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POLYMERIC MATERIALS SUITABLE FOR OPHTHALMIC
DEVICES AND METHODS OF MANUFACTURE

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Patent Application
No. 60/902,593, filed on February 21, 2007, the contents of which are incorporated herein

by reference.

BACKGROUND OF THE INVENTION
[0002] Cataracts are a major cause of blindness in the world and the most
prevalent ocular disease. Visual disability from cataracts accounts for more than 8 million
physician office visits per year. When the disability from cataracts affects or alters an
individual's activities of daily living, surgical lens removal with intraocular lens (IOL)
implantation is the preferred method of treating the related visual limitations. In the
United States, about 2.5 million cataract surgical procedures are performed annually,
making it the most common surgery for Americans over the age of 65. With about 97
percent of cataract surgery patients receiving intraocular lens implants each year, the
annual costs for cataract surgery and associated care in the United States is larger than $4
billion.
[0003] A cataract is defined as an opacity of a patient's lens, whether it is a
localized opacity or a diffuse general loss of transparency. To be clinically significant,
however, the cataract must cause a significant reduction in visual acuity or a functional
impairment. A cataract occurs as a result of aging or secondary to hereditary factors,
trauma, inflammation, metabolic or nutritional disorders, or radiation. Age related cataract
conditions are the most common.
[0004] In treating a cataract, the surgeon removes the crystalline lens matrix from
the lens capsule and replaces it with an intraocular lens ("IOL") implant. The typical IOL
provides a selected focal length that allows the patient to have fairly good distance vision.
After cataract surgery, however, the patient typically needs glasses for reading. This is
explained by the imaging properties of the human eye, which are facilitated by several

optical interfaces.
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[0005] A healthy youthful human eye has a total power of approximately 59
diopters, with the anterior surface of the cornea (e.g. the exterior surface, including the
tear layer) providing about 48 diopters of power, while the posterior surface provides
about -4 diopters. The crystalline lens, which is situated posterior of the pupil in a
transparent elastic capsule supported by the ciliary muscles, provides about 15 diopters of
power, and also performs the critical function of focusing images upon the retina. This
focusing ability, referred to as "accommodation," enables imaging of objects at various
distances.

[0006] The power of the lens in a youthful eye can be adjusted from 15 diopters to
about 29 diopters by adjusting the shape of the lens from a moderately convex shape to a
highly convex shape. The mechanism generally accepted to cause this adjustment is that
ciliary muscles supporting the capsule (and the lens contained therein) move between a
relaxed state (corresponding to the moderately convex shape) and a contracted state
(corresponding to the highly convex shape). Because the lens itself is composed of
viscous, gelatinous transparent fibers, arranged in an "onion-like" layered structure, forces
applied to the capsule by the ciliary muscles cause the lens to change shape.

[0007] Isolated from the eye, the relaxed capsule and lens take on a spherical
shape. Within the eye, however, the capsule is connected around its circumference by
approximately 70 tiny ligament fibers to the ciliary muscles, which in turn are attached to
an inner surface of the eyeball. The ciliary muscles that support the lens and capsule
therefore are believed to act in a sphincter-muscular mode. Accordingly, when the ciliary
muscles are relaxed, the capsule and lens are pulled about the circumference to a larger
diameter, thereby flattening the lens, whereas when the ciliary muscles are contracted the
lens and capsule relax somewhat and assume a smaller diameter that approaches a more
spherical shape.

[0008] As noted above, the youthful eye has approximately 14 diopters of
accommodation. As a person ages, the lens hardens and becomes less elastic, so that by
about age 45-50, accommodation is reduced to about 2 diopters. At a later age the lens
may be considered to be non-accommodating, a condition known as "presbyopia".
Because the imaging distance is fixed, presbyopia typically entails the need for bi-focals to
facilitate near and far vision.

[0009] Apart from the age-related loss of accommodation ability, such loss also

has affected IOLs for the treatment of cataracts. Although the research directed at
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accommodating IOLs has met with some success, the relative complexity of the methods
and apparatus developed to date have prevented widespread commercialization of such
devices.

[0010] IOLs were made from rigid polymeric materials such as polymethyl
methacrylate (PMMA), however more resilient polymeric materials are becoming
increasingly more popular.

[0011] An IOL typically comprises an optic portion providing for the transmission of
light, and a haptic portion extending peripherally from the optic portion.

[0012] In some IOL designs, such as those described in U.S. Patent No. 4,932,966 to
Christie et al., the optic portion of the lens comprises a thin membrane sealed along its
edges to a thicker substrate to form a cavity between the two. Deformable haptics are
attached to the periphery of the optic portion and are filled with a driving fluid, such a
silicone oil. Movement of the ciliary muscles deforms the haptics and drives fluid from
the haptics into the cavity to deflect the thin membrane of the optic portion, thereby
modifying the optical power of the lens. As described in that patent, the substrate of the
lens may comprise polymethyl methacrylate (PMMA), while the thin membrane and
haptics may comprise a silicone elastomer.

[0013] U.S. Patent No. 6,730,123 to Klopotek also describes a fluid-driven IOL, in
which an optical fluid is transferred between an optical chamber having a flexible
deformable surface and a reservoir to change the optical power of the lens. In the IOL
described in that patent, the substrate, deformable surface and internal components are all
formed from an acrylic elastomer.

[0014] These and other designs suffer from a number of drawbacks. For example, it is
known that silicones have high permeability in silicone elastomer materials. Thus, over
time, the silicones used in the above-described systems will have a tendency to diffuse
through the silicone elastomers. Such diffusion results in a loss of fluid from the IOL and
also effects the mechanical properties of the silicone elastomer component, thereby
degrading performance of the IOL over time. In addition, silicone elastomer components
are likely to permit aqueous fluids from the eye to diffuse into the IOL, further degrading
performance of the IOL.

[0015] One previously known method to control diffusion of fluids into solid materials
involves the deposition of a diffusion barrier on a surface of the lens. For example, U.S.

Patent No. 6,827,966 to Qiu et al. discloses diffusion-controllable coatings on ophthalmic
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lenses capable of controlling the out-diffusion or release of guest materials from the
lenses. The coatings appear better suited for non-implantable lenses than for intraocular
lenses, and are applied over the existing lens surfaces rather than being included in the
polymeric composition of the lens.

[0016] A different process for permanently altering the surface properties of a lens
surface, including an IOL, is the Langmuir-Blodgett deposition, described in U.S. Patent
Nos. 4,941,997, 4,973,429, and 5,068,318. Other known processes include controlled spin
casting, chemisorptions, and vapor deposition.

[0017] A more recent technique developed for coating substrates is a layer-by-layer
("LbL") polymer absorption process. In particular, U.S. Patent Nos. 5,518,767 and
5,536,573 to Rubner et al. describe methods of producing bilayers of p-type doped
electrically conductive polycationic polymers and polyanions or water-soluble, non-ionic
polymers on glass substrates.

[0018] U.S. Patent No. 5,208,111 to Decher et al. describes a method for applying one
or more layers to a support modified by the applications of ions and ionizable compounds
of the same charges over the entire area. The one or more layers are made of organic
materials, which in each layer contain ions of the same charge, the ions of the first layer
having the opposite charge of the modified support and, in the case of several layers, each
further layer having again the opposite charge of the previous layer.

[0019] U.S. Patent No. 5,700,559 to Sheu et al. discloses a method for making a
hydrophilic article having a substrate, an ionic polymeric layer bonded directly onto the
substrate, and a disordered polyelectrolyte coating ionically bonded to the ionic polymeric
layer. The ionic polymeric layer is obtained by a plasma treatment, an electron beam
treatment, a corona discharge, an X-ray treatment, or an acid/base chemical modification
of the substrate.

[0020] Although each of the above described surface modification techniques are
effective for producing an IOL with an altered surface that is different from the remainder
of the device, each of these processes requires complex and time-consuming pretreatments
of the substrate surface to obtain a highly charged surface.

[0021] In addition, the above-described surface modifications involve applying
coatings to the outer surfaces of the IOL, rather than providing an IOL with bulk

properties that reduces diffusion of fluids into or out of the lens.
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[0022] In view of the foregoing, it would be desirable to provide an ophthalmic
device, such as an IOL, in which the bulk polymeric material provides enhanced resistance
to diffusion of fluids into or out of the device.

[0023] In addition, it would be desirable that the polymer have properties that would
allow it to be deformed to a delivery configuration to enable its implantation in the eye,
yet return to a pre-implantation configuration after being implanted in the eye. In
addition, it would be desirable that the polymeric composition have a sufficient high

refractive index.

SUMMARY OF THE INVENTION
[0024] One aspect of the invention is a polymeric material for an ophthalmic device
including butyl acrylate, trifluoroethyl methacrylate, and phenylethyl acrylate. In some
embodiments the butylacrylate is present in the amount from about 35% to about 65% by
volume, and in some embodiments it is present in the amount from about 45% to about
55% by volume.
[0025] In some embodiments the trifluoroethyl methacrylate is present in the amount
from about 15% to about 30% by volume, and in some embodiments the trifluoroethyl
methacrylate is present in the amount from about 18% to about 22% by volume.
[0026] In some embodiments the phenylethyl acrylate is present in the amount from
about 20% to about 40% by volume, and in some embodiments the phenylethyl acrylate is
present in the amount from about 26% to about 34% by volume.
[0027] In some embodiments the material also includes a cross-linking agent such as
ethylene glycol dimethylacrylate. The material can also include an ultraviolet light
absorbing material. The polymer as formed can also have a barrier coating on any surface
to further enhance the polymer’s resistance to the diffusion of fluid, such as, for example,
silicone oil, water, or saline.
[0028] The polymeric material can be used for an intraocular lens which comprises a
central optic portion and a peripheral non-optic portion. In some embodiments the central
optic portion is made at least in part of the polymeric material, whereas the non-optic
portion is comprised of a second polymeric material different than the polymeric material
in the central optic portion. In some embodiments the central optic portion and peripheral

non-optic portion are made from substantially the same polymeric material.
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[0029] One aspect of the invention is a polymeric material for an ophthalmic device.
The polymer includes an alkyl acrylate present in the amount from about 35% to about
65% by volume, a fluoroacrylate present in the amount from about 15% to about 30%, and
a phenyl acrylate present in the amount from about 20% to about 40%. The alkyl acrylate
can be butyl acrylate; the fluoroacrylate can be trifluoroethyl methacrylate; and the phenyl
acrylate can be phenylethyl acrylate.

[0030] One aspect of the invention is a polymeric material for an ophthalmic device
wherein the material includes an alkyl acrylate, a fluoroacrylate, and a phenyl acrylate,
wherein there is an effective amount of the fluoroacrylate to provide the polymer material
with a substantial resistance to the diffusion of fluid. In some embodiments the fluid is
silicone oil, saline, or water. In some embodiments the substantial resistance to the
diffusion of fluids comprises having a swell fraction in silicone oil that is less than about
.02, and in some embodiments is substantially zero.

[0031] In some embodiments there is an effective amount of the alkyl acrylate to
provide the polymer material with a modulus of elasticity between about .1 Mpa and about
.6 Mpa. In some embodiments there is an effective amount of the phenyl acrylate to
provide the polymeric composition with a refractive index between about 1.44 and about
1.52.

[0032] One aspect of the invention is a polymeric material for an ophthalmic device
wherein the polymeric material has a refractive index between about 1.44 and about 1.52,
a modulus of elasticity between about .1 Mpa and about .6 Mpa, and wherein the
polymeric material is substantially resistant to the diffusion of fluid, such as silicone oil,
water, or saline. In some embodiments the polymer is substantially resistant to the
diffusion of fluid without a barrier coating layer on a surface of the polymer.

[0033] One aspect of the invention is an accommodating fluid-driven intraocular lens.
The IOL includes a light-transmissive optic portion and a haptic portion extending
peripherally from the optic portion. The optic portion and the haptic portion are in fluidic
communication, and the haptic portion is configured so that movement of a patient’s
ciliary muscle causes a fluid to be displaced between the optic portion and the haptic
portion. At least one of the optic portion and haptic portion comprises a polymer material
comprising butyl acrylate, trifluoroethyl methacrylate, and phenylethyl acrylate. The
polymeric material preferably prevents the fluid disposed within the IOL from diffusing

through the polymer. In some embodiments the fluid is silicone oil.
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[0034] One aspect of the invention is a method of manufacturing a polymeric material
for an ophthalmic device. The method includes providing a mixed composition by adding
together and mixing butyl acrylate in the amount of about 35% to about 65%,
trifluoroethyl methacrylate in the amount of about 15% to about 30%, and phenylethyl
acrylate in the amount of about 20% to about 40%, and then curing the mixed

composition.

BRIEF DESCRIPTION OF THE DRAWINGS
[0035] The above and other objects and advantages of the present invention will be
apparent upon consideration of the following detailed description, taken in conjunction
with the accompanying drawings, in which like reference numerals refer to like parts
throughout, and in which:
[0036] FIGS. 1A-1C illustrate exemplary non-fluid driven intraocular lenses, at least
part of which may comprise the polymeric materials of the present invention.
[0037] FIGS. 2-4 illustrate an exemplary fluid-driven [OL, at least part of which may

comprise the polymeric materials of the present invention.

DETAILED DESCRIPTION OF THE INVENTION
[0038] The present invention relates generally to improved polymeric materials. The
polymeric materials have improved resistance to the diffusion of fluid, relatively high
refractive indexes, and are adapted to assume an initial configuration after being deformed
during implantation in the human body. While the polymeric materials can be used in a
wide variety of applications, the polymers are described herein in their use in an
ophthalmic device such as an intraocular lens (“IOL”). While one use of the polymers is
for a fluid-driven, accommodating IOL, the polymers can be used in a non-
accbmmodating or non-fluid driven IOL. In addition to an IOL, the polymeric
compositions of the present invention can also be used in other ophthalmic devices such
as, but not limited to, contact lenses, keratoprostheses, capsular bag extension rings,
corneal inlays, corneal rings, or other ophthalmic devices. An exemplary alternative use
would be in the field of breast implants, such that the polymers can be used as an exterior
shell-like material to prevent leakage of an internal material.

[0039] The polymeric compositions described herein may be used in an IOL, such as

any of the fluid-driven IOLs described in U.S. Patent Application No. 60/433,046, filed
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December 12, 2002, U.S. Patent Application No. 10/734,514, filed December 12, 2003,
U.S. Patent Application No. 10/971,598, filed October 22, 2004, U.S. Patent Application
No. 11/173,961, filed July 1, 2005, U.S. Patent Application No. 11/252,916, filed October
17,2005, U.S. Patent Application No. 11/642,388, filed December 19, 2006, and U.S.
Patent Application No. 11/646,913, filed December 27, 2006, the disclosures of which are
hereby incorporated by reference in their entirety. The compositions may also, however,
be used in a non fluid-driven IOL or a non-accommodating IOL.

[0040] A device implanted in the eye becomes exposed to the fluid in the eye. The
fluid in the eye can, over time, diffuse through the device and have unintended and/or
undesired effects on the physical characteristics of the device. For example, a polymeric
IOL that is implanted in the eye may suffer from the diffusion of eye fluid into the IOL’s
polymeric material. Attempts have been made to coat ophthalmic devices with barrier
layers to prevent such diffusion, but these procedures can be costly and time consuming.
In addition, if an ophthalmic device contains a chamber or channel within the device
which contains a fluid, there is a risk that that fluid can diffuse out of its fluid chamber and
into the polymeric material. This results in a decrease in the amount of fluid that can be
utilized by the IOL, as well as to possibly alter the physical characteristics of the
polymeric material. Therefore, the inventive bulk polymers described herein can be used
in ophthalmic devices to resist the diffusion of fluid into or out of the device.

[0041] For implantable devices that must be implanted through an incision in the
sclera, it is generally desirable that the incision in the sclera be as small as possible while
still being able to deform the device without damaging it. The device must also be able to
reform to its initial configuration after delivery. The inventive polymers described herein
can therefore be used in ophthalmic device that need to be deformed to be delivered
through an incision, yet will return to their initial configuration once implanted in the eye.
[0042] Similarly, it may be desirable to increase the refractive index (“RI”) of the
ophthalmic device to increase its refractory power. An increase in the RI of the bulk
polymer can allow the device to be thinner, yet maintain a desired power. This can also
provide the device with a smaller delivery profile to reduce the size of the incision in the
eye during implantation.

[0043] Improved properties of the polymers described herein include, without
limitation, the modulus of elasticity, the index of refraction, the resistance to the diffusion

of fluids, the responsiveness of the composition, mechanical strength, rigidity, wettability,
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and optical clarity. These properties are not necessarily mutually exclusive and the list is
not intended to be exhaustive.

[0044] One embodiment of the invention is a polymeric material for an ophthalmic
device. The polymer comprises a first component, a second component, and a third or
more components. In a preferred embodiment, the composition comprises butyl acrylate,
trifluoroethyl methacrylate, phenylethyl acrylate, and ethylene glycol dimethacrylate as a
cross-linker. These monomers are not intended to be limiting and are provided by way of
example.

[0045] To achieve the desired properties of the polymer described above, it is
contemplated that particular monomers or other components may be selected to achieve
specific properties, or that particular monomers and other components may be selected in
combination to achieve specific properties.

[0046] Butyl acrylate, for example, a rubbery material, generally enhances the
responsiveness of the polymeric material. Alternatives for butyl acrylate include alkyl
acrylates and other monomers with suitable responsiveness properties. Alternatives for
butyl acrylate which may demonstrate responsive properties include, without limitation,
octyl acrylate, dodecyl methacrylate, n-hexyl acrylate, n-octyl methacrylate, n-butyl
methacrylate, n-hexyl methacrylate, n-octyl methacrylate, 2-ethylhexyl acrylate, 2-
ethylhexyl methacrylate, 2,2-dimethylpropyl acrylate, 2,2-dimethylpropyl methacrylate,
trimethylcyclohexyl acrylate, trimethylcyclohexyl methacrylate, isobutyl acrylate, isobutyl
methacrylate, isopentyl acrylate, isopentyl methacrylate, and mixtures thereof. In
addition, alternatives for butyl acrylate may include a branched chain alkyl ester, e.g. 2-
ethylhexyl acrylate, 2-ethylhexyl methacrylate, 2,2-dimethylpropyl acrylate, 2,2-
dimethylpropyl methacrylate, trimethylcyclohexyl acrylate, trimethylcyclohexyl
methacrylate, isobutyl acrylate, isobutyl methacrylate, isopentyl acrylate, isopentyl
methacrylate and mixtures thereof.

[0047] In some embodiments butyle acrylate is present in the range from about 10% to
about 80% by volume, and in some embodiments is present in the range from about 20%
to about 70% by volume. In preferred embodiments butyl acrylate is present in the range
from about 35% to about 65% by volume, and in more preferred embodiments from about
45% to about 65% by volume. All percentages recited herein are considered to be “by

volume,” unless specifically stated otherwise.
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[0048] In some embodiments the polymer has a modulus of elasticity ranging from
about .1 to about .6 Mpa. In some embodiments the modulus is between about .1 to about
.3 Mpa.

[0049] Trifluoroethyl methacrylate, or suitable alternatives, can be added to the
polymeric material to enhance the polymer’s resistance to the diffusion of fluids as
described herein. Generally, using a monomer with more fluorine atoms will enhance the
polymer’s resistance to the diffusion of fluid.

[0050] While the ethyl group of trifluoroethyl can potentially bind up to 5 fluorine
atoms, a large number of fluorine atoms can reduce the refractive index of the polymer. In
some embodiments, therefore, trifluoroethyl methacrylate will provide a desired balance
between the polymer’s resistance to diffusion and the polymer’s refractive index.

[0051] Fluorocarbon monomers can enhance the polymer’s resistance to the diffusion
of fluid and some can be used as substitutes for trifluoroethyl methacrylate. Alternatives
for trifluoroethyl methacrylate include fluoroacrylates and other monomers with that
provide that polymer with suitable resistance to diffusion properties. Alternatives for
trifluoroethyl methacrylate include, without limitation, heptadecafluorodecyl acrylate,
heptadecafluorodecyl methacrylate, hexafluorobutyl acrylate, hexafluorobutyl
methacrylate, tetrafluoropropyl methacrylate, octafluoropentyl acrylate, octafluoropentyl
methacrylate, dodecafluoropheptyl methacrylate, heptafluorobutyl acrylate, trifluoroethyl
acrylate, hexafluoro-iso-propyl methacrylate, pentafluorophenyl acrylate, and
pentafluorophenyl methacrylate.

[0052] In some embodiments trifluoroethyl methacrylate is present in the range from
about 5% to about 70%, and in some embodiments it is present in the range from about
10% to about 50%. In preferred embodiments it is present in the range of about 15% to
about 30%, and in more preferred embodiments it is present in the range of about 18% to
about 22%.

[0053] Phenylethyl acrylate, or suitable alternatives, can be included in the polymeric
composition to increase the refractive index of the polymer. Phenyl groups in general can
increase the refractive index of the polymer. Alternatives for Phenylethyl acrylate include
phenyl acrylates and other monomers with that provide that polymer with suitably high
refractive index.

[0054] Other groups which can be used to increase the refractive index of the polymer

include, without limitation, benzyl (benzoyl), carbazole-9-yl, tribromophenyl,
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chlorophenyl, and pentabromophenyl. Exemplary monomers that can be used as
alternatives to phenylethyl acrylate include, without limitation, tribromophenyl acrylate, 2-
(9H-Carazole-9-yl)ethyl methacrylate, 3-chlorostyrene, 4-chlorophenyl acrylate, benzyl
acrylate, benzyl methacrylate, benzyl methacrylamide, n-vinyl-2-pyrrolidone, n-
vinylcarbazole, pentabromophenyl acrylate, and pentabromophenyl methacrylate,
phenylethyl methacrylate, 2-phenylpropyl acrylate, or 2-phenylpropyl methacrylate.
[0055] In some embodiments phenylethyl acrylate is present in the range from about
5% to about 60%, while in some embodiments it is present in the range of about 10% to
about 50%. In preferred embodiments it is present in the range of about 20% to about
40%, and in more preferred embodiments it is present in the range of about 26% to about
34%.

[0056] In some embodiments the polymer has a refractive index of between about 1.44
to about 1.52. In some embodiments the refractive index is between about 1.47 and about
1.52. In some embodiments the refractive index is between about 1.47 and about 1.5.
[0057] In some embodiments the composition also includes a cross-linking agent, such
as ethylene lecol dimethacrylate. Examples of suitable crosslinking agents include but
are not limited to diacrylates and dimethacrylates of triethylene glycol, butylene glycol,
neopentyl glycol, ethylene glycol, hexane-1,6-diol and thio-diethylene glycol,
trimethylolpropane triacrylate, N,N'-dihydroxyethylene bisacrylamide, diallyl phthalate,
triallyl cyanurate, divinylbenzene; ethylene glycol divinyl ether, N,N'-methylene-bis-
(meth)acrylamide, sulfonated divinylbenzene, divinylsulfone, ethylene glycol diacrylate,
1,3-butanediol dimethacrylate, 1,6 hexanediol diacrylate, tetracthylene glycol
dimethacrylate, trifunctional acrylates, trifunctional methacrylates, tetrafunctional
acrylates, tetrafunctional methacrylates and mixtures thereof.

[0058] Cross-linking agents may be present in amounts less than about 10%, less than
about 5%, less than about 2%, or less than about 1%. The cross-linking agent(s) can cause
the polymers to become interlaced within a tri-dimensional space, providing for a compact
molecular structure having an improved elastic memory, or responsiveness, over the non-
crosslinked composition.

[0059] In some embodiments of the invention the polymeric compositions also
includes one or more ultraviolet (UV) light absorbing materials, such as an acrylate or
methacrylate functionalized benzotriazole or benzophenone, in amounts less about 5%. In

some embodiments the UV light absorbing material(s) is present in the range from about
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0.05% to about 2%. Suitable ultraviolet light absorbers for use in the present invention
include, without limitation, B-(4-benzotriazoyl-3-hydroxyphenoxy)ethyl acrylate, 4-(2-
acryloyloxyethoxy)-2-hydroxybenzophenone, 4-methacryloyloxy-2-
hydroxybenzophenone, 2-(2'-methacryloyloxy-5'-methylphenyl)benzotriazole, 2-(2'-
hydroxy-5'-methacryloyloxyethylphenyl)-2H-benzotriazole, 2-[3'-tert-butyl-2'-hydroxy-5'-
(3"-methacryloyloxypropyl)phenyl]-5-chloro- benzotriazole, 2-[3'-tert-butyl-5'-(3"-
dimethylvinylsilylpropoxy)-2'-hydroxyphenyl]-5-m- ethoxybenzotriazole, 2-(3'-allyl-2'-
hydroxy-5'-methylphenyl)benzotriazole, 2-[3'-tert-butyl-2'-hydroxy-5-(3"-
methacryloyloxypropoxy)phenyl]-5-chloro- benzotriazole and 2-[3'-tert-butyl-2'-hydroxy-
5'-(3"-methacyloyloxypropoxy)phenyl]-5-chloro-benzotriazole. One skilled in the art will
appreciate that different other chemistries of UV light absorbants may be selected.

[0060] One or more suitable free radical thermal polymerization initiators may be
added to the polymeric compositions described herein. Examples of such initiators
include but are not limited to organic peroxides, such as acetyl peroxide, lauroyl peroxide,
decanoyl peroxide, stearoyl peroxide, benzoyl peroxide tert-butyl peroxypivalate,
peroxydicarbonate, and the like. Such an initiator can be added in the range of about
0.01% to about 1 % of the total polymer mixture.

[0061] Alternative UV initiators include those known in the field such as, for example
but not limited to, benzoin methyl ether, benzoin ethyl ether, Darocur® 1173, 1164, 2273,
1116, 2959, 3331 (EM Industries) and Irgacur® 651 and 184 (Ciba-Geigy, Basel,
Switzerland).

[0062] The diffusion resistant properties of the inventive polymers described herein
may be further enhanced by providing a barrier layer on the exterior surface of the
ophthalmic device. In addition, if the device comprises a fluid chamber disposed within
the device (such as a fluid chamber disposed in a fluid-driven accommodating IOL), the
device can also have a barrier layer on the inner surface of the fluid chamber to increase
the resistance to diffusing out of the fluid chamber. The barrier layer can be a thin layer of
a fluorocarbon materials or polymers, examples of which include hexafluoroethane,
hexafluoropropylene, hexafluoropropane, octofluoropropane, polytetrafluoroethylene, and
1H, 1H, 2H-perfluoro-1-dodecene. The barrier layer can be deposited or covalently
bonded on the solid surfaces of the ophthalmic device, either individually or in
combination through a variety of manufacturing processes. One common manufacturing

process is plasma deposition.
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[0063] The layers formed by plasma deposition will generally be very thin, for
example, from about 20 to about 100 nanometers. Because fluorocarbon polymers
generally have low refraction indices, a barrier layer with a thickness that is less than a
quarter of the wavelength of visible light will not be seen with the naked eye.

[0064] As stated above, the inventive polymers described herein may be used in an
0L with fluid disposed therein, such as in fluid chambers. In general, the viscosity of a
fluid is related to the diffusion properties of the fluid; a low viscosity fluid can more easily
diffuse through the polymer.

[0065] An ophthalmic device may contain silicone oil. The amount of silicone oil that
diffuses through the polymer can be reduced by selecting a silicone oil with narrow
molecular weight distribution, in particular with the removal of low molecular weight
silicone oil molecules. A sequence of stripping processes is commonly used to remove
low molecular weight components in silicone oil. In general, low molecular weight
components will diffuse faster than higher molecular components. However, higher
molecular weight components contribute to an increase in the viscosity which requires a
greater force to drive the fluid throughout the IOL. Therefore, silicone oil with a narrow
molecular weight distribution is preferred. The fluid disposed within the ophthalmic
device is not limited to silicone oil and can be, for example, a saline solution.

[0066] In some embodiments, however, the IOL components are substantially index
matched, such that the deflection of one of the surfaces of the IOL contributes
significantly to any change in power during accommodation. For example, the bulk
polymer will be substantially indexed matched to any fluid within the IOL. Substantially
index-matched, as that phrase is used herein, include minimal differences in refractive
indexes between components of the IOL. For example, if adhesives are used in the
manufacturing of an IOL, those adhesives may have different refractive indexes but those
differences will be negligible when considering the overall power changes of the
accommodating IOL.

[0067] In some embodiments the T of the polymer is about -20°C, and can stretch to
about 4x the length without breaking.

[0068] FIGS. 1A-1C illustrate exemplary static IOLs in which the polymeric materials
described herein may be used. Intraocular lenses 10, 14 and 17 typically comprise an

optic portion (11, 15, and 18, respectively) providing for the transmission of light, and a
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haptic portion (12, 16, and 19, respectively) extending peripherally from the optic portion
and adapted to engage the capsular bag.

[0069] The optics portion and the haptic portion(s) may be comprised of the same
polymeric composition or may be comprised of different compositions. The composition
of the optics and haptic(s) portions may depend on which properties are desired in each of
the components. For example, it may not be necessary to achieve a high refractive index
in the haptics portion as the haptics do not generally contribute to the focusing of light,
and thus a polymer used for the haptics may not need a high refractive index. Similarly,
for example, it may be desirable for the haptics portion to possess different responsiveness
properties than the static optics portion.

[0070] FIGS. 2 — 4 illustrate an exemplary embodiment of an accommodating IOL, at
least part of which (e.g., the central optic portion) may comprise a polymeric composition
of the present invention. IOL 20 includes haptics 22 and 24, anterior lens element 26,
intermediate layer 28 which comprises actuator 30, and substrate 32. Haptics 22 and 24
define interior volumes 34 which are in fluid communication with channel and well 36
formed between substrate 32 and intermediate layer 28. As shown, actuator 30 is integral
with intermediate layer 28. Actuator 30 is in fluid communication with deformable
haptics 22 and 24 which distribute a fluid between the interior volume of the haptics and
channel and well 36. Deformation of the haptics resulting from movement of the ciliary
muscles forces fluid in the haptics into channel and well 36. The fluid in the well applies a
force to actuator 30, which transmits the force to anterior lens element to distend the
anterior lens element in the anterior direction, thus increasing the optical power of the
lens.

[0071] A number of experiments were carried out to achieve compositions with
desired properties. In a first experiment, butyl acrylate (BuA) was tested as an alternative
to PMMA for use in the non-fluidic portions of the IOL (i.e., the bulk polymer). BuA is
more flexible than PMMA and, like all acrylic polymers, also has a high level of atacticity
which provides for low crystallinity, adequate processing characteristics, high optical
quality, and long term stability to ultraviolet (UV) light. Tests indicated that solid lens
components manufactured from BuA exhibited improved responsiveness to movements of
the ciliary muscles in comparison to the same components manufactured from PMMA, but
at the same time no marked increase could be observed over the PMMA components in

terms of resistance to diffusion of IOL and eye fluids.
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[0072] In a second experiment, solid lens components were produced comprising a
copolymer of BuA and trifluoroethyl methacrylate (TFEMA). This composition was
compared with components manufactured from BuA alone. Adding TFEMA in from
about 20 % to about 30% caused the lens components to retain the same desirable
responsiveness to movements of the ciliary muscles as the unmodified BuA components,
and also resulted in a marked improvement in diffusion resistance to IOL fluids and eye
fluids (which can be observed by, for example, measuring the swell fraction described
below). However, this composition exhibited a decrease in the refractive index. Such
BuA-TFEMA compositions as described above may be suitable for use in IOL
components that do not require optical clarity, for example, in the haptic portion of an
IOL. Such compositions also have utility in non-ophthalmologic applications, such as for
use in breast implants, where a responsive material highly resistant to fluid diffusion is
desirable.

[0073] In a third experiment, phenylethyl acrylate (PhEA) was copolymerized together
with the BuA-TFEMa composition from above. A sharp increase in the refractive index of
this composition was observed, particularly when BuA was present from about 30% to
about 60%, when PhEA was present from about 20% to about 40%, and when TFEMA
was present from about 20% to about 50%. More specifically, an increase of the refractive
index to 1.477 was obtained, with an elastic modulus measured in the 0.1-0.3 Mpa range.
Importantly, IOL solid components manufactured from this composition proved to have an
excellent resistance to diffusion and a high responsiveness to movements of the ciliary
muscles.

[0074] In a fourth experiment, a cross-linking agent was added to the BuA-PhEA-
TFEMA composition as an additional constituent. In particular, ethylene glycol
dimethacrylate was found to operate as a suitable cross-linking agent with this
composition. The foregoing cross-linking agents may be added in amounts of less than
about 5% of the BuA-TFEMA-PhEA composition and cause the composition polymers to
become interlaced within a tri-dimensional space, providing for a compact molecular
structure having an improved elastic memory over the non-crosslinked composition. The
resulting compositions also showed improved diffusion resistance.

[0075] When IOL solid components were manufactured from BuA-TFEMA-PhEA-
EGDMA compositions, and included an optional barrier layer, improvements in diffusion

resistance of the IOL were observed that were up to 40 times greater than the material
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without the barrier coating. Additionally, these solid components were biocompatible,
optically clear, had a high refractive index and desirable levels of mechanical strength.
These components also exhibited a level of flexibility and elastic memory sufficient to
permit the IOL to be inserted without breaking through a small incision in the cornea, and
later capable of regaining its original shape within an acceptable amount of time.
[0076] To test a polymer’s resistance to diffusion, a swell study can be performed
which detects how much a polymeric sample with known dimensions and weight swells
when in contact with a fluid. The test measures solubility but not necessarily diffusivity
and can be accomplished as follows:
[0077] Prepare a sample polymer of known dimensions and weight (e.g., 1 cm x 2
cm); add fluid (e.g. silicone oil); heat to a desired temperature (e.g., 35-37C); at various
time points, measure the sample’s dimensions and weight and compare these to the
original dimensions and weight. This tests how much the sample’s dimensions and weight
increased, or rather, how much the polymer “swelled”.
[0078] A diffusion study can also be performed which measures diffusivity rather than
solubility, both of which are preferably small in the compositions described herein. The
test can be performed as follows:
[0079] Prepare a thin film of the sample polymer (about 100 microns thick and 25 mm
in diameter); mount the film between two reservoirs of fluid - one reservoir is the driving
fluid such as silicone oil, and the other fluid is a saline solution; next, sample the saline
reservoir over time to determine the content of the silicone oil that has diffused through
the thin film polymer to measure diffusion of the silicone oil.
[0080] The following non-limiting examples illustrate certain aspects of the present
invention.

Example 1
[0081] The following formulation is added together and mixed well:

Quantity | % Quantity
Trifluoroethyl methacrylate | 4 ml 19.6%
Butyl acrylate 10ml 49.0%
Phenyl ethyl acrylate 6 ml 29.4%
Ethylene glycol 2 ml .980%
dimethacrylate
Darocur 1173 (UV initiator) | .2 ml .980%
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[00010] Pour the formulation into a two-part mold cavity made of polypropylene,
polymethylpentene, or glass. Seal the mold with no air entrapment.

[00011] Polymer curing is carried out by placing the sealed mold inside a chamber
equipped with UV lamps such as Sankyo Denki Black Light Blue Lamp. Polymerization
can be carried out in one hour or less depending on the lamp intensity. Optional
postcuring can be carried out in thermal oven at 90 C to 100 C for 1-2 hours to ensure
more complete polymerization.

[0010] The resulting polymer has a swell fraction of 0 in silicone oil, a refractive index

of 1.477, and a modulus of elasticity of .163 Mpa.

Example 2
[0011] The following formulation is add together, mixed well, and processed the same

the formulation in Example 1:

Quantity | % Quantity
Trifluoroethyl methacrylate | 4 ml 19.5%
Butyl acrylate 12 ml 58.5%
Phenyl ethyl acrylate 4 ml 19.5%
Ethylene glycol 3 ml 1.46%
dimethacrylate
Darocur 1173 (UV initiator) | .2 ml 976%

[0012] The resulting polymer has a swell fraction of 0.019, a refractive index of 1.473,
and a modulus of elasticity of .27 Mpa.

[0013] While illustrative embodiments of the invention are described above, it will be
apparent to one skilled in the art that various changes and modifications may be made

therein without departing from the invention.
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WHAT IS CLAIMED IS:

1. A polymeric material for an ophthalmic device, the polymeric material comprising:

butyl acrylate, trifluoroethyl methacrylate, and phenylethyl acrylate.

2. The material of claim 1 wherein the butylacrylate is present in the amount from

about 35% to about 65% by volume.

3. The material of claim 2 wherein the butylacrylate is present in the amount from

about 45% to about 55% by volume.

4. The material of claim 1 wherein the trifluoroethyl methacrylate is present in the

amount from about 15% to about 30% by volume.

5. The material of claim 4 wherein the trifluoroethyl methacrylate is present in the

amount from about 18% to about 22% by volume.

6. The material of claim 1 wherein the phenylethyl acrylate is present in the amount

from about 20% to about 40% by volume.

7. The material of claim 1 wherein the phenylethyl acrylate is present in the amount

from about 26% to about 34% by volume.

8. The material of claim 1 wherein the butylacrylate is present in the amount from
about 35% to about 65% by volume, the trifluoroethyl methacrylate is present in the
amount from about 15% to about 30% by volume, and the phenylethyl acrylate is present

in the amount from about 20% to about 40% by volume.

9. The material of claim 8 wherein the butylacrylate is present in the amount from
about 45% to about 55% by volume, the trifluoroethyl methacrylate is present in the
amount from about 18% to about 22% by volume, and the phenylethyl acrylate is present

in the amount from about 26% to about 34% by volume.
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10.  The material of claim 1 further comprising a cross-linking agent.

11.  The material of claim 10 wherein the cross-linking agent is ethylene glycol

dimethylacrylate.
12. The material of claim 1 further comprising an ultraviolet light absorbing material.
13.  The material of claim 1 wherein the ophthalmic lens is an intraocular lens, wherein
the intraocular lens comprises an central optic portion and a peripheral non-optic portion,
and wherein the central optic portion is comprised of the polymer material, and wherein
the non-optic portion is comprised of a second polymer material different than the polymer
material.
14. A polymeric material for an ophthalmic device, the polymeric material comprising:

an alkyl acrylate present in the amount from about 35% to about 65% by volume;

a fluoroacrylate present in the amount from about 15% to about 30% by volume;
and

a phenyl acrylate present in the amount from about 20% to about 40% by volume.
15. The material of claim 14 wherein the alkyl acrylate is butyl acrylate.
16.  The material of claim 14 wherein the fluoroacrylate is trifluoroethyl methacrylate.
17.  The material of claim 14 wherein the phenyl acrylate is phenylethyl acrylate.

18.  The material of claim 14 further comprising a cross-linking agent.

19.  The material of claim 18 wherein the cross-linking agent is ethylene glycol

dimethylacrylate.
20. The material of claim 14 further comprising an ultraviolet light absorbing material.
21. A polymeric material for an ophthalmic device, the polymeric material comprising:
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an alkyl acrylate;

a fluoroacrylate; and

a phenyl acrylate,

wherein there is an effective amount of the fluoroacrylate to provide the polymer

material with a substantial resistance to the diffusion of fluid.

21.  The material of claim 20 wherein the fluid is silicone oil.

22.  The polymeric material of claim 20 wherein the substantial resistance to the
diffusion of fluids comprises having a swell fraction in silicone oil that is less than about
.02.

23.  The material of claim 21 wherein the alkyl acrylate is butyl acrylate.

24.  The material of claim 21 wherein the fluoroacrylate is trifluoroethyl methacrylate.

25.  The material of claim 24 wherein the trifluoroethyl methacrylate is present in the

amount from about 15% to about 30%.

26. The material of claim 21 wherein the phenyl acrylate is phenylethyl acrylate.

27.  The material of claim 21 further comprising a cross-linking agent.
28.  The material of claim 27 wherein the cross-linking agent is ethylene glycol
dimethylacrylate.

29.  The material of claim 21 further comprising an ultraviolet light absorbing material.
30.  The material of claim 21 wherein there is an effective amount of the alkyl acrylate

to provide the polymer material with a modulus of elasticity between about .1 Mpa and

about .6 Mpa.

20



WO 2008/103798 PCT/US2008/054531

31.  The material of claim 21 wherein there is an effective amount of the phenyl
acrylate to provide the polymeric composition with a refractive index between about 1.44

and about 1.52.

32. The material of claim 31 wherein the refractive index is at least about 1.477.

33. A polymeric material for an ophthalmic device, wherein the polymeric material has
a refractive index between about 1.44 and about 1.52, a modulus of elasticity between
about .1 Mpa and about .6 Mpa, and wherein the polymeric material is substantially

resistant to the diffusion of fluid.

34.  The polymeric material of claim 33, wherein the polymeric material has a
refractive index between about 1.44 and about 1.52, a modulus of elasticity between about
.1 Mpa and about .6 Mpa, and wherein the polymeric material is substantially resistant to

the diffusion of fluid without a barrier coating layer on the polymeric material.

35.  The polymeric material of 34 wherein the fluid is silicone oil.

36.  An accommodating intraocular lens, comprising:

a light-transmissive optic portion; and

a haptic portion extending from the optic portion,

wherein the optic portion and the haptic portion are in fluidic communication, and
wherein the haptic portion is configured so that movement of a patient’s ciliary muscle
causes a fluid to be displaced between the optic portion and the haptic portion, and

wherein at least one of the optic portion and haptic portion comprises a polymer

material comprising butyl acrylate, trifluoroethyl methacrylate, and phenylethyl acrylate.

37.  The intraocular lens of claim 36, wherein the polymeric material comprises
butylacrylate in the amount of about 35% to about 65%, trifluoroethyl methacrylate in the
amount of about 15% to about 30%, and phenylethyl acrylate in the amount of about 20%
to about 40%.
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38.  The intraocular lens of claim 36, wherein the optic portion further comprises a

barrier coating disposed on a surface of the optic portion to enhance diffusion resistance.

39, The intraocular lens of claim 36, wherein the fluid is a silicone oil.
40. A method of manufacturing a polymeric material for an ophthalmic device,
comprising:

providing a mixed composition by adding together and mixing butyl acrylate in the
amount of about 35% to about 65%, trifluoroethyl methacrylate in the amount of about
15% to about 30%, and phenylethyl acrylate in the amount of about 20% to about 40%;
and

curing the mixed composition.
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