provide visual acuity therethrough and are comprised of 2
non-biodegradable non-hydrogel ocularly biocompatible material, characterized in that the
onlay has a porosity sufficient to allow passage therethrough of tissue fluid components
having a molecular weight greater than 10,000 daltons so as to provide for a flux of tissue
fluid between cells anterior of the implented onlay and cells posterior thereof. The
porosity of the optical axis region is such that it allows the flux of tissue fluid components
whilst excluding ingrowth of ocular tissue. The onlay is further characterized by being
adapted for epithelial recolonization. Also described are methods for correcting the optical
property of an eye or altering the appearance thereof which comprises surgically
implanting into or onto the comea a corneal onlay as described above.
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Exanpl e .2: Onl ay Porosity Requiré

A% It enance CP&WE&IQ aél én@ %tﬁr ?m@

Heal {h In this exanple onl ays<Bf uafyi hg porosity were surgically
inserted into the eyes of adult cats (a =50). Al cats were free of
ocul ar or system c disease. The details and characteristics of the
menbranes used in this study are set forth in Table 5. Tabl e 5:
Menbrane Materials and Specifications Nanme Mat eri al s
Pore size (nm Porosity (ca %9 D aneter(nm Cupr ophan

Regener at ed < 15 10 Cupr ophan
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Nucl eopor e Pol ycar bonate - 50 - {ZusaMmeasAshys 12 and 8
Prior >to-Tnplantation, the menbranes. &% opfhi ned to a-dianmeter of 12 mMm
10 rm or 8nmm Sur gi cal procedure and foll ow up eval uati on was
carried out according to Exanple 1. The nunber of aninmals which were
i mpl anted with specific nmenbranes are set forth in Tabl e 6.
Table 6: Sunmary of Aninal Status for Each Menbrane Type Nunber
Cupr ophan : Ganbr ane Poretic 25nm 100 nm 50
nm 50 nm
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CORNEAL ONLAYS miefe

This invention relates to the field of ophthalmology, and more particularly is directed to
corneal implants. |

The comnea is a complex layered structure comprising an outer layer of epithelial cells,
Bowman’s membrane posterior of the epithelial layer, the stroma posterior of the
Bowman's membrane, Descemet’s membrane posterior of the stroma, and the endo-

. theliom immediately posterior of Descemet’s membrane. A number of surgical procedures
involve implanting 2 lens structure into or onto one or more of these comeal components.
In one form of eye surgery, the epithelial cell layer is removed and a corrective lens
structure is placed and secured at the location where the cells are removed. In another
form of eye surgery, a portion of the layer of epithelial cells is removed and a
wedge;s-haped annulus from Bowman’s membrane and the underlying stroma is removed.
An incision is then made from the posterior end of the resulting groove radiating
outwardly in an annular zone to define a flap. A corrective lens structure is then attached
by inserting the wing of the lens structure beneath the corneal flap and suturing it in place.
A corrective lens structure can also be placed entirely within the stroma. This surgical
procedure involves making an incision in the comnea to gain access to the stroma and also
involves disrupting the stroma by placing a lens structure therein,

The aforementioned cornea! comrective surgeries are employed for the treatment of severe
visual disturbances such as those associated with excessive or insufficient corneal
curvature, traumatic injury to the cornea, for contact lens intolerant patients and the like.
These procedures are generally known as keratoplasties.

It has previously been recognized that implanted cormneal prostheses must be effectively
anchored to commeal tissue, and provide permeability to gas, metabolites and nutrients
{particularly .gﬁucosc).' Apart from surgical techniques and mechanical fixation with
sutures and-the like to fix implants in place, previous proposals have employed attachment
factors which coat the implant (see, for example, US Patent Nos 4,715,858; 5,171,381; an
5,192,316). With regard to questions of permeability, prior proposals have included the
use of hydroge! forming pelymers of high-water content on the basis of their permeability
to glucose and gas exchange characieristics. We have found that hydrogels, whilst porous
to glucose, nutrients and metabolites, are not porous toward protein. Hydrogels and like

“porous’ p@ﬂymcrs biock the free movement of proteins and other high molecular weight
This is the seplacement shast
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Figure 1 shows a hi stogram which sets out the percentage of aninmals in each
| npl anted group with corneal ulcers. Forty three percent of aninals

i npl anted with a -nmenbrane having a porosity of 25 nm showed cor neal

ul ceratioff. Eighty percent of aninmals inplanted with a nenbrane have a pore
size of 15 nmexhibited corneal ulceration. Effectively the same result was
observéd for the cuprophan and ganbrane2renbranes whi ch have a pore size of
approximately less than 15 nm. No ul ceration was seemin animals inplanted
wi th nenbranes having pore sizes of 50 nmand 100 nm Figure 2 shows a

hi st ogram whi ch sets out the percentage of animals with epithelial and

ant eri or gueod dcbﬁﬂg@ﬁémgaﬁ@id wﬂngi&nmh ﬁﬁté ﬁﬁdt%sﬂétbgﬁﬂeﬁ@ﬂﬁo @é@rﬂaﬂ%f @!t&ﬁﬁ of
varying pore size. Eigure 2 clealy sho as, the,_pore si o e
ol ant carioHD BisadiF iefel TH s e S enar SR LB ol al and
ant eri or hetelrafet deduidbad Hydrogslealse tackAld regnisiva rechaitainirepkrits decessahr anes
havi ng a lsZ €4 I xhhi | n L
ot onal €1 GeaieR 4Bl Fr SR A%ihﬁ'é?oﬁgg&éﬁéﬁwfzﬁé# Sciifka RN Fflenr o o1
ani mal s $¥wd3iG/ spiick by nbovtZ3d fihacisisoriniage droah initinlwalvmye) Wherspladagiine f el |
to 31 % : AR ' _ _. B | § ' f; 1 and
100 nm  PhgriSbpal GRETIGHARY 16 ncT10 1 2P ARIIG Pl SIROTR YT ays
for the iSHaemplenalsiwewd AREbEIRECRIIAG FAr jmplastsion intdhe et MO FSout 15
nm attach very poorly to hydrogel polymers with the result that epithelial recolenization of

hydrogel implants would be impeded.

It has also previously been proposed 1o provide corneal implants with holes for the
passage of nutrients and flvids from the lower layers of the cornea through the implant to
the upper layer of the comea. These proposals suffer the disadvantagss that the holes
provided are 00 small to allow passage of proteins, or alternatively, are of such a diameter
that visual acuity is effected either by direct distortion of light passing through the implant
or by tissue ingrowth into the implant obscuring vision.

We have now surprisingly found that the flow of high moleculer weight tissue fluid
components such as proteins and glycoproteins {for example, growth factors, peptide and
protein hormones, and proteins associated with the transport of essential metals) and the
like, across é corneal implant, that is, from cpithelial cells to stromal cells and even to the
endothelial layer and beyond, is essential for long term maintenance and viability of tissus
anterior and posterior to a corneal implant. In the context of implants within the comeal
epithelium, wherein an area of epithelial celis are debraded and an implant inserted cither
within the remaining epithelium or on the basement membrane, the flow of tissue fluid
components necessary for the all important coverage of an implant with adhered epithelial
cells is critical. This includes tissve fluid flowing from the stromal tssue beneath the
implant towards the tissue on the anterior surface (and particulerly the epithelial tssue)
during the process of the initial coverage of the anterior surface with epithelial cells, and
the flow of proteinaceous components from these cpithelial cells to the stromal tissue and
beyond. '

We have surprisingly found that the corneal implants of the prior art prevent the passage
of high molecular weight proteins and glycoproteins {such as those having a molecular
weight up to or greater than 10,000 daltons and up 10 and in excess of 200,000 dalions or
more), and adversely effect the formation of an epithelial layer over an anterior surface of

This is the replacement sheat
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Exanpl:e 3: Corneal Epithelial Tissue Requires Trrophic Factor of a

Mol ecul ar Wei ght Greate Than 10,000 Daltons for Cell Attachnment, M gration
and Epithelial Qutgrowth In this experinment the requirenent for access to
tissue fhkuid factors, as exenplified by Serum to enable the optina
proliferative and mgatory responses of corneal epithelial cells was

determ ned. Corneal epithelial cells e maintained in a culture medi um
(Serum free) which provided for the requirenents of the cells for glucose,
nurients, nmetabolites and small physiol ogi cal nol ecul es. The purpose of the
experinent was to deternine t he requirement of these cells for tissue

t rophic in ord erm.t certal cel lul ar .functions that,

factors
enabl e t?‘lgmé SPBRALI5FT %’f‘h ‘@% Prigitial laper t‘hwqrﬁ@%&"{ﬁ%‘ﬁﬁm éW?%B‘PSiPWEand
for the edosiesdknplannisuffemtiranistrosbl dﬁgemramwhiaﬁm is bem'edemmku’rm gt by

xcanl ¢ Bpoe i biEE mBer B R b Gin Bl S B s b oo
cor neal @ﬁmemgmﬂwm As the purpose of t he experi ments vvas to
determ ne the requirement of corneal epithelial

This invention is particularly directed towards an implant to be placed beneath, within, or
through comneal epithelial tissue, or within the comeal stromaz or other tissue Jayers of the
cornea. For convenience, all such implants will be referred to hersafter as corneal onlays.

In accordance with the first aspect of this invention there is provided a comeal onlay for
use in surgical implantation into or onto the cornea of a mammal, said onlay having an
optical axis region with optical characteristics which provide visual acuity therethrough,
said onlay being comprised of a non-biodegradable non-hydrogel ocularly biocompatible
material, and characterized in that said onlay has a porosity sufficient to allow passage
therethrough of dssue fluid components having a molecular weight greater than 16,000
daltons, thereby providing for a flux of tissue fluid betwesn cells anterior of the implanted
onlay and cells postericr thereof, wherein the porosity of the optical axis region is such
that it allows the flux of tissue fluid components whilst excluding ingrowth of ocular
tissue, and wherein said cnlay is adafpmd for epithelial recolonization.

In another aspect of the invention there is provided a method for comc@'ﬁg the optical
properties of an eye or altering the appearance thereof comprising, surgically implanting
into or onto the cornea a corneal onlay for use in surgical implantation into or onto the'
comea of & mammal, said onlay having an optical axis region with optical characteristics
which provide visual acuity therethrough, said onlay being comprised of a non-biodegrad-
able non-hydrogel ocularly biocompatible material, znd characterized in that said onlay
has a porosity sufficient to allow passage therethrough of tssue fluid components having a
molecular weight greater than 10,000 daltons, thereby providing for a flux of tissve fluid
between cells anterior of the implanted onlay and cells posterior thereof, wherein the
porosity of the optical axis region is such that it allows the flux of tissue fluid comporents
whilst excluding ingrowth of ocular tissue, and wherein said onlay is adapted for epithelial

recolonizadon.

The comeal onlay may comprise the same visual acuity across its dimensions, as do
conventional contact lenses. However, as visual acuity is only required for that porticn of
the onlay which covers the pupil, hereafter referred to as the optical axis region, itis
This is the renlacemsnt shea
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-21- - cells for factors with a trophic effect, the experinents were
designed in a manner to renove the possibility that any stinulatory effect
of serumfactors could arise solely due to direct stinulation of cell
attachmept follow ng adsorption of the serumfactors onto the polyner
surface. Two tissue and serumfactors, fibronectin or vitronectin, can be
found;in a soluble formand can al so adaorb onto surfaces, and in this
i nsol ubl e form can serve to pronote cellular attachnment. In order to
di stingui sh between nutrient or trophic support fromserumfactors, as
distinct fromstinulation of cellular adhesion to the cultur surface as a

result of adso t|on onto that surface of serumfihronecgtin and/or
Vi t r onec PFGHETTE @@QY@E&”@%??WW h@é‘@géﬁﬁﬁf*?%ﬁ’@g@g@@ %‘s’@ﬂ%&?ﬁ’}‘%vy depl et ed

of the agiffisiene wpalidvepassags hemrdeouginobevduy flsidytagionens havingronslseulam t he
cell ass %yengm up to or greater than 10,000 daltons, but which exciudes ingrowth of ocular tissue.
In such a sitmation, the periphery of the onlay surrounding the optical axis region may
define a skirt having a porosity sufficient 10 permit ingrowth of ccular tissue so as to
facilitate anchorage of the onlay o the cornea,

The porosity of the comneal onlay over the optical axis region of the eye allows the flow or
flux of tissue fluid components comprising high molecular weight protein, as well as small
molecular weight nutients such as glucose and respiratory gases throngh the onlay. The
porosity of the onlay allows for protein species having a molecular weight of several
thousand daltons up to several hundred thousand daltons or.more to freely pass through
the corneal layess 2s hereinbefore described. Itis the passage of high molecular weight
proteinaceous componsﬁts, such as growth factors, hormones, signalling proteins,
molecular mansmitters, and transport proteins such as transferrin which transport essential
metal icns, which provide for the maintenance, integrity and health of tissues posterior and
anterior to an implanted corneal onlay. Our experiments have shown that the passage of
proteins and other components baving a molecular weight of at least 10,000 daltons is
essential for dssue integrity and maintenance. Having said this, it is clegr that the passage
of proteinaceous and other components having & molecular weight less than 10,000
daltons is also important and this invention therefore embraces the passage through a
corneal onlay of nutzients, metebolic gases, and particularly proteins, carbohydrates and
lipids having a molecular weight up to 300,000 daltons or more, such as 500,000 daltons,
or even up to 1,000,000 daltons.

The comneal onlay asohmin described, is capable of being surgically associated with, and
preferably attached to, a living cornea so as to change its optical properties (such as
correct vision deficiencies of the cye) or to change the appearance of the eye, such as
coloration of the pupil.

The porosity of the comeal onlay may be provided by virtue of the material from which
the onlay is formed, that is, by the inherent porosity of the material. Alternatively, pores
may be inroduced into the material from which the onlay is formed by various procedures
well known in the art such as those deseribed in WO 90/07575, WO 91/C7687, US Patent

No 5,244,799, US Patent No 5,238,613, US Patent No 4,759,931 and US Patent _
No 5,213,721. This is the replacement shast
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The cell culture assay systemused for the determnation of the effect of
ti ssue tophic factors was chosen to represent the corneal onlay material of
the prior art, in being supportive of the processes of initial cel
attachment The corneal epithelial cells were cultures on the synthetic

pol ymer surface called tissue culture polystrene, which is an oxidi zed

pol ystiyrene suface that has been optinmged for support of cellular
attachnment. In having a surface chem stry that is supportive of the
attachment of corneal epihelial cells, this polynmer surface resenbl es that
of an:exanple of a coreal onlay described in the prior art, insofar as cel

adhesi on i s concerned. It has previously been proposed t hat
extreacel lular matri x components such as fibronectin, n| n or él | agens
may sti nBpeEs maye foaned phsr ppdustivmef thernlay shape §uch s rbéféﬁo YERATCAHNG OTc eRs .

I'n preli{ Rk YnR4BE pHEE I Snlafitfabe fetadn! S@dSirbeddked iy Invobeiponent s were
conpared for their ability to support the initial attachrrent and out growt h

of contal epithelial cells when the factors were adsorbed onto a culture
surface, §)i n omage bbspé%ﬁ@ﬂh@s b tiols|tusugh éeorloy ot dréaymanxikh Fopss of

| hel |
corneal o e Al 6ol Eh A AT b MBS SR b
(v/iv) foetal onddrsiereprogeyireoaniolss destriber for onsoplenina %i‘ﬂ?éﬁ%ctl n, in

order that the effectiveness of the different extracellular matrix

conponents may be determ nned wi thout any contibution fromvitronectin or
fi bronecH) n aé§§$%{f drpwing of polymeric material as described in US Patent No 5,213,721;

iiiy  Multphase formation processes followed by chain polymerization such 2s
described in US Patent No 5,238,613,

Alternatively, porosity may be provided by an inter-penetrating network of holes
throughout the onlay maierial prepared such as by polymerization in the presence of an
insoluble material. Subsequent remoyal of the insoluble material gives rise 1o interstices
throughout the formed polymer material.

Regardless of the methods of formation of the requisite porosity of the onlay of the
invention, the onlay must have a porosity sufficient to admit proteins of a molecular
weight up to and greater than 10,000 daltons, such as from 10,000 to 1,000,000 daltens,
but not sufficient to admit cells and thus tissue invasion into the optical axis region of the
corneal onlay. Where porosity of the onlay is provided by pores, the optical axis region
comprises a plurality of pores, the number of which is not in any way limiting on the
invention, but which is sufficient to provide flow of tissue components from the anterior 1o
posterior regions of an implanted onlay. By way of example only, the number of pores
provided in the onlay may range from 200 pores per square millimetre to 300,000 pores
per square millimetre or more. Preferably, the pores formed within the optical axis region
are in the range of 5 nanometers 1o 15 x 10° nanometers in diameter, Pores of this size -
within the optical axis region would not cause refraction of visible light to an extent that
would cause any problem with regard to vision correction. More preferably, the pores in
the optical axis region have a diameter of from 15 to 300 nanometers, and sven more
preferably from 20 to 150 nanormeters in diameter. It is to be understood that the term pore
does not put any geometric limitation on the nature of the pores which may be of regular
or irregular morphology. In this context the term “average width” may be preferable to the

term "dizmeter”. Within the above mentioned preferred diameters, it should be recognized
This is the replacemant shsst
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t he serum conponent of the culture nmedi um In order to investigate the
m gratory response of bovine conical epithelial cells to the various
extracellular matri x conponents, it was appropriate to determne the rate
of outgrowth of cells froma cell island. This was achi eved by seeding
cells onto a defined central region of the cultur surface (tissue culre
pol ystyrene) of a known di aneter at a.g.

that not all pores may be of the same diameter, but may vary within the range given.

Cutside of the optical axis region, the onlay may have the same porosity as the optical axis
region, that is, aliowing passage through the orlay of small molecular weight nutrents,
respiratory gases, and proteinaceous and other componeats of tissue fluid having a
molecular weight up to and greater than 10,000 daltons (for example, up 1o 1,000,000
daltons or more) whilst being of a porosity which specifically excludes tissue ingrowth.
Alternatively, this region of the onlay surrounding the periphery of the optical axis region,
which may be referred to as the skixt, may allow the ingrowth of cells of the cornea
thereby assisting in enchorage of the onlay to the eye. In this embodiment, the skirt may
contain a plurality of pores of diameter of 20 microns or more, preferably 50 microns to
1,000 microns, more preferably 50 to 500 microns, and even more preferably 50 to 300
maicrons. Pores may be formed in the skirt in the same manner as that described above for
the production of pores in the optical axis region of the onlay.

Porcsity in the skirt may te an inherent feature of the material from which the skirt is
formed. In this regard it is to be appreciated that the skirt may be formed of the same
material as the optical exis region and may be integral therewith. In this situation, pores of
differing diameter may be formed in the optical axis region and the skirt. Alternatively,
the skirt may be formed in a distinct and separate manner to that of the optical axis region
(for example, by polymerization in the presence of an insoluble agent such as glucose
which is subseguently dissolved from a polymerized matrix to give a highly porous
interpenstrating network), such that whilst formed of the same material s the optical axis
region, the siirt has a much greater porosity thereby allowing tissue ingrowth,
Altematively, the skirt may be formed of a different material from the optical axis region,
which material is of a higher porosity than the optical axis region so as to allow tissue
ingrowth. The skirt may be processed in & manner to produce high porosity such as by
preparing 2 coherent mass of melt drawn fibres having an interconnecting nstwork of
pores, such as fibres made of a polyolefin material, which is applied to the optical axis
region. The skirt may, for example, be formed from 2 highly porous ceramic material
which is fused to the optical axis region such as by solvent welding, heat fusion or vse of
adhesives. Highly porous ceramics which facilitate tissue ingrowth are well known (see,
for example, J. Biomed. Mater. Res. Symp, No 4, pp 1-23, 1573).

The comeal onlay may be prepared from any one of the known natural or synthetic
polymeric materizls with the requisite mechanical properties such as polymers and
Tiis is the replacemsnt shast
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predeterm ned cell concentration, suffecient to produce a confl uent

nonol ayer of epithelial cells at the conmmencenent of the culture period.
The restricted area was established by using stainless steel (s/s) rings
that have a v-profile silicone Oring at the base, which effectively

provi ded a seal ed chanber into which the cells can be | oaded. After seeding
and culture for sufficient tine for the cells to attach (four hours
culture), the rings were renoved and fyesh culture nedi um applied. The
cells in the epithelial island were then free to grow out over the surface,
at a rate that could be determned in part by the extraceullar matrix
conponent that had been preadsorbed onto the polyner surface. In this

assay, two differ £ ssi bl e. Cell . it her
wtnn (P stole (RESLRIEIS AN i P RuaRaRE e 1D

ci r cul ar silispuesosypeniss| vigylsopolygstass, pelywethamesupalycasbenades RathiecsHd so

| eaving RS Eith o RBIARAYast i SHRIsAEGRBY LMy b Bbbbositibangs t hese assay
formats, "the, extracel | ul ar r’rﬁt,rlx conponefit.s V\%re cogggred fo#. ﬁhelr
i nfl uenc%f@ﬁﬁy ﬁ%c@@?%@%\%’ﬁ B PROBERR Qi shripkages lack of pPROSUY 10 MER of
Sur f aces riefechiel weigtitlspediss, bid poor celiRofethientpicpesistS erent defined |
matrices have been tested for their ability to support attachnment of

corneal epithelial cells, by pre-adsorbing the follow ng proteins onto
tissue ciflhere e mipokyof golpmeria miterialsis msakii thy peodpciies ofalcomesiasniay, bi ndi ng
o o el ) i OB IO B shopBc U
give 2 resultant polymeric network. As mentioned above, the skirt may be formed of
different polymeric or other materials than the optical axis region so as to allow tissue
in;@@mhg this being a function of greater poresity. The skirt region may be formed from
one or more of the aforementioned polymers, ceramics or any other biccompatible
" non-biodegradable material having pores with a diameter greater than about 20 microns so

as to allow tissue ingrowth. o '

The comeal onlay of this invention may be produced according to stendard technigues for
the production of comeel ounlays as ars well known in the art. Clearly the precise
techniques used for the polymerization of polymers, copolymers, mixtures thereof,
production of ceramics, and the joining of optical axis region to skirt where necessary,
will depend upon the nawre of the materials employed, with appropriate methodologies
being adopted for respective materials according 1o conventional procedurss.

The comneal onlay may be shaped during or at the conclusion of its production process
eccording to standard smilling, pbﬂishing, and/or shaping procedures as are well known in
the field for the production of comeal prostheses. By way of example, the comeal onlay
produced by poﬂym‘eﬁ;a&on is formed to shape either by moulding during polymerization,
or by lathing of a preformed button. Alternatively, the optical axis region may be first
formed to shape, for example, by either moulding or lathing ofa preformed button,
whereafter a skirt is antached to the periphery of the optical axis region by pelymerization
thereabouts. Alternatively, the optical axis region may be attached to 2 porous outer skirt,
for example, by dipping the skirt in acetone and pressing the two together. Alternatively,
an optcally acceptable adhesive may be used of materials fused together by the
application of heat such as generated by a pulse laser. A skirt may first be formed having
an annular orifice, within which the optical axis is formed either by polymerizadion of
fixation of a pre-formed button.

This in the replacement shast
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2. Bovine serumfibronectin at 10 [err]g/m . (from Sigma); 3. Mirine
lamnin at 50 [err]g/m (Purified fromEHS sarcoma, provided from
Col | aborative Bionedical); 4. Murine Collagen Type IV at 40 [err]g/m.

(Purified fromEHS sarcoma, provided from Col | aborative Bi onedical); 5.
Bovine Collagen Type | at 1.5 nmg/m . (Purified from bovine calf skin,
"Cel | agen” fromICN). These precanti ng concenrations were chosen to

be |l evels that would offer nmaxinmal stinulation of cell adhesion. 80 [err]l
of matrix solution were added at the predterm ned concentrations to
replicate tissue culture polystyrene wells (96-well culture trays) and

| ncubat egy,d B@Eag BFa %@i‘ﬁq?qggn%& fbd bEco Eﬂfad%% Péﬁ@%{: g@ov | F?g (ig&eé} &enoved

and t he Suar a so lon O erum al bum n

in ser unwek &@owmﬂ‘@fﬁ@@.@m@m onlpysuradparticalarhineolpwationroynd gierpueil Thi s
' bl ocki n&egsbmaganw@m{ag@éf@elca&@amsnﬁgpnﬁﬁmmed cell binding sites are

effectively neutralized prior to cell seeding. The bl ocked tissue culture
pol ystyrene surface was al so included in each assay and, as a result
The corneal onlay according to this invention is adapted for epithelial recolonization. By

this is meant that the polymeric substance from which the onlay is formed does not inhibit
cellular attachment or metility. Additionally, the respective surfaces of the onlay may be
modified as is hereinafter described to facilitate celluiar attachment.

‘The outer posterior and anterior surface of the comeal onlay may be modified by the
application of a polymer having pendant groups capable of being converted to reactive
functional groups which are thereafter capable of covalenty coupling to the onlay surface.
For example, a swrface modifying composition may comprise a poly amino acid, such as
polylysine, where, for example, about 10 mol per cent of pendent groups axe capable of
being converted to niwene functional grotps. The modified surface may of itself, stimulate
the adhesion of celis adjacent to the implanted onlay, such es epithelial cells, or cells of '
the stroma. Alternatively, the modified suxface may be coated with one or more
components which promote-the growth of tissue adjacent (o the implanted onlay. For
example, such materials include fibronectin, laminin, chondroitan sulphats, collagen, cel
artachment proteins, anti-gelatine factor, cold-insoluble globulin, chondronectin,
epidermal growth factor, mussel adhesive protein, thrombospondin, vitronectin, and
various proteoglycans, and/or derivatives of the above and mixtures thereof. Fibronectin,
derivatives of fibronsctin, epidermal growth factor, derivatives of epidermal growth factor
and mixtures thereof are particularly useful. Alternatively, the corneal onlay itself without
surface moedification may be directly coated with one or more components which promote
the growth of tissue a&jacem to the implanted onlay and/or cell adhesion to the onlay.
These components may be any component or components which provide cell adhesion
and/or promote cell growth such as growth factors and adhesion factors. Preferred
materials are those detailed in connection with the application to a surface modified
corneal onlay. Preferably, the coating of components which promote the growth of tissue
adjacent to the implanted onlay are covalently bonded to the onlay, without effecting the
optical properties thereof, As 2 resuit of surface modifications, or by virtue of inherent
properties of the onlay, the onlay of this invention is adopted for epithelial recolonization.

The comeal onlay according 1o the invention described herein is distinct and superior to

prior art proposals in that it provides an effective flow of high molecular weight dssue
This is the replacemant shest
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23 - of the treatnent with al butmin, served as an effective negative
control . Cell Attachnent Assay: One hundred [err]l aliquots of 0.7 - 1.0
x 10[err] cells/m for cultured cells, or 3.0 - 5.0 x IO[err] cells/m for
primary ctells in 1% (wv) bovine serumal bumn in serumfree culture

medi um were added to each well and incubated for ninety m nutes at
37[erv] C. Cell adhesion was determ nedghy nethylene blue staining and
absorbances read at 650 nmon a plate-reader. Collagen Type |I was used as
the reference substrate for each cell origin type and cell attachment set
at 100 % and so for the puposes of reporting, cell adhesion to all other

TRt 1 C R S BN ASAE iR YRS AGR B oL1R bofheh U6 IR RGRCH RGeS 1
10 support and to stimulate the coverage of the anterior surface of the implant with comeal
epithelial cells through the processes of migration from the adjacent tissue and
swatification, and to support the maintenance of the epithelial tssue that covers the
implant, or indeed any other tssue which covers the implant. Transcormeal signelling is
provided, for exampls, during the initial period after implantation, such as during coverage
of the implant with epithelivm, and furthermore provides for the porosity of the implant
iowards therapeutic compounds applied to the anterior surface of the implant.

The comeal implant according to this invention may be inserted into the sye according 1o
eswmblished keratectomy procedures as exe well known in the field.

This invention will now be described with reference 1o the following non-limiting Figures
and Examples. '

FIGURES

FIGURE 1: is a histogram which depicts the percentags (%) of animals with corneal
ulcers for specific membrane pore sizes. Column A represents the
membrane materials Cuprophan / Gambrane.

FIGURE 2: is a histogram which depicts the percentage (%) .of animals with epithelial
and enterior stromal thinning for specific membrane pore sizes. Column A
represents the membrane materials Cuprophan / Gambrane.

FIGURE 3: s a histogram which shows bovine corneal epithelial cell attachment to
tissue culture polystyrene {TCPS) in fractionated serum after twenty four
hours. The X-axis represents the medium. The Y-axis represents the
percentage czll number of control, wherein the control = DD/Fn at day 6,
set at 100 %. DD represents serum free culture medium and 20% (v/v)
fibronectin and vitronectin-depleted serum; *100k" represents serum-free
culturs mediem, to which was added 20% (v/v) of Fraction 1, having
serum factors of 1000 to 100,000 daltons in size; "30k” represents
serum-free culture medivm, to which was added 20% (v/v) of serum factors
of 1000 to 30,000 daltons in size; “10k” represents serum-free culture

medium, 1o which was added 20% (v/v) of serum factors of 1000 to 10,000
This is the seplacemont shast
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Cell Qutgrowth Assay: One hundred [err]l aliquots of cultured bovine
corneal epithelial cells (passage nunbers 5 to 7) of linbal origin were
seeded at 5 x 105 cells/m into the cent of the stilress steel mgration
fences, or 0.45 m aliquots of cell suspension at 1 x 10[err] cells/m
seeded around the outside of the fences. These concenrations were
suffiecient to give a uniform nonol ayer. gf. attached cells after four hours
i ncubation. Cells were .incubated for four hours at 37[err]C before renoval
of the fences. The culture nedi umused was 20 % (v/v) feotal bovine serum
depl eted of fibronectin and vitronectin, in 40% (v/v) Dul becco's Wi nal

Essential Medium agﬂﬁ{ges( W/ st f@gj@pﬁ@% ga-egsur eﬁﬂfﬂes&ﬁm&&%ﬁﬂm{%

conducted in tripli _ faces coat i 5&5@%
Fi bronectin - fi br erhéch was aggedcidfh bdvhel s@am}ng’gﬁpﬁ af)1000 t9 daligngénat ed

at 25 [err]g/m c) oG ‘ﬁb" ?Q&E‘m‘héﬁ% dultcR SegRhed 28% @\W}ﬁb&@ﬂéé&@/aﬁh The
precoatings were i ncubat ed for op #'F‘Whé err,) C@ use | ng
the culture peri odYiFRRecHG{apicies L@Eﬁ“ﬂ‘ ‘Eﬁ?&’ﬁﬁé&sé g) Shf t"3The
out growt h i ndex Mﬁ&uh@n@é@@ﬁé@ﬂmdm&SFn denotes that the tissue culture poﬂystyr»ne surface

was precoated with fibronectin.

FIGURE 4: is a histogram which shows comeal epithelial cell outgrowth on tissue

' culture polystyrene (TCPS) in fractionated serum after six days culture.
The X-axis represents the medium. The Y-axis represents the percentage
cell number 24 hx/5 (control at day 6); cell outgrowth 6 days /24 hr
{wherein the hatched portion of the columan represents the ocutgrowth, and
the black squares mprésem the cell nurnber). "DD" is serum-free culture
medium <+ 20% {v/v) Fibronectin- and Vitonectin-depleted serum (not
fractionated as to size); "100k” represents serum-free culture medium, to
which was added 20% (v/v) of Fraction 1, having serum factors of 1000 to
100,000 daltons in sizs; “30k" represents serum-free culture medium, to
which was added 20% {v{v) of serum factors of 1000 to 30,000 daltons in
size; “10k" represents serum-free culture mcgimm, to which was added 20%
(v/v) of serum factors of 1000 to 10,000 daltons in size; "100+30+10k”
represents serum-free culture medium, to which wes added 20% (v/v) of
serum factors of 1000 to 100,000 daltons in size; SFM is serum free culture
medium: and Frn denotes that the tissue culture polystyrene surface was
precoated with fibronectin.

Example 1: Passage of Macromolecules Across the Comes is Essential for
Maintenance of Normal Corneal Structure/Integrity

Membranes of differing pore size were implanted into the eyes of cats to determine the
effects of facilitating or blocking the flux of high molecular weight tissue fluid
components across the cornea, both posterior and interior of a corneal implant.

In a first experiment, dialysis zﬁembrancs with a 1.4 nanometre pore size were implanted
into the comnea of cais. These membranes, whilst allowing the passage of glucose, amino
‘acids, water and respiratory gases, block the passage of components having a molecular
weight greater than 10,000 daltons. Both the corneal epithelium and stroma of test animals
Jost integrity over the test period of four weeks. This experiment shews that tissue
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Qutgrowm h I ndex = five(or seven)day cell outgrowh area x 10

initial four hour cell area RESULTS 1. Response of Cultured Cells
Initidal Cell Attachment For cels that had been in culture for a short
period (passage nunbers 2 - 3), each of the extracellular matrix nolecul es
fibronectin, vitronectin, collagen |, collagen IV, and |amnin, were

stinmulatory _ 11 - 24

components having a molecular weight greater than 10,000 daltons, namely proteins and
glycoproteins, ars essentizl for comeal integrity.

Four adult cats were then used in 2 more detailed study.

A. Baseline Measurements

Baseline measurements of corneal integrity including slit Jamp evaluation were conducted.
Details of comneal transparency, vessel hyperzcmia and penetration, surface charac-
teristics, opacitiés, etc, were assessed.

B. Experimental Desien

Two types of membrane, Nuclepore Filter (polycarbonate) and dialysis membrane
{polycarbonate/PEG), were used in this study (Table 1). Prior to implantation, the
membranes were trephined to diameter of 12 mum. The membrane used for Cat 2 had holes
formed at the periphery thereof of 20 to 30 micrometres formed using 2 laser. The '
Nuclepore Filters were rubbed with Miraflow contact Jens cleaner, then rinsed and
autoclaved in sterile isotonic saline.

The dialysis membrane was rinsed and autoclaved in sterile isotonic saline after laser
perforaton.

Table 1: Membrane and Surgical Details

Cat| Implanted | Membrane Membrane Contralzteral Sham
No Eye Type Pore Size {(um) Eye (Y/N7)

1 Lefteye Polycarbonate 0.05 -No

2 | Lefteye |Polycarbonate/PEG|e Non-perforated: No

<0.0014;
@ Perforations: 20-30
3 | Righteye |Polycarbonate - 005 ' Yes
4 | Lefteye  |Polycarbonate 0.1 Yes

C. Surgical Procedure
The cats were anaesthetised to 2 depth of stage 3 - plane 2,

p=o
°
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of initial cell attachnment. The results with cells that were freshly
prepard fromtissue, primary cell suspensions, were simlar but the
responsi veness of these cells to vitronectin was relatively poor. In three
experinments purified extracellular mati x conponents were conpared for the
attachnment, during the f-st ninety mnutes of culture, of bovine corneal
epithelial cells which were used i medj ately after isolation fromthe
cornea. Collagen |, lamnin and collagE%°IV each stinul ated attachment of
corneal epithelial cells. Taken over a series of eight experinents,
fibronectin was also stinulatory of attachment of cells from each region,
but for each cell origin the response of these prlnary | sol ates towards

fibrone i > diasnang g W?W%@B@aﬁmmﬁlsmnmsm the gapgsior Hgidykse
varying 3ovex c@mém:’dnﬁééc%r%m $ha E@e)w @9@?&{@ DandifaP 85EKRL 1 14WakAdoOr Y,
was consi st%nt y..much | ess effectlve t amnin, the coll agens or

fi bronecti iR %@ﬂg cel | attachrrent of each of these primary isol ate

cel | s. Bhi Usisg plasid-ppped fogedps ine@bae of a2 ndif it idiensee Wanidsenebingedd. 2.
Ef fect of ExtgacelluardarMatrix Conponents on the Mgration of Cultured

15

Cor ned i)p CeT1 outgrowtih froma centrally seededarea Table 7 shows the
conpai sén dGf Qik i fead &lne 2etherinrisibh wasclosad with Seedreateyion. 1o €at 3 eud Gaott h

fromthe epjd el w %f&okéﬁ@ﬂﬂ'? O8&hka five to seven day culture period. In
0

Vi ew of t he poor perfornance of vitronectin for

D. Follow _ygﬁvalua;&ion
The eyes were assessed daily untl clinical signs warranted termination (Table 2).

Table 2: Follow up Period

Cat Number of Days
No Prior to Termination
1 23

2 8

3 16

4 Ongoing

Euthanasia of cats was performed with an intravenous overdose of sodium pemobarbnmna
at 140 mgfkg of body weight.

E. Hiswlogy

Animal’s eyes were removed rapidly after euthanasia. During the enucleation, fixative was
dropped on to both eyes (2.5 % glutaradehyde in 0.1 M sodium cacodylate wihydrate,

2 mM calcium chloride, pH adjusted to 7.2 with 1M HCE; at 25°C) at 2 sufficient rate to
ensure that the anterior corneel surface remained moist. Immediately after death 0.3 m! of
fixative was injected into the anterior chamber of cach eye 10 2id the fixation of the
posterior comeal surface.

Corneas were separated from the remainder of the eye and immersed in fixative for sixty
hours 21 4°C, Two 1 mm wide strips were cut from each cornea; one from periphery to

cenwe along the superior-inferior axis; one from periphery to centre aﬂcn% 0 lacernent Shast
his is the rep
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the stinulation of attachment of primary corneal epitheial cells to
vitronectin, this factor was not included.in the conparison. Sone
interesting differences between the different ex lular manix matrnents
are apparent In the presence pf serum depl eted of both fibronectin and
vitronectin, surfaces coated with either fibronectin or Collagen type I
performed well in ternms of area covered by cells noving out froma centra
i sland. The | am nin coated surfaces, pﬁygver, performed poorly relative to
t he ot her surfaces.

nasal-temnporal 2xis.
RESULTS
Tables 3 and 4 provide a summary of the study design and findings.

Clinical Observations
o  The clinical appearance of the membranes, that is, the position and the size of the
membranes, did not change throughout the observation period.

o  Deposition, oedema and neovascularization were more severe in implanted test eyes
compared to the "sham” control eyes, which were not membrane implanted. These
reactions appeared to be localized anterior to the membrane/pockst.

o In the implanted eyes, *deposits’ were observed anterior 1o the membrane,
particularly in the inferior region of the pocket two to three days after surgery.

© For the “sham" eyes, the "deposits’ were mainly located in the central region of the
pocket and appeared less dense than those observed in implanted eyes. The
*deposits’ were of similar appearance to those for the implanted eyes, howsver, they
cid not progress to the same extent.

° Corneal neovascularization started at the site of incision and continued to penetrate
into the stroma overlying the membrane in all cats. However, corneal
neovascularization regressed in one eye {(Cat 4) during the study. The
m@vasculaﬁzahgon observed was a complication of the surgical procedure rather
than vessel growth due to lack of nutrients.

o Anterior stromal 'deposits’ and oedema wers observed for Cat, 1 Cat 3 and Cat 4
throughout the observation period. -

° Anterior sromal deposits, oedema and neovascularization were observed in the
implanted area overlying the non-perforated region of the polycarbonate/PEG
membrane. Eowever, oedeme and neovascularization were not observed in the arca

overlying the perforated region. This Is the seplacement shast
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T-ble 7: Effects of Extracellular Matrix Conponents on the Mgration of

Cul tured Corneal Cells -Cell Qutgrowmth froma Cenually Seeded
I sl and Sur f ace | ndex Culture period five
days: TCPSI NS 3.4 0.0 Fn/ DD 3.2 0.0
Ln/ DD 1.6 0.8 2.2 0a3 Cl meperiod. seven days:
TCPS/ NS 5SA 0.5 -14. Ln/ DD 2.3 0.3
011/ DD 4.2 0.4

o No clinically detectable changes 1o the stroma posterior to the membrane or 10 the

endothelium were observed for any of the implanted eyes.
I Histological Observations

The epithelium over the implanted membrane was reduced both in thickness and in
the number of cell layers, compared to that found in the control cornea {(unoperated
and operated), in Cat 1 and Cat 3 respectively.

The epithelial cells of all the implanted eyes were changed, to some extent, in
moirphology as evidenced by an increase in the amount of extraceliular staining,
more granular nuclei and less well defined cytoplasm.

There was evidencs of an inflammatory reaction in the corneal anterior and posterior
to the membrane in Cat 2 and Cat 3. It manifested as swollen keratocytes, round and
darkly staining cells, presumably neutrophils, and neovesculerization in the posterior
stxoma. '

There was a close association of the celluler changes with the implanted membrane

in Cat 2. This is evidenced by: '

- the density of keratocytes increased dramatically approaching the membrane;

- there was an increased number of small, round, darkly stained cells (possibly .

‘ neutrophils) within the epithelium overlying the membrane and in the stroma
anterior and posterior to the membrane;

- in areas over the non-perforated region of the membrane, Bowman's layer
appeared to have broken down;

- granular ma.cm,crial was observed edjacent to the stroma/membrane interface; the
anterior stroma/membrane interface accumulated a thicker layer of granular
material than that seen posteriorly in Cat 2;

- morphological changes in cellular components of the epithelium appeared more
obvious in areas overlying the non-perforated region of the membrane than over
the perforated region; '

The endothelium appeared intact and continuous in all the implanted eyes.

In Cat 3, 2 mass of keratocyte-like cells penetrated between Descemet's membrane
and the anterior surface of the endothelial cells in the implanted eye. Several red
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In Tabl e7 the follow ng abbreviations are used: TCPS =tissue culture

pol ystyrene NS =foctal calf serum (not depleted of fibronectin or
vitronectin) Fn =fi bronectin Ln = Imninin Col | =collagen | DD
= foetal calf serum depleted of both fibronectin and vitronectin i)

Cell In growth froma Peripherally Seeded Ring. Corneal epithelial cells
Seeded *around the outside of the fences were nonitored, until one replicate
of any treatnent had com pletely coveredsthe central are of the well. The
ef fectiveness of each treatnent was cal cul ated and expressed as a
percentage, of the central area that was covered at the end of the
experinental period. Table 8 shows the conparison of differnt

extracel | ul ar168d ELiks @é&a&tﬁm%ﬁ%dﬁ&ijg @%gﬁ&%{bﬁe&mﬁn&&w&m al cell

i sl ands over seven day cul ture perl 0 mat gave simlar results
to those foun%hféﬁ feaiures dvere agpt abseryed &t the("shean” a¥8ni ni n aggain proved to be a
poor surface for the pronmotion of mgratory activity, but Fibronectin and

col  agen As shown & c;vgcntnl Yams whzc% 'pmven% %Iu?ﬁeo!f lhigrg x%ro?e&;h&@ weight proteinaceous

tissue components across the cornea results in degeneration of the stroma and breakdown
of the Bowmzn's layer as well as a loss of integrity of the corneal epithelium.
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Det ermi nation or the mol ecul ar wei ght of serumtrophic factor(s) that

support the mgration and outgrowth of corneal
Frationation f serum Foet al

EXPERI MENTAL

epi thel i al

cells

bovi ne serum was depl et ed of

t he cell-adhesive nol ecul es vitronectin (Vitmectin) and fibronectin

(Fi bronectin) by the nethods we have previously described. This depl ected
Fi bronectin and Vitronectin-depjgeted serumwas then passed through a scries
of
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27 ultra-filtration nmenbranes, in order to separate the serum conponents
into fractions containing conponents of defined ranges of nol ecul ar

wei ghts. Three different non-ionic Amcon ultrafiltration nmenbranes were
used: I. Am con PMLO nmenbrane, with a nol ecul ar weight cut-off 10,000
daltons; 2. Am con PM30 wth a nol ecul ar weight cut-ff of 30,000 daltons;

3. Amcon ) Xml0O with a nolecul ar weighg cut-off at 100,000 daltons. The
menbranes were cleaned prior to use as per the manufacturer's
=comendat i ons. The nenbranes were each preteated with a solution of 1 %
(w'v) bovine serumal bumn in PBS, followed by a wash with sterile PBS, in
order to reduce nonspecific binding of proteins onto the nenbrane surface
and consequental |oss of serum conmponents, during the subsequent filtration

st ep. Thexaswsle @y OaienPemsive Reqtieddifcr Maintend dceaffiBrithalizland Ssoarab Healti\ni con)
and the Fi br hn | D le [T [ of was
stirred %@ﬁ%gﬁéhg@n%@% @;ﬂ%ﬁgggé&ﬁguf%fceﬁ%ggﬁy 7§aﬂr]:&g%dr {nlé)élg%g g%e&o@u 00 kPa.

" cats {n =30). All cats were free of ocular or systemic disease. The details and
chamacteristics of the membranes used in this study are set forth in Table 5.

Table 5: Membrane Materials and Specifications

Names Materialls Pore size (nm)Porosity (ca %)} Diameter {mm)
Cuprophan |Regenerated <15 10
cellviose -

Gambrane [Polycarbonate/P 1.4 - 1Zand 8
Poretics | Polycarbonate 25 ‘1.50 8

100 2.36 12 and 8
Nucleopore | Polycarbonate 50 1.20 122nd 8

' 15 0.10 8

Prior to implantaticn, the membranes were trephined to 2 diemeter of 12 mm, 10 mm or
& mm.

Surgical procedure and follow up sValuaﬁo;n was carried out according to Example 1. The

number of animals which were implanted with specific membranes are set forth in
Table 6.

Teable 6: Summary of Animal Status for Each Membrane Type

Nucleopore

Number |Cuprophan| Gambrane |Poretics 25 nm
: 100 am) 50 nm) 50 nm

Total
implanted

2 3 8 15 | 16 | 6

Of the large amount of clinical observations and histological data assembled, the most
pertinent data for an assessment of epithelial and swomal health following onlay

membrane insertion is corneal ulceration, and epithelial and anterior sromal thinning.
: This is the replacement shaet
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The fraction of the serumwas perfornmed by the follow ng nethod: The

Fi bronectin and Vitronectin-depleted serum was diluted wth two vol unes of
steril e phosphate-buffered saline (PBS) and put through a series of
sequentidl filtrations. Al of the Fibronectin and Vironectin-depleted and
diluted serumwas firstly passed through a 43 nm di aneter XMLOO nenbr ane
and the filtrate collected. The retentatg fromthis nenbrane was di scarded.
Two aliquots of the filtrate fromthe XWM00 nenbrane were taken and passed
through either a PMLO or a PMBO 25 mm di aneter nmenbrane. The filtrates from
these two nenbranes separately collected and the retentates of these

menbr anes were di scarded. Low nol ecul ar wei ght conponents were renoved from
these filtrate fractions and the remai nder of the conponents in the

fracti onsgigefeel ﬁmwns@m waidh senvwnt tik Reroeatdgewf shintalsirscachlimplaatedd to be

equal to the voI une no Lt
recover y)@ W@;Pf@ @%ﬁﬁﬁ%'@ﬁg aﬁ%@@%ﬂfﬁ/gﬁ&qn@g@%%%m th an
excl usi ommﬂgﬁ b@m&zmof)m)nmahbwn& corfisalrdcorenian. Bigy gtrsert ofianémils| | owi ng

fractions @ﬁ%%@ %%E%%ﬁéﬁnﬁ%ﬁg hgvé %g?z%tﬁé%ﬁ% o BB m%/d cornéd! %@éeh’éﬁ%n The

filtrate E@ was su sequent retal ne
upon t he Effectivelyshe seme rasultavascbprived fasthaunrephns #0d i sHTOBHSIT

in the 1, QRRh hadd pBRGiskadta@pfoxiAMBR less than 1.5 nm. No ulceration was seen in
' animals implanted with membranes having pore sizes of 50 nm and 100 nm.

Figure 2 shows a histogram which sets out the percentage of animals with epithelial and
anterior swomal thinning following oculer implantations of membranes of varying pore
size. Figure 2 clearly shows that as the pore size of the implanted membrane decreases,
the number of animals with epithelial and anterior siromal thinning increases. All animals
implanted with membrenes having a pore size of 15 nm or less exhibited epithelial and
anterior stromal thinning. Membranes having a pore size of 25 nm resulted in 75 % of
animals showing epithelial and anterior stomal thinning, This figuxe fell 1o 31 % and

27 % respectively for membranes having a pore size of 30 nm and 100 nm.

Figures 1 and 2 clearly show that the pore size of corneal onlays for the insertion into the
eyes of animal should be greater than about 15 nm.

Example 3: Corneal Epithelial Tissue Requires Trophic EMQMQMM
Greater Than 10.000 Daltons for Cell Attachment, Migration and Epithelial Outgrowth
In this experiment the requirement for access to tissue fluid factors, as exemplified by
serum, to enable the optimal proliferative and migratory responses of corneal epithelial
cells was determined. Corneal epithelial cells were maintained in a culture medium
{(serum-free) which provided for the requirements of the cells for glucese, nutrients,
metabolites and small physiological molecules. The purpose of the experiment was o
determine the reguirement of these cells for tissue trophic factors, in oxder to permit
certain cellular functions that would cnabﬂe the colonisation of a comeal irnplant with
corneal epithelium and for the maintenance of that epithelial tissue. This was
demonstrated by examining the effect of the addition to the culture medium of serum, as
an example of such tissue fluids, upon migratory and outgrowth activities of comeal
epithelial cells.

As the purpose of the experiments was to determing the requirement of corneal epithelial
This is the seplacement shast
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Fraction 2: The filtrate fromthe XMLOO nenbrane that was al s'o a

filtrate of the PMBO nenbrane but was subsequently

retai ned upon the uUw - 28
- ' _ menbrane - this preparation would contain conponents
in the 1,000 30,000 daltons range. Fraction 3: The

filracte fromthe XMLOO nenbrane that_qas also a filtrate of the
PI MLOO nenbrane but was subsequently rétained upon the UM
menbrane - this preparation would contain conponents in the

cells for factors with a rophic effect, the experiments were designed in a manner to
remove the possibility that any stimulatory effect of serum factors could arise solely due
o direct stimulation of cell attachment following adsorption of the serum factors onto the
polymer surface. Two tissue and serum factors, fibronectin or vitronectin, can be found in
a soluble form and can also adsorb onto surfaces, and in this insoluble form can serve to
promaie cellular attachment. In order to distinguish betwesn nutrient or trophic support
from serum factors, as distinct from stimulation of celluler adhesion to the culture surface
as a result of adsorption onto that surface of serum fibronectin and/or vironectn, the
serum used in these experiments was exhaustively depleted of the adhesive proteins
fibronectin and vitronectin prior to use in the cell assays.

The cell culture assay system used for the determination of the effect of tissue trophic
factors was chosen to represent the corneel onlay material of the prior art, in being
supportive of the processes of initial cell attachment. The comeal epithelial cells were
cultured on the synthetic polymer surface called tissue culture polystyrene, which is an
oxidized polystyrenc suzface that has been optimized for support of cellular attachment. In
having a surface chemistry that is supportive of the attachment of corneal epithelial cells,
this polymer surface resembles that of an example of a comeal onlay described in the prior
' art, insofar as cell adhesion is concerned. '

It has previously been proposed that extraceliuler matrix components such as fibronectin,
leminin or collagens may stimulate the cellular attachment activity of corneal epithelial
cells. In preliminary experiments, different extraceliular matrix components were
compared for their ability to support the initial attachment and outgrowth of comeal
epithelial cells when the factors were adsorbed onto a culture surface, in order to
determine an aptimal. surface for the stimulation of comeal epithelial cell migratory
activity. In these preliminary experiments, the culture medium used was serum-free
medium conining 20% {(v/v) foetal calf serum depleted of both Fibronectin and
Viwronectin, in order that the effectiveness of the differsnt extracsilular matrix components
may be determined without any contribution from vitronectin or fibronectin adsorbed from
the serum component of the culture medium.

In order to investigate the migratory response of bovine corneal epithelial cells to the
various exwacellular marix components, it was appropriate to determine the rate of
outgrowth of cells from a cell island. This was achieved by seeding cells onto a defined

cenwral region of the culiure surface (tissue culture polystyrene) of a known diameter at a
This is the seplacement shaet
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1,000 10,000 daltons range. Serum
fractionation strategy ' Fetal bovi ne serum
(depl eted of Fn and Vn) Diluted 1:3 with PBS
100 KD MW cut - of f filter 100
filtrate- -

) ~22 -

predetermined cell concentration, sufficient to produce a confluent monclayer of epithelial
cells at the commencement of the culture period. The restricted area was established by
using stainless sieel (s/s) vings that have a v-profile silicone O-ring at the base, which
effectively provided a sealed chamber into which the cells can be loaded. After seeding
and eulture for sufficient ime for the celis to attach (four hours culture), the rings were
removed and fresh culture medium applied. The ¢ells in the epithelial island were then
free to grow out over the surfacs, 21 a rate that could be detenmined in part by the
extracelluler mawix component that had been preadsorbed onto the polymer surface. In
this assay, two different formats were possible. Cells may be seeded either within the
region of the central chamber thereby effectively creating a circular island of cells, or
alternatively outside the chamber and so leaving 2 central region of the surface devoid of
cells. Using these assay formats, the extracellular matrix components were compared for
their influence upon the cutgrowth of epithelial cells.

EXPERIMENTAL
Preparation of Surfaces of Extracellular Matrix Components: Five different defined
matrices have been tested for their ability to support attechment of corneal epithelial cells,
by pre-adsorbing the following proteins onto tissue culture polystyrene and then blocking
any residual protein binding sites with 1 % (w/v) solution of bovine serum albumin:
1. Bovine serum vironectin at 5 pg/ml (Isolated as previousty described};

- 2. Bovine serum fibronectin at 10 pg/ml. (from Sigma);
3. Mourine laminin at 50 pg/ml. (Purified from EFIS sarcoma, provided from

Callaborative Biomedical};

4. Murine Collagen Type 1V at 40 pg/ml. (Purified from EHS sarcoma, pmvnded from
Coilaborative Bmmed..acaﬂ),

5. Bovine Collagen Type [ at 1.5 mg/m). (Purified from bovine calf skin, "Celiagen”
from ICN). |

These precoating concentrations were chosen 10 be levels that would offer maximal
stimulation of cell adhesion. 80 1l of matrix solution were added at the predetermined
concentratons to replicate tissue culture polystyrene wells (96-well culmure trays) and
incubated for one hour at 37°C. The matrix solutions were then removed and the surfaces
*blocked’ with a scluton of 1% (w/v) bovine serum zlbumin in serum-free culture
medium and incubated for one hour at 37°C. This blocking’ step ensurcs that all
non-matrix supplied cell binding sites are effectively nentralized prior to cell seeding. The
blocked tissue culture polystyrene surface was also included in each assay and, as a resul:
' This is the ﬁ@p&@cgm@m shast
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30 KD cut-off 10 KD cut-off

filter 100 KD filtrate . 30 KD filtrate 10
KD filtrate Concentrated to original volunes by retention upon a
1kD MV cut-of f filter Each of these fractions were sterilized after
preparation by passage through a Gelman 'Acrodisc[err] 0.22 [err]mfilter.
The serum fractions were run on a 12.52%.pol yacryl am de m ni -gel (Bi oRad

. Protean I1) under non-reducing conditions, to confimthe efficacy of the
filtration pocedures, and the protein concenation for each fraction was
determ ned. according to standard procedures.

of the weatment with albumin, served as an effective negative control.

Cell Attachment Assay: One hundred ul aliquots of 0.7 - 1.0 x 10° cells/mi for cultured
cells, or 3.0 - 5.0 x 10° cells/mi for primary cellsin 1 % (w/v) bovine serum albumin in
serum-free culture medium, were added to each well and incubated for ninety minutes at
37°C. Cell adhesion was determined by methylene blue staining and absorbances read at
650 nm on a plate-reader. Collagen Type I was used as the reference substrate for each
cell origin type and cell attachment set at 100 %, and so for the purposes of reporting, cell
adhesion to all other matrices was expressed as 2 percentage of that on the Collagen

Type I in the sams experiment.

Cell Quigrowtk Assay: One hundred 2] aliguots of cultured bovine corneal epithelial cells
{passage numbers 5 to 7) of limbal origin were seeded at 5 x 10° celis/ml into the ceatre of
the stziniess steel migration fences, or 0.45 ml aliquots of cell suspension at
1 % 108 celis/ml seeded around the outside of the fences. These concentrations were
 sufficient to give a uniform monolayer of attached cells after four hours incubation. Cells
were incubated for four hours at 37°C before removal of the fences. The culture medium
used was 20 % (v/v) feotal bovine serum, depleted of fibronectin and vitronectin, in 40%
(v/v) Dulbecco’s Minimal Essential Medium, 40 % (v/v) Ham's F12 medium.

Esch treatment was conducted in triplicate using the following surface coatings:
a) [Fibronectin - fibronectin, precoated at 10 ug/ml;

b} Lu-laminin, precoated at 25 ug/ml

¢) CI-collagen type I, precoated at 187.5 pg/ml

The precoatings wers incubated for one hour at 37°C prior 10 use. During the culture
period, the culture medium was changed every third day.

The outgrowth index was calculated as:

Outgrowth Index = five {or seven) day cell outgrowth arez x 10
initial four hour cell area

RESULTS
1. Response of Cultured Cells - Initial Cell Attachment, For cells that had been in

culture for a short period {passage numbers 2 - 3), each of the extracellular matmix
molecules fibronectn, vitronectin, collagen I, collagen [V, and laminin, were stimulatory
This is the replacemant shast
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- 29 - Assay of Effects of Serum and Serum Fractions upon Cor neal
Epithelial Cell Gowh and Mgration The Fi bronectin and
Vitronectin-depl eted serum and deplete serumfractions, prepared as
descri bed above, were added to the culture nedium (1:1 Dul becco's Mdified
Essential Medium Hami's F12 serumfree culture nmedium at a concentration of
20 % (v/v) in order to study the effects of die various fractions upon the
attachment and growth of bovine cornealygpithelial cells and the assays
wer e conducted over a culture period of six days. Culture wells were set -
up with sterile stainless steel "fences" which were contained within the
well's and centrally located. Aliquots (100 [err]) of a call suspension of
corneal oF i:%i@a?ﬂl ésﬁl attachment. The results with cells that were freshly prepared from tissue,
primary cell suspensions, were similar but the responsiveness of these cells to viwonectin
was relatdvely poor. In three experiments purified extacellular matrix components were
compared for the attachment, during the fixst ninety minutes of culture, of bovine comeal
epithelial cells which were used immediately after isolation from the cornea. Collagen I,
laminin and eollagen IV each stimulated attachment of comeal epithelial cells. Taken over
a series of eight experiments, fibronectin was also stimulatory of attachment of cells from
each region, but for each cell origin the response of these primary isolates towards
fibronectin was varisble from experiment to experiment (mean response varying over a
2.3 t0 2.8 foid range). Vitronectin, although stimulatory, was consistently much less
effective than laminin, the collagens or fibronectin in promoting cell attachment of each of

these primary isolate cells. This is a surprising ﬁndxng insofar as vitronectin is concerned.

2. Effects of Extracellular Matrix Components on the Migration of Cultured Corneal
Cells

iy Cell gutgrowth from a centrally seeded area. Tabls 7 shows the comparison of
different extracellular matrix treatments for cell ountgrowth from the epithelial cell islands
over a five 1o seven day culture period. In view of the poor performence of vitronectin for
the stimulation of attachment of primmary comeal epithelal cells to vitroneetin, this factor
‘was not included in the comparison. Some interesting differences between the different
extracelluler matrix treatments are apparent. In the presence of serum depleted of both
fibronectin and vitronectin, surfaces coated with either fibronectin or Collagen type I
performed well in terms of area covered by cells moving out from 2 central island. The
laminin coated surfaces, however, performed poorly relative to the other surfaces.
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cells (prepared from bovine cornea tissue) were each seeded into stainless
steel "fence" enclosure at a density of 5 x 10[err] cells/m. This cel

| oadi ng was sufficient to give a confluent nonol ayer twenty four hours
after seeding the cells into the culture area defined by the |lumen of the
fence, in a culture nmediumthat contained intact serum In these
experinents the fences were renoved fromthe culture wells after twenty
four hours culture, then the culture nedium volune adjusted and the culture
allowed to continue. Each test sanple-2§-Fi bronectin and
Vitronectin-depl eted serumfraction was assayed in triplicate wells, with
one well being for quantitation of the area of the culture containing
cells after a twenty four hour culture period, and two wells being used for

measur i Ngridie 7858808 b Bknt@VRlhs Mteix Qdugéntats Oh thdMigarion pf Catteredi me- poi nt

the cell's were EhxReh Mgl ¢AI ORtgrowii B6maATentafly Sdeddll Bizadi | e PBS at
| | he- ey—nas—de W ned by staining with

4[err] C W FaN=V S s TV Y TIR S VARRVY=Y
Met hyl enel Bl ue after O iver &wi@ee and|nde

Xampunt of bound stain neasured

col ouri rically at 655 nm GPEUUP) at of Mk SPet byl ene bl ue st ai ni ng was
used to dE ] e | pubEsensh 4 Wi mage anal ysis using a
Quant i rret@@g%} g@%ﬁ% \ Sor Ufp'r ecting.cells. B he i ncreased col our
foll ow ngl upt ake of the blue stgimp and 4@ geggurel the extent of cell
proliferation (determined.colo __....-.-..-.-.-— on an i nmunoassay
pl ate reader). The c diaDnbif nat gogsg.8eref i) serumfree
culture n‘b&#a% o= geee—20—46-{-vHv)—ef—Frfacti on 3, having
' Col VDD 22 03
Culture period seven days:] TCPS/NS 54+ 05
Fn/DD 47 £ 0.3
Lo/DD 23+ 03
Col /DD 42 + 0.4

In Table 7 the following abbreviations are used:
TCPS = tissue culture polystyrene

NS = foetal calf serum (not depleted of fibronectin or vitronectin)
Fn = fibronectn

Ln = laminin

Coll = collagenl

pD = foetal calf serum, depleted of both fibronectin and vitronectin

) Cell Ingrowth from a Peripherally Seeded Ring. Corneal epithelial cells seeded
around the outside of the fences were monitored, until one replicate of any treatment had
completely covered the central area of the well. The effectiveness of each treatment was
calculated and expressed as a percentage of the central ares that was covered at the end of
the experimental period. Table 8 shows the comparison of different extraceliular matrix
treatments for cell outgrowth from the epithelial cell islands over a seven day culture
pericd. This format gave similar results to those found on the cental seeding method.
Laminin again proved to be a poor surface for the promotion of migratory activity, but
Fibronectin and collagen [ were effective in stimulating cell migration.




serum factors of 1000 to 10,000 daltons in size; ii) serumfree culture

medi um to which was added 20 % (v/v) of Fraction 2 having serum
factors of 1000 to 30,000 daltons in size; iii) serumfree culture

medi um fto which was added 20 % (v/v) of Fraction 1, having

30 - serum factors of 1000 to 100,00 daltons in size; iv)
serumrfree culture nedium to which was added 20 % (v/v) of a conbination
of ' Fractions 1, 2 and 3, havingserumfactors of 1 to 100, 000
daltons in size; V) serumfree culture nmedium+ 20 % (v/v) Fibronectin

and Vitronectin-depl eted

Table 8: Effects of Extracellular Matrix Components on the Migration of Culnured
Comeal Cells - Cell Ingrowth from a Seeded Ring of Cells '

 Surface/Medium | 5 % Ingrowth * (Mean £ SD)
TCPS/NS ' 94.4 + 5.7

Fo/DD 95.6 + 5.7

Lo/DD 529 £ 7.9

Col /DD 95.4 * 438

In Table 8 the following abbreviations are used:

TCPS = tissne culture polystyrens
NS = foetal calf serum (not depleted of fibronectin or vitronecting
Fn = fibronectin’
Ln = laminin
Coll = collagenl
DD = foetal calf serurn, depleted of both fibronectin and vitronectin

* Mean of four hours initial uncovered ares - seven day uncovered area x 10
Mean four hour initial uncovered area

These preliminary experiments showed that both fibronectin and collagen I are stimulatory
of both the initial cell astachment of commeal epithelial cells to polymer surfaces and also
the outgrowth and migration of the cells from cell islands. For the experiments in which
the effect of serum trophic factors was to be determined, the fibronectin-coated polymer
surface was included as being representative of a surface containing a biological adhesive
factor. '

Determination of the molecular weight of serum trophic factor(s) that support the
migration and outgrowth of corneal epithelial cells

EXPERIMENTAL
Fractionation of serum _
Foetal bovine serum was depleted of the czll-adhesive molecules vironectin (Vitronectin)
and fibronectin (Fibronectin) by the msthods we have previously described. This depleted
Fibronectin and Vitronectin-depleted serum was then passed through a series of
This is the seplacemant shest
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scrum (not fractionated as to size). vi) serum free medi um al one. As
descri bed above, two culture surfaces were used: firstly, tissue culture
pol ystyrene, and secondly, tissue.culture polystyrene that had been
precroateéd with bovine serum Fibronectin at 10 [err]g/ M and incubated for
one hour at 37[err]C prior to cell |oading. RESULTS By separating

Fi brortectin and Vi nectinepl eted serumjigp fractions containing known

nol ecul ar wei ght ranges, it was possible to assess the effects of serum
conmponents, within specific nolecular weight ranges, upon corneal
epithelial cell attachnment, mgration and outgrow h. Figure 3 shows the

ef fect of ,t different f 1i prepared from Fj Gte ,

Vi t ronect‘ﬁn#lg%%% ne%&g’é"ra@%gﬁﬁ%&? hogsc %F?éﬁﬁﬁ@%@%@&%ggléee&;ﬁé ﬁgfmi al cells
during t lenfeinisg compenanys ¢frdafinhd mnges cbmblearlar weighth dhmerdiffercptnaghiosie t hi s
experi merng was GeRdustStmehitean f cells present on the surfaces in

: G .
the different treatnents were ,Fose to being the sane for each treatnent
after twenty four hour of culture. The different treatnents could

t hﬁ{) ef OL q, bq%ﬁmmmm hRmbre, #athaSmelectlRt Weight ST B FO000 dloagse in cel |
UMTDEr DSy O micon PM30 with a molecular weight cut-off of 30,000 daltons;

3. Amicon XMI100 with a molecular weight cut-off at 100,000 daltons.

The membranes were cleaned pricr to use as per the manufacturer’'s recommendations.
The membranes were each pretreated with a solution of 1 % {wiv) bovine serum albumin
in PBS, foliowed by a wash with sterile PBS, in order to reduce nonspecific binding of
proteins onto the membrane surface and consequental loss of serum components, during
the subsequent filtration step. The various membranes were held in an ulwafiltration
assembly {Amicon) and the Fibronectin and Vimonectin-depleted serum or fraction thereof
was stirred with a magnetic stirer and filtered a2 an air pressure of 400 kPa.

The fractionation of the serum was performed by the following method: The Fibronectin
and Vitronectin-depleted serum was diluted with two volumes of sterile :
phosphate-buffered satine (PBS) and put through a series of sequential filtrations. All of
the Fibronectin and Vironectin-depisted and diluted serum was firstly passed through a
43 mm diameter XM 100 membrane and the filtrate collected. The retentate from this
membrane was discarded. Two aliguots of the filtrate from the XM 100 membrane were
taken and passed through either a PM10 or a PM30 25 mm diameter membrane. The
filrates from these two membranes separatsly collected and the retentates of these
membranes were discarded. Low molecular weight components were removed from these
filtrate fractions and the remainder of the components in the fractions were concentrated
back down to a volume that was calculated to be equal to the volume if they had not been
diluted (and assurning full recovery), by treatment upon a 43 mm diameter Amicon UM2
membrane with an exclusion cutoff of 1,000 daltons. Thers were, therefore, the following
fractions, as also outlined in the attached Scheme 1:

Fractdon 1: The filrrate of the XM 100 membrane that was subsequently retained
upon the UM2 membrans - this preparation would contain components
in the 1,000 - 180,000 daltons range.

Fraction 2: The filoate from the XM100 membrane that was also a filorate of the

PM30 membrane but was subsequently retained upon the UM2
' This is ihe seplacement shast
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the initial twenty four hour culture period, having a simlar popul ati on of
cells in the assay at the twenty four hour tinme point. Figure 4 shows
the effects of these various fractions upon the area of the culture surface
covered with cells during a six day culture period, expressed as the cell
outgrow h index (calculated as described above). Figure 4 also conpares
these-results in a manner that relates the increase in cell culture area
over the six day culture period (expressed as a rado of that at twenty
four hours) to the cell attachnent data (at twenty four hours). Cel |

m gration and outgrowth of the islland was evident on all the nediunm surface
conbi nations, but to markedly different extents. On average, .in the
treatments contai ni nBembEANG ks Prepamyien wauldpeuiaif-COSROBERE 17 B6t al cal f
serum (the positive gg000ok3,000 dkbshst t ment containing 20 % (v/v) of serum

g r 2&; 2%’:'@@@{]@%\/ N9 S e‘%ﬁ%{@%%et fom gﬁé ):(1\2 éugmbréze that was also a filtrate of the
PM10 membrane but was subsequently retained upon the UM2

membrane - this preparation would contain components in the
1,600 - 10,000 daltons range.

SCHEME 1

Serum fractionation strategy

Fetal bovine serum

(Gepleted of ¥a and Vn)

Diluted 1:3 with PBS
F
100 XD MW cut-off |
filser
100 KD filtrate
30 KD cut-off | 10 KD cut-off i!
© filter Jilter
Y
100 KD filtrate . 30 KD filtrate 106 XD fiitrate

o R

Concentrated to original volumes h‘y retention upon a 1kD MW cut-off filter

Each of these fractions were sterilized after preparation by passage through 2 Gelman
*Acrodisc’™ (.22 um filter. The serum fractions were run on a 12.5 % polyacrylamide
mini-gsl (BioRad Protean II) under non-reducing conditions, to confirm the efficacy of the
filwadon procedures, and the protein concentration for each fraction was determined .-
according to standard procedures.
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31 - 100, 000 daltons in size, the cells mgrated out to cover an area
approximately ten tines larger than those covered by the cells in the
treatments containing Fractions 2 or 3. Furthernore, corncal epithelial
cells cultured in the treatnment containing reconbined Fractions 1, 2 and 3
m grated out to cover about 33% of the area of the positive control

conbi nation on both tissue culture pol y@yrene and fibronectin coated

ti ssue culture polystyrene. Figure 4 nakes an interesting conparison
between the different serumfractions. Simlar |levels of cell attachnent
after twenty four hours culture were seen with the treatnents

Assay of Effects of Serum and Serum Fractions upon Corneal Epithelial Cell Growth
and Migration

‘The Fibronectin and Vitronectin-depleted serum and depleted serum fractions, prepared as
deseribed above, wers added to the culture medinm (1:1 Dulbecco’s Modified Essential
Medium/Ham's F12 serum-free culture medivm) 21 a concentration of 20 % (v/v) in order
to study the effects of the various fractions upon the attachment and growth of bovine
comeal epithslial cells and the assays were conducted over a culture period of six days.

Culmurs wells were set up with sterils stainless steel "fences” which were contained within
the wells and centrally located. Aiquots (100 ul) of a cell suspension of comeal epithelial
cells (prepared from bovine corneal tissue) were each seeded into stainless steel “fence”
enclosure at a density of 5 x 10° cells/ml. This cell loading was sufficient to give a
confluent monolayer twenty four hours after seeding the celis into the culture area defined
by the lumen of the fence, in & culture medivm that contained intact serum. In these
experiments the fences were removed from the culture wells after twenty four hours
culture, then the culture medium volume adjusted and the culture allowed to continue.

Each test sample of Fibronectin and Vitronectin-depleted serum fraction was assayed in
triplicate wells, with one well being for quantitation of the area of the culture containing
ceils after a twenty four hour culture period, and two wells being used for measuring the
area after seven days cuiture. At the appropriate time-point, the cells were fixed with
formol-saline and stored in sterile PBS at 4°C until required. The cell density was
detenmined by staining with Methylene Blue after Oliver ez al., and the amount of bound
stain measured colourimetrically at 655 nm on a plate-reader. Methylene blue staining was
used to determine both cell outgrowth areas (by irnage analysis using a Quantimet 570
image analyser, detecting celis by the increased colour following uptake of the blue stain),
and to measure the extent of cell proliferation {(determined colourimetxically at 655 nm, on
an immunozassay plate reader).

The culure media combinations were: |
3] serum-free culture medium, to which was added 20 % (v/v) of Fraction 3, having
serum factors of 1000 to 13,000 daltons in size;
it} serum-free culture medium, to which was added 20 % (v/v) of Fraction 2 having
serum factors of 1000 to 30,000 daltons in size; '
iii) serum-free culture medium, to which was added 20 % (v/v) of Fraction 1, having
This is the replacement shast
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havi ng either serumfree nmedium al one, or serumfree nmediumcontaining 20 %
(v/v) Fraction 3 (having serumfactors of 1000 to 10,000 daltons in size)
or 20 % (v/v) of Fraction 2 (having serumfactors of 1000 to 30,000 daltons
in size)or 20 % (v/v) of Fraction 1 (having serumfactors of 1000 to
100, 000 daltons in size) or the reconbination of Fractions 1, 2 and 3.
Not wi tthstanding the initial cell attactifent bei ng equival ent for these
different treatnents, there was a narked difference in the increase in cel
area. Only the treanment containing 20 % (v/v) of Fraction 1 (serumfactors
of 1000 to 100,000 daltons in size) and the treatnment containing the

recon?lr]nat | ondsg{mﬂgtgéfggﬂmmma,mm@ﬁ&%ﬁ@g&d for i ncr_?_ﬁsed cell ar F?
over e.Si x da ur ssue cul ture e same resu was
seen for ¥ esé"%“%gﬁ ﬁ \W?dﬁuf“h@ whiFh ﬁ’@éagg %i‘i%o&gétq {3 combieationicfsue
cu: Iture pol ystHeaivas 1, 2@@asﬁnmgmt&maﬁam?m?@wm%elw?g r?t a as
we as iR usi s for sna ecul ar -
wei ght ré@w ren@ggf&gé%e ce?‘%vﬂ@%% %%?ﬁ#&gﬁ?% ﬁ%%ggm@%ese
experinents i §empﬁm&acmnw@fmmm)eal onl ays previously described,
provi di ngyf or JBolh eeelddabah a@gess to nutrients and other small nolecul es

r

and al so pI’OVI ding for a surtface chemstry that supports corneal epithelial
cell attachment. Taken together, these results indicate that there is/are

tissue t nisErileaMbovS, twoTuREERHabdsoirb YisdR HrOt, %ksue'hum&gsai &eiRhe, A
required for tlmal f |th lial c IIcvera of” a gthetlc o“lyrrer
surface SERARC CPE%@W‘FW rpg?‘ﬁ#? Wl&% OVIRH S&TBIY act or (S)

are gr eaﬁ%mn@cum et 10 pug/ml and incubated for one hour at 37°C prior to cell loading,’

RESULTS

By separating Fibronectin and Vitronectin-depleted serum into fractions containing known
meleculer weight ranges, it was possible to assess the effects of serum components, within
specific molecular weight ranges, upon corneal epithelial cell attachment, migration and
outgrowth.

Figure 3 shows the effect of the different fractions prepared from Fibronestin and
Vitronectin-depleted serum upon the attachment of corneal epithelial cells during the fixst
twenty four hour of culture. In the manner in which this experiment was cx;nduczefd, the
number of cells present on the surfaces in the different treatments were close to being the
same for each treatment after twenty four hour of culture, The different treatments could

. therefore be compared for the rates of cell ovtgrowth and increass in cell number beyond
the initial twenty four hour cultuzre period, having a similar population of cells in the assay
at the twenty four hour time point.

Figure 4 shows the effects of these various fractions upon the area of the culture surface
covered with cells during a six day culture period, exprassed as the cell outgrowth index
(calculated as described above). Figure 4 also compares these results in a manner that
relates the increase in cell culture area over the six day culture period {expressed as a ratio
of that at twenty four hours) to the cell attachment data. (at twenty four hours).

Ceil migration and outgrowth of the island was evident on all the medium/surface
combinations, bu1 10 markedly different extents. On average, in the weatments containing
Fibronectin- and Vironectin-depleted foetal calf serum (the positive control} or the

treatment containing 20 % (v/v) of serum Fraction 1 having serum factors of 1000 to
b
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than 1000 daltons in size and are also retained on filters that exclude

nol ecul es of 10,000 and greater. These results indicate that the activity,
or a portion thereof, can be identified as falling within the nol ecul ar

wei ght range of 10,000 to 75,000 daltons (determ ned from bei ng excl uded by
the Am con PMLO nmenbrane filter and included by the Am con XMLOO nenbrane
filter). These serumfactors are not the adhesion factors Fi bronectin or
Vitronectin. 1 - 32 -
These results indicate that there is“g fequirement of corneal epithelia
cells for trophic .

100,000 daltons in size, the cells migrated out to cover an area approximately ten times
larger than those covered by the cells in the eatments containing Fractions 2 or 3.
Furthermore, corneal epithelial cells cultured in the wreatment containing recombined
Fractions 1, 2 and 3 migrated out to cover about 33% of the area of the positive control
combination on both tissue culture polystyrene and fibronectin coated tissue culture

polystyrene.

Figure 4 makes an interesting comparison between the different serum fractions. Similar
levels of cell attachment after twenty four hours culture were scen with the treatments
having either serum-free medium alone, or serum-free medium containing 20 % (v/v)
Fraction 3 (having serum factors of 1000 to 10,000 daltons in size) or 20 % (v/v) of
Fraction 2 (having serum factors of 1000 to 30,000 daltons in size) or 20 % (v/v) of
Fraction 1 (having serum factors of 1000 to 100,000 daltons in size) or the recombination
of Fractions 1, 2 and 3. Notwithstanding the initial cell attachment being equivalent for
these different treatments, there was a marked difference in the increass in cell area. Oaly
the treatment conteining 20 % (v/v) of Fraction 1 (serum factors of 1000 to 100,000
daltons in size) and the treatment contzining the recombination of Fractions 1, 2 and 3,
provided for increased cell area over the six day culture on tissue culture polystyrene. The
same result was seen for these treatments with the surface of Fibronectin-coated tissue

culture polystyrene.

In using these two examples of culture substrata as well as in using a culture medium that
provides for the small molecular weight requirements of the cells, the experimental format
used in these experiments is representative of comeal onlays previously described,
providing for both cellular access to nutrients and other small molecules 2ad also
providing for 2 surface chemistry that supports comeal epithelial cell attachment. Taken
together, these resuzmé indicate that there is/are tissue trophic factors, as exemplified by
factor(s) in serum, that are required for optimal epithelial cell coverage of a synthetic
polymer surface such as the tissue culture polystyrene surface. These factor (s) are greater
than 1000 daltons in size and are also retained on fiiters that exclude molecules of 10,000
and greater. These results indicate that the activity, or a portion therecf, can be identified
as falling within the molecular weight range of 10,000 to 75,000 daltons (determined from
being excluded by the Amicon PM 10 membrene filter and included by the Amicon

XM 100 membrane filter). These serum factors are not the adhesion factors Fibronectin or

Vitronectin. |
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factors fromtissue, for the activities of cell outgrwth and mgration onto
a surface. Tissue factors such as serumstinulate epithelial cell outgrowth
fromepithelial islands, and this effect is not dependent upon the serum
adhesive proteins fibronectin and vitonectin. By nol ecul ar weight
fractionation of the serum this activity has been shown to be greater than -
10,000 daltons in size. Hence, the coggiL onl ays according to this
i nvention have a porosity sufficient t& all ow passage therethrough of
ti ssue fluid conponents having a nol ecul ar wei ght greater than 10, 000
daltons. Exanple 4: Coneal Onlay Preparation Cor neal onl ays may be
prepared_from a pol yner conprising grosslinked nacrocygl es that e made up
of uni t sTemserslis W‘ﬁ%ﬁ Higt gp'fqﬁg@ggquww pf crm@@@%@ﬁé@ﬂ? %&?I@fﬁ@rcor
al It<)e nyl ega@m@,s’iﬁd bmhtiesing) Fof theaxavities dﬂl:egafu will Qi@mh reiemomoal suficeh rr]nay be
substi tute one or more Rlernl radi cals, . each o err . rr],
 ndopendEnti PR b s Rt e s BhiRL Fet SRER TS SRR R U | e
al kyl , fdadahisredfestlislomadepeakitytupon the serum adhesive proteins fibronectin and -

vironectin. By molecular weight fractionation of the serum, this activity has been shown

10 be greater then 10,000 daltons in size. Hence, the corneal onlays according to this

invention have a-porosity sufficient to allow passage therethrough of tissue fluid

components having a molecular weight greater than 10,000 daltons.

Exemple 4: Corneal Onlay Preparation

Cormneal onlays may be prepared from & polymer comprising crosslinked macrocycles that
are mede up of units of the following formula )

—(—CR!=CR*~A—)~

wherein A is alkvlene or alkenylene each having from 3 to 10 carbon atoms and each of
which may be substituted by one or more R? radicals, each of R! and RZ, independently of
the other, is hydrogen or lower alky), and R? is lower alkyl, fluorinated lower alkyl or a
siloxane radical. Such polymers are described in EP-A-501,917 which is incorporated
herein by reference in its entivety.

In 2 first expeziment, 5 % tert-butylper-2-ethylhexanoate is added to poly(l-octene-1,8-
diyl) (rrade name Ves'tenamen@) and the crosslinking agent is incorporated in 2 customary
commercial kneader.under reduced pressure at a temperzature of 35°C. Cornal onlays are
compression molded from the resulting mass at 160°C and a pressure of 5 to 20 bars fora
period of five minutes using suitable dyes. The comeal onlays so obtained have an oxygen
permeability (Dk) of 106 and a tear strength of 2.7 MPa. Pores are formed in the onlays

- using a microprocessor controlled pulss iaser, In the optical axis region of each onlay a
plurality of pores having a diameter of about 200 nm are formed. Outside of the optical
axis region of each onlay a plurality of pores having a diameter of about 208 microns are
formed.

In a second expeﬁmsm onlays are prepared from copotymers of the formula I as described
in EP-A-538,188, which is incorporated herein by reference in its entirety. Specifically,
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sil oxane radical. Such polyners are described in EP-A-501,917 which is

i ncorporated herein by reference inits entirety. In a fist experinent, 5
% tert-butyl per-2-ethyl hexanoate is added to pol y(1-octene-1,8- diyl)
(trade nane Vestenamer) and the crossliniking agent is incorporated in a
customary conmerci al |ineader.under reduced pressure at a tenperature of .
35[err]C. Cornal onlays am conpression nolded fromthe resulting mass at
160[err]C and a pressure of 5 to 20 bars for a period of five m nutes using
suitabl e dyes. The corneal onlays so oRgai ned have an oxygen perneability
(Dk) of 106 and a tear strength of 2.7 MPa. Pores are fornmed in the onlays
using a mcroprocessor controlled pulse laser. In the optical axis region
of each onlay a plurality of pores having a dianmeter of about 200 nm are

formed OickeIQF RIPPY 1900 RNk 368198 <o PaTR AR Rl R jrhati-Rl

pores haV| ng m Crons secon

exper i mefRE 18R Caysingiechy atheras soom nmpaspiurey prelydiss oxKEeT. dy W&mma@ ass
descri be@msm&g%ﬁpéz%%mé 88 1009 HlobtSndd) TRE RRdR iLchrREeaidh MBidegfiGgRRCEe N its

entiret Ye ﬁ‘f’é’ﬁ Qn{ays %@rgs are formed in the onlay as described as above.

Patent and other technicz] sources referred to herein are incorporated by reference into this
specification.

The invention herein described is subject to veriation, as will be appreciated by the skilled

addresses, without departing from its spirit or scope. All such variations are embraced by
this invention.
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- 33 - 100 mmol of tricyclo[1.1.1.0[err])pentane and 150 nmmol of et hyl
acrylate are copol ynerized for two days in diethyl ether at room '
tenperature, excluding oxygen. A sheet ‘with a glass transition tenperature
of 100[érr]C is obtained. The sheet is conpression nolded to give corneal
onl ays. Pores are formed in the onlay as described as above. Patent and
ot her techni cal souces referred to herggn are incorporated by reference
into this specification.

Claims:

~ 1. A corneal onlay for use in surgical implantation into or onto the cormnea of 2 mammal,
said onlay having an optical axis region with optical charscteristics which provide visual
2cuity therethrough, said onlay being comprised of 2 non-biodegradable non-hydrogel
oculazly biocompatible material, and characterized in that said onlay has a porosity
sufficient to allow passage therethrough of tissue flvid components having & molecular

" weight greater than 10,000 daltons, thereby providing for a flux of tissue fiuid between
cells anterior of the implanted onlay and cells posterior therect, wherein the porosity of
the optical axis region is such that it allows the flux of tssue fluid components whilst
excluding ingrowth of oculer tissue, and wherein said onlay is adapted for epithelial

recolonization,

2. A corneal onlay according to claim 1 wherein the periphery of the onlay surrounding
the optical axis region defines a skirt having a porosity sufficient to pennit ingrowth of
ocular tissue so as to facilitats anchoring of the onlay to the cornea.

3. A comeal onlay eccording to claim 1 or 2 wherein the surface of the onlay is modified
so as to stimulate the adhesion of cells adjacent to the implanted onlay.

4. A corneal onlay according any one of claims 1 to 3 wherein the onlay is coated with
one or more components which promote the growth of tssue adjacent o the implanted
onlay, and/or cell adhesion to the onlay.

5. A corneal onlay according to claim 1 wherein porosity of the onlay is provided by a
plurality of pores havin ga size sufficient to allow passage through the onlay of
proteinaceous tissue fluid components having a molecular weight greater than 10,000
daltons but which excludes tissue ingrowth.

8. A comeal onlay according to claim 2 wherein porosity of the visual optical axis is
provided by a plurality of pores having a size sufficient to allow passage through the onlay
of proteinaceous tissue fluid compenents having a molecular weight greater than 10,000
daltons but which excludes tissue ingrowth.

7. A corneal onlay according to claims 5 or 6 wherein said plurality of pores comprise a
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The invention herein described is subject to variation, as wll be

appreci ated by the skilled addressee, w thout departing fromits spirit or
scope. All such variations ar enbraced by this invention.

- 34 - ° dains: 1. A corneal onlay for use in surgical inplantation
into or onto the cornea of a mammal, said onlay having an optical axis
regiorm with optical characteristics wargh provide visual

diameter from 15 nanometres to 0.5 micrometres.

8. A comeal onlay according to claim 7 wherein said plurality of pores comprise 2
diameter from 135 nanometres to 300 nanometres.

9. A corneal onlay according to claim 8 wherein said plurality of pores comprise 2
diameter from 20 to 130 nanometres.

10. A corneal onlay according to claim 2 wherein'said porosity of the skirt is defined by a
plurality of pores having a diameter of at least 20 microns so as to allow tissue ingrowth
and anchorage of the onlay.

11. A corneal onlay according to claim 10 wherein the sidrt is formed of a different
biocompatible non-biodegradable material than the optical axis region, and wherein said |
skirt is either integral with the optical axis region or secured to the periphery thereof.

12. ‘A method for comrecting the optical ?repcMss of an eye or altering the appearance
thereof comprising surgically implanting into or onto the comea a comeal onlay having
optical characteristics which provide visual acuity therethrough, said onlay being
comprised of a corneal onlay for use in surgical implantation into or onto the cornez of a
mamnmal, said onlay having an optical axis region with optical characteristics which
provide visual acuity therethrough, said onlaey being comprised of a non-biodegradable -
non-hydrogel ocularly biocompatible material, and characterized in that said onlay has a

. porosity sufficient to allow passage therethrough of tissue fluid components having a
molecular weight greater than 10,000 daltons, thereby providing for & flux of tissuc fluid
between cells anterior of the implanted onlay and cells posterior thereof, wherein the
porosity of the optical axis region is such that it allows the flux of tissue fluid components
whilst excluding ingrowth of ocular tissue, and wherein said onlay is adapted for epithelial
recolonization.

13. A method according to claim 12 wherein the periphery of the onlay surrounding the
optical axis region defines a skirt having a porosity sufficient to permit ingrowth of ocular
tissue so as to facilitate anchoring of the onlay to the corea.

14. A method according to claim 12 wherein the surface of the onlay is modified so as to
stimulate the adhesion of cells adjacent to the implanted onlay.
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acuity therethrough, said onlay being conprised of a non-bi odegradabl e
non- hydrogel ocularly bioconpatible material, and characterized in that
sid onlay has a porosity sufficient to allow passage therethrough of

ti ssue fluid conponents having a nol ecul ar weight greater than 10,000
dal tons, thereby providing for a flux of tissue fluid between cells
anterior of the inplanted onlay and cejg.s posterior thereof, wherein the
porosity of the optical axis region is such that it allows the flux of
tissue fluid conponents whilst excluding ingrowh of ocular tissue, and
wherein said onlay is adapted for epithelial .recolonization. 2. A
corneal onlay according to claim1 wherein the periphery of the onlay
surrounding the optical axis region defines a skirt having a porosity
suf fi ci @At A mepodmceordingrabaienl bwhesiniha priayds cealabwil ang or MAte | t at e
anchori Eﬂm@%nézﬁ?wﬁféhﬁ*oﬁn&attﬂﬁ Mﬁ%tissue%df&éeﬁ@b ¥ePirn ;N Rhedd oAlaG OLlRY t O
claim1 or whereinh the surface of the onlay is nodified so as to

sti mul afell plEESIRedRGRARIBY. cel I's adj acent to the inplanted onl ay. 4. A
corneal onlay according any one of clainms 1 to 3 wherein the onlay is

coat ed w,t one ,or re onent.s, Wi ot e t.he.growt.h.of tissue:
adj acen%t gW@m@@@g@%ﬂg&&%@%ﬂp;ﬁ;&gﬁgﬂgﬁp%%élo%%@ggﬁr%v@ﬁgggm ay. 5 A
cor neal phiblity of porasdiamipgtacsiz sefincigntub ellew pagsage disoyglvthetaméayoefl ay i s
eal p
provi degr&é’inﬁcsous tssue fluid components having a molecular weight greater than 10,000
daltons but which excludes tissue ingrowth.

-17. A method according to claim 13 wherein porosity of the visual optical axis is
pﬁ@vid@d by a plurality of pores having a size sufficient to allow passage through the onlay
of proteinaceous tssue fluid components having a molecular weight greater than 10,000

~ daltons but which excludes tissue ingrowth.

18. A method zccording to claims 16 or 17 wherein said plurality of pores comprise a
diameter between 135 nanometres to 0.5 micromstres.

19. A method according to claim 18 wherein said plurality of pores comprise a diameter
between 15 nanometres to 300 nanometres.

20. A method according 1o claim 18 wherein said plurality of pores comprise a diamster
between 20 to 150 nanometres.

21. A method according to claim 13 wherein said porosity of the skirt is defined by a
plurality of pores hav"xfmg a diameter of at least 20 micgons so as to allow tissue ingrowth
and anchorage of the onlay. ' '

22. A method according to claim 13 wherein the skirt is formed of a different
biocompatible non-biodegradable material than the optical axis region, and wherein said
skirt is either integral with the optical axis region or secured to the periphery thereof.

23. A method according to clair 12 wherein said onlay is transplanted into the epithelium
of the comnea.

24. A method according to claim 23 wherein the onlay is positioned adjacent the

—__————’——_————_-———-—_— . .
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plurality of pores having a size sufficient to allow passage through the
onl ay of proteinaceous tissue fluid conponents having a nol ecul ar wei ght
greater than 10,000 daltons but which excludes tissue ingrowh. 6. A
corneal onlay according to claim2 wherein porosity of the visual optical
axis is provided by a pluraity of pores having-a size sufficient to all ow
passage through the onlay of proteinaceous tissue fluid conponents having
a nol ecul ar wei ght greater than 10,000 .daltons but which excludes tissue
ingrowmth. 7. A corneal onlay according ‘G claims 5 or 6 wher ei n sai d
plurality of pores conprise a :

35 - -

basement membrane of the cornea.

25. A method according to claim 13 wherein the optical axis region is coloured.

28. A corneal onlay as claimed in claim 1 for use in a method as claimed in claim 12,
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di aneter from 15 nanonetres to 0.5 mcronetres. . 8 A corneal onlay
according to claim7 wherein said plurality of pores conprise a dianeter
from 15 nanonetres to 300 nanonetres. 9. A coneal onlay according to
claim8 wherein said plurality of pores conprise a dianeter from20 to 150
nanonetres. 10. A corneal only according to claim2 wherein said porosity
of the skin is defined by a plurality of pores having a dianeter of at

| east 20 microns so as to allow tissue ingrowh and anchorage of the onlay.
11. A corneal onlay according to claimzk0 wherein the skirt is formed of a
di fferent bioconpati bl e non-bi odegradable material than the optical axis
region, and wherein said skirt is either intergal wwth the optical axis
region or secured to the periphery thereof :

CORNEAL ONLAYS
ABSTRACT

Comeal onlays for use in surgical implantation into or onto the cornea of a mammal are
described. The corneal onlays according to the invention have an optical axis region with
optical cheracteristics which provide visual acuity therethrough and are comprised of 2
non-bicdegradable non-hydrogel ocularly biccompatible material, characterized in that the
onlay has a porosity sufficient to allow passage thersthrou gh of tissue fluid components
having a molecular weight greater than 10,000 daltons so as to provide for a fiux of tssue
fluid between cells anterior of the implanted onlay and celis posterior thereof. The
porosity of the optical exis region is such that it allows the flux of tissue fluid components
whilst excluding ingrowth of ocular tissue, The onlay is further characterized by being
adapted for epithelial recolonization. Also described are methods for correcting the optical
property of an eye or altering the appearance thersof which comprises surgically
implantng into or onto the cornea a corneal onlay as described above.
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12. A method for correcting the optical properties of an eye or altering

t he appearance thereof conprising surgically inplanting into or onto the
cornea a cprneal onlay having optical characteristics which provide visual
acuity therethrough, said onlay being conprised of a corneal onlay for use
in surgjcal inplantation into or onto the cornea of a manmmal, said onl ay
havi ng an optical axis region with optical characteristics which provide
vi sual acuity therethrough, said onlay belng,conprlsed of a non-bi odegrabl e
non- hydrogel ocularly bloconpatlbld mat eri dlj;:and; characteri zed in that
said onlay has a porosity sufficient to aIIOM/passage thheret hrough of

ti ssue fluid conponents having a nol ecul ar ~wei-ght-'gr.éater than 10, 000

dal tons, thereby providing for a flux of tissue fluid between cells
annterior of the inplanted onlay and ceIIs posterior thereof, wherein the
porosity of the optical axis regi omggs=sweh #hat it all ows the flux of

tissue fluid conponents whil st ex_“;i; A owt h of- ocul ar tissue, and
wherein said gflay is adapted for epithelial recolonization. 13. A net hod
according to cdmi m 12 wherein the periphery of the onlay surrounding the

optical axis regi defines a skirt, having a porosity sufficient to permt
i ngrowm h of ocula issue so as to faC|I|tate anchorlng of the onlay to the
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15. A

36.

nodi fied so as to stinulate the adhesion of cells adjacent to the inplanted

14. A nmethod according to claim12 wherein the surface of the onlay is
onl ay.

gtoclaim
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plurality of pores having a size sufficient to allow passage through the
onl ay of proteinaceous tissue fluid conponents having a nol ecul ar wei ght
greater than 10,000 dal tons but which excludes tissue ingrow h. 17. A

met hod atcording to claim 13 wherein porosity of the visual optical axis is
provided by a plurality of pores having a size sufficient to all ow passage
t hrough the onlay of proteinacecous tissue fluid conponents having a

nol ecul ar wei ght greater than 10,000 dal tons but which excludes tissue
ingrowth. 18. A nethod according to clains 16 or 17 wherein said plurality
of pores conprise a dianeter between 15 nanonetres,thG 5..m cronetres.

19. A nethod according to claim 18 wherein salJ pla ty of -pores conprise
a diameter between 15 nanonetres to 300 nanonetres. O ;A nethod accordi ng

!

to 150 nanonetres. 21. A nethod ac@rding to claim13 mhereln sald
porosity of the skirt is defined by a
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plurality of pores having a dianmeter of at |east 20 mcrons so as to allow
ti ssue ingrowth and anchorage of the onlay. 22. A nethod according to
claim 13 wherein the skirt is formed of a different. bi oconpatible

non- bi pdegradabl e material than the optical axis region, and wherein said
skirt is either integral with the optical axis region or secured to the
peri phery thereof. 23. A nmethod according to claim 12 wherein said onlay
is transplanted into the epitheliumof the cornea. 24. A nmethod according
to claim 23 wherein the onlay is positioned adjacent the :
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_..pase'rrent menbr ane of the cornea.. 25. Arret hod according to claim 13 9qsnrsss wes
wher€in the optical axis region is coloured. 26. A corneal onlay as
claimed in claim1l for use in a,nmethod as clained in claim1i2. '
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