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POLYMERIC COMPOSITION EXHIBITING

NANOGRADIENT OF REFRACTIVE INDEX

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application No. 62/765,088, filed

August 17, 2018, which is incorporated by reference herein for all purposes.

FIELD OF THE INVENTION
[0002] An ionized radiation-absorbed, dose sensitive, highly flexible polymeric
composition is provided that exhibits multidirectional changes in refractive index. Also provided
is a method of producing a precision multi-directional gradient of refractive index in a polymeric

composition.

BACKGROUND OF THE DISCLOSURE

[0603] A lens that has a refractive index that varies in a controlied way throughout its
body is referred to as a gradient refractive index (GRIN) lens. The refractive index typically
changes as a gradient, in that it varies gradually throughout the body of the lens. The naturally
occurring human crystalline lens is an example of a lens having a gradient of refractive index.
[0004] Production of a single piece foldable multifocal gradient intraocular lens (IOL)
has been reported wherein the IOL was manufactured with step-by-step polymerization technology
in transfer molds of photohardening material (ultraviolet light) with various refraction indices
(oligourethan-methacrylate). See Malyugin et al., Middle East Afr. J. Ophthalmol. 2014 Jan-Mar;
21(1): 32-39. This technology can produce multifocal artificial lenses with gradient optics.
However, the manufacturing process combines stages of material polymerization with lens

manufacturing concurrently.

Summary of the Disclosure

[0005] Methodology for forming GRIN IOLs is desirable, in that optical parameters, such as
image quality, focal length, and depth of focus, can be defined for the manufactured lens by
controlling the variation in refractive index. This methodology enables ophthalmic lenses (e.g.,
IOLs) to be manufactured to specification for a particular patient’s vision correction

requirements. Methodology that enables refractive index modification of a previously
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manufactured ophthalmic lens would be desirable, as would methodology for preparation of
GRIN lenses for applications other than intraocular use.

[0006] One aspect of the disclosure is a lens, optionally an ophthalmic lens, including an optic
body made from a copolymer having a three-dimensional polymeric matrix, wherein the three
dimensional polymeric matrix of the copolymer has a non-uniform cross-link density.

[0007] The three dimensional polymeric matrix may include a first region with fewer cross links
than a second region.

[0008] The first region and the second region may be within a gradient of cross-link density. The
three dimensional polymeric matrix may further include a third region that is not within the
gradient, the third region including a layer having a uniform cross-link density. The first region
may be closer to a periphery of the optic body than the second region.

[0009] The first region may be a first layer with a first cross-link density, and the
second region may be a second layer with a second cross-link density. The first region may be a
surface layer of the optic body, the first region having fewer cross-links than the second region.
[0010] The first region may be closer to a periphery of the optic body.

[0011] The entire optic body may have a gradient cross-link density.

[0012] The three-dimensional polymeric matrix may have a refractive index distribution
substantially the same as a refractive index distribution of a natural crystalline lens.

[0013] A shape of the optic body may be substantially the same as a shape of a natural
crystalline lens.

[0014] The entire optic body may not have a gradient cross-link density.

[0015] The optic body may be a toric lens.

[0016] The copolymer may include at least one non-ionic acrylic monomer and at least one ionic
monomer. The copolymer may further comprise a collagen material. The ionic monomer may be
an organic acid. A weight ratio of the non-ionic acrylic monomer to the ionic monomer may be
10:1 to 10,000:1, such as 50:1 to 200:1, such as 75:1 to 175:1, such as 75:1, 100:1, 125:1, 150:1,
or 175:1. The non-ionic acrylic monomer may be hydroxyethylmethacrylate.

[0017] The non-uniform crosslink density of the matrix may be adapted to create an anti-
reflection surface layer in the optic body when the optic body is exposed to aqueous in an eye.
An anti-reflection layer may comprise a region of the matrix that is 50 nm to 400 nm thick. The
anti-reflection layer may comprise a region of the matrix that is .1 micron to 10 microns thick.
The anti-reflection layer may comprise a region of the matrix that is 1 micron to 100 microns
thick. The anti-reflection surface layer may be at least partially disposed around a central
aperture formed in the optic body.

[0018] The optic body may be an optic body of an IOL.

2.
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[0019] The three-dimensional matrix may be dimensionally stable through steam sterilization as
part of a "wet pack" and is hydrolytically stable during long term use.

[0020] The non-uniform cross-link density may adapt the optic body, when placed in an eye and
exposed to aqueous, to focus light from a wide range of distances without moving or changing
shape, optionally with a vergence of 0 to 3 D, optionally O to 2.5 D, optionally O to 2 D,
optionally O to 1.5 D, optionally 0 to 1.0 D.

[0021] The non-uniform cross-link density may adapt the optic body, when placed in an eye and
exposed to aqueous, to correct for astigmatism.

[0022] The three dimensional polymeric matrix may have a lower cross-link density near a
surface of the optic body than in a region further inward relative to the surface.

[0023] The lens may further comprise a non-optic body portion (e.g., one or more haptics), and
wherein the non-optic body portion includes a non-optic three-dimensional polymeric matrix,
wherein the non-optic three dimensional polymeric matrix has a non-uniform cross-link density.
[0024] The lens may further comprise a hydrating solution to which the optic body has been
exposed, wherein the non-uniform cross-link density causes the three-dimensional polymeric
matrix to swell in a non-uniform manner when hydrated in the solution, thereby creating a non-
uniform refractive index within the optic body.

[0025] The hydrating solution may be a balanced salt solution.

[0026] The hydrating solution may include constituent parts such that when the lens is exposed
to aqueous humor in an eye, the amount of swelling in the three-dimensional polymeric matrix
will not substantially change. The hydrating solution may be a balanced salt solution.

[0027] The hydrating solution may include constituent parts such that when the lens is exposed
to aqueous humor in an eye, the amount of swelling in the three-dimensional polymeric matrix
increases. The hydrating solution may be a sodium chloride solution.

[0028] The hydrating solution may include constituent parts such that when the lens is exposed

to aqueous humor in an eye, the amount of swelling in the three-dimensional polymeric matrix

decreases.

[0029] The hydrating solution may include at least one of magnesium ions or calcium
ions.

[0030] The non-uniform refractive index may include first and second discrete layers

having first and second refractive indices, respectively. The non-uniform cross-link density may
further include a gradient cross-link density.
[0031] One aspect of the disclosure is a method of placing any of the lenses herein in

a hydrating solution, wherein placing the lens in the hydrating solution causes a non-uniform
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swelling of the matrix, thereby creating a non-uniform refractive index in the optic body. The
method may include placing the lens in a balanced salt solution.

[0032] One aspect of the disclosure is a method of implanting any of the lenses
herein, wherein the method of implanting causes a change in the swelling in the matrix.
Implanting may cause the matrix to swell more in at least a portion of the matrix. Implanting
may cause a decrease in swelling in at least a portion of the matrix. Implanting the lens may
cause the lens to increase in overall volume to an implanted configuration.

[0033] One aspect of the disclosure is a method of implanting any of the lenses
herein, wherein the method of implanting does not causes a substantial change in the swelling in
the matrix.

[0034] One aspect of the disclosure is a method of implanting any of the lenses
herein, wherein implanting the lens comprises inserting the lens through a delivery device in a
state in which the lens has a smaller volume than a lens volume in a fully hydrated, implanted
state.

[0035] One aspect of the disclosure is a method for inducing a refractive index
gradient in a three-dimensional polymeric matrix, the method including providing a formed body
(e.g., already cured) having a three-dimensional polymeric matrix comprising a copolymer
system prepared from at least one non-ionic acrylic monomer and at least one ionic monomer;
and irradiating the three-dimensional polymeric matrix with ionizing energy in a pattern

configured to thereby create a non-uniform cross-link density within the matrix.

[0036] The method can be used in combination with any of the lenses herein.

[0037] The ionizing energy may be electron beams. The ionizing energy may be x-
rays.

[0038] The method may further include maintaining the body in a stationary position,

and wherein irradiating comprises moving an ionizing energy source in at least one direction.
The method may include maintaining an ionizing energy source in a stationary position, and
moving the body in at least one direction during the irradiating step. The method may include
moving both the body and the energy source, simultaneously or serially, or any combination
thereof.

[0039] The irradiating step may create a gradient of cross-link density in at least a
portion of the matrix.

[0040] The irradiating step may create a gradient of cross-link density in substantially

the entire matrix.



10

15

20

25

30

35

WO 2020/037314 PCT/US2019/047058

[0041] The irradiating step may create a first layer with a first cross-link density less

than a cross-link density of a second region the matrix. The first layer may be a surface layer of

the body.

[0042] The copolymer system may further comprise a collagen material.
[0043] The ionic monomer may be an organic acid.
[0044] The at least one non-ionic acrylic monomer may be

hydroxyethylmethacrylate, and wherein the at least one ionic monomer may be an acrylic

mMonomer.
[0045] The body may be an optic body of an intraocular lens.
[0046] The irradiated three-dimensional polymeric matrix may be dimensionally

stable through steam sterilization as part of a "wet pack" and may be hydrolytically stable during
long term use.

[0047] The irradiating step may create a surface anti-reflective layer, optionally from
50 nm to 400 nm thick, optionally from .1 microns to 10 microns thick, or optionally from 1
micron to 100 microns thick.

[0048] The irradiating step may create a non-uniform cross-link density such that,
when the body is hydrated in aqueous in an eye, the body is adapted to focus light from a wide
range of distances without moving or changing shape, optionally with a vergence of O to 3 D,
optionally O to 2.5D, optionally O to 2D, optionally O to 1.5 D.

[0049] The irradiating step can be initiated after one or more peripheral support (e.g.,
haptics) have already been formed integrally with the formed body.

[0050] The ionizing energy may be X-rays.

BRIEF DESCRIPTION OF THE DRAWINGS
[0051] Figure 1 is an exemplary system for applying ionizing energy to a polymeric body.
[0052] Figure 2 illustrates an exemplary technique when applying ionizing energy to a lens
body.
[0053] Figure 3A illustrates a formed (e.g., cured) polymeric material with crosslinks.
[0054] Figure 3B illustrates the formed polymeric material from figure 3A after being hydrated
in solution, which causes swelling.
[0055] Figure 4A illustrates a formed polymeric material after exposure to ionizing energy.
[0056] Figure 4B illustrates the polymeric material from figure 4A after being hydrated in
solution, which causes swelling. More swelling has occurred in figure 4B than in figure 3B.

[0057] Figure 5 illustrates in additional detail a manner in which swelling herein may occur.

-5-
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[0058] Figure 6 illustrates an exemplary lens with a thin anti-reflection layer formed therein,
including a main lens body portion.

[0059] Figure 7 illustrates how the thickness of a modified surface layer is influenced by the
electron energy.

[0060] Figure 8 illustrates the relatively higher energy range for beta radiation, compared to
figure 7.

[0061] Figure 9 shows the percentage change in refractive index, wherein 100% refers to a
surface RI unchanged from the bulk and 0% refers to the surface RI being reduced to the RI of
the solution in which it is held.

[0062] Figure 10 is an exemplary lens that can have a refractive index distribution substantially
the same as a native crystalline lens.

[0063] Figure 11 illustrates an exemplary optic body with a varying RI in the optic body that can
be created using the methods herein.

[0064] Figure 12 shows a portion of a polymer chain with the acrylic acid side group (left) and
methacrylate side group (right).

[0065] Figure 13A illustrates an exemplary lens that may be irradiated using the methods herein,
the lens including one or more apertures in the optic.

[0066] Figure 13B illustrates a central aperture of an optic body and a region around the aperture
that may be irradiated using methods herein to create an anti-reflection layer at the location of

the aperture.

Detailed Description of the Disclosure

[0067] One aspect of the disclosure includes lenses (e.g., ophthalmic lenses) that have been
manufactured with a refractive index (“RI”)} that varies in a controlled way throughout their fens
bodies. In some instances the RI varies in only a portion of the lens body. In some instances the
varying RI may be a gradient RI, while in some examples it may refer generally to one or more
layers of the body each having a different RI. The lenses herein may include one or more body
regions having a gradient R1, as well as one or more body regions having a uniform RI, and any
combination thereof.

[0068] One aspect of this disclosure is related to methods of creating the varying RI in the lens.
[0069] In general, the methods of creating the variable RI in the lens body (which
may be referred to herein as an optic body) occur after the body of the material has been formed,

i.e., after curing one or more monomers to form a cured body of polymeric material. This is in
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contrast to alternative approaches that may create a varying RI during the process of forming the
body.

[0070] The methods herein that create the varying RI may take place after one or
more optic surfaces have already been formed in an optic body (e.g., via lathing to create the one
or more optic surfaces). Alternatively, the methods that create the varying RI may occur prior to
forming one or more optic surfaces of an optic body. For example, the methods may occur prior
to an anterior and/or a posterior surface of an optic body being formed (e.g., lathing). In these
alternative examples, the methods may be performed on, for example, a cured body of polymeric
material (e.g., a cylindrical button), after which one or more optical surfaces may then be formed
thereon.

[0071] An exemplary advantage of the methods described herein is it can be used on
a wide variety of optic bodies that have been formed using known curing techniques. This allows
for existing techniques to be used to form a body of material (e.g., curing), after which the
methods herein can be utilized to modify the RI in one or more regions of the lens in a very
controlled manner to treat a wide variety of optical disorders (e.g., astigmatism) or to modify the
lens in other ways to create a desired optical effect (e.g., creating an anti-reflective surface layer
in an outermost region of the lens).

[0072] The term “refractive index" (“RI”) herein encompasses a measurement of the
degree of refraction in translucent/transparent substances, especially the ocular media. The RI is
measured as the relative velocity of light in another medium (such as a polymeric material) as
compared to the velocity of light in vacuum. For example, the RI (n) of water is 1.33.

[0073] Any of the lenses herein may have one or more regions that have a gradient
RI. Any of the lenses herein may have one or more regions that interface where there is an
abrupt change in RI between the regions.  Any of the lenses herein may have one or more
regions that have a constant RI. Any of the lenses herein may include any combination of the
exemplary regions set forth in this paragraph. Any of the methods of use herein may be utilized
to create any of the lenses set forth in this paragraph.

[0074] The natural human crystalline lens is a gradient refractive index lens (GRIN)
and the RI typically changes as a gradient, in that it varies gradually throughout the body of the
lens. As an example, the methods herein can facilitate the manufacture of lenses that have
similar performance to the crystalline lens of the eye by defining optical parameters, such as
image quality, focal length, and depth of focus, by controlling the variation in refractive index,
and the manufactured lenses are GRIN lenses. However, in some lenses, it may be advantageous
to provide an artificial lens that has one or more abrupt changes in Rl instead, or in addition to, a

gradient. Portions of the lens may also have a constant RI.
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[0075] The disclosure herein includes methods of creating desired RI profiles within
an already-formed lens. The techniques herein apply 1onizing energy in a particular pattern or
manner to a formed polymeric material, and in some instances the ionizing energy may be
electron beams. The electron beams (or other 1onizing energy) cause bonds to break in the
formed polymeric material. Subsequently, when the polymeric material is hydrated in solution
(e.g., balanced salt solution (“BSS”) or other solvents (e.g., water)), the polymeric material
swells. The swelling of the polymeric material causes a reduction in the R In this manner, the
applied energy can be used to vary the RI in the lens in a controlled and predictable manner to
create a desired RI profile for the lens.

[0076] To form the polymeric body, cross-linking first takes place. This may be
referred to herein as “curing,” and this can be performed using known techniques. In some
embodiments, first and second components are cross-linked to produce a three-dimensional
structural random copolymer. Chemical crosslinking can be conducted using a combination of
initiators and/or crosslinkers and/or catalysts. Alternatively, crosslinking can be initiated by
using Compton electrons indirectly generated in a nuclear irradiator. For example, a cesium 137
or cobalt 60 source can be employed that provides gamma radiation that penetrates into the
material of the lens, ionizes the material and generates Compton electrons (i.e., the electrons that
are detached during ionization). Both the chemical crosslinking method and the nuclear irradiator
crosslinking method provide an environment that results in a uniform crosslinking rate within the
reaction region, and thus a homogeneous polymer can be produced.

[0677] The copolymer can take the form of a tangled coil in BSS instead of being
linear. The random three-dimensional crosslinked coils only form when the intermolecular forces
between the copolymer and the solvent molecules are equal to the forces between the solvent
molecules, and also equal to the forces between copolymer chain segments. The random three-
dimensional crosslinked coils form if, during the polymerization/crosslinking process, a
destructive process occurs during the end gelation equilibrating point so that construction and
destruction rates become equal. Again, this can be possible with either chemical crosslinking or a
radiation process. In the chemical crosslinking process, a combination of initiators and/or
crosslinkers and/or catalysts that are promoting crosslinking are matched by the action of an
inhibitor. In a radiation process, crosslinking and bond breakage begin to take place at the same
rate when the crosslinking density reaches a critical level.

[0078] After the polymeric body is formed, ionizing energy is applied to the
polymeric body, resulting in the breaking of cross-linked bonds. Figure 1 conceptually
illustrates system 10, which includes ionizing energy source 12, ionizing energy 14, and already-

formed (cured) polymeric body 15. Polymeric body 15 may or may not yet have optic surfaces
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formed thereon. The polymeric body 15 may be mounted in a stable manner and then irradiated
using ionizing energy 14. If electron beams are the ionizing energy, electron beam technology as
is employed in electron beam lithography for semiconductor manufacture can readily be adapted
for use in the methods of the embodiments herein. Electron beam technology enables one to
draw custom patterns {direct-write) with sub-10 nm resolution. See, ¢.g., Altissimo, M., E-beam
lithography for micro-/nanofabrication Biomicrofluidics 4, 026503 (2010). Deflection plates 13
are also shown, which are used to create a potential that deflects the beam onto the body 15.
[0079] Different system configurations are contemplated. For example, a static lens
can be provided, and an electron beam can be provided that can move relative to the static lens to
produce a pattern of irradiation. Alternatively, a stationary source may be used and the polymeric
body may be adapted to be moved, such as is shown in the optional degrees of freedom
illustrated as arrows in figure 1. Alternatively, both the source and the lens may be moved.
[0080] The pattern of irradiation is defined by electron energy and the direction and
position at which electrons hit the lens, and the time for which any position in space is being
uradiated. Conversely, a lens adapted to be moved, (e.g., in 6 degrees of freedom as illustrated
in figure 1) can be provided that is placed in the path of a static electron beam, and moved
accordingly with respect to the beam to produce a pattern of irradiation. A configuration in
which both the lens and the electron beam are moved can also be employed.

[0081] An exemplary aspect of the method that can be varied to control the resulting RI profile
of the lens 1s the angle of incidence of the electrons. In certain embodiments it is desirable that
the electrons hit the lens at glancing angle (e.g., across the whole surface of the lens). This
permits a higher energy to advantageously be employed, e.g., in preparing a surface layer. This
can be viewed as controlling the amount of absorbed energy or the strength of the electron beam
by controlling the angle of incidence. Figure 2 illustrates this concept, showing lens 20 and
energy 22 hitting the lens at glancing (shallow) angles. Lens 20 may be moved relative to the
energy source (now shown for simplicity), the energy source may be moved relative to the lens,
or both the lens and energy source may be moved.

[0082] This application of ionizing energy (e.g., electron beams) differs from the
irradiator described above for crosslinking (for forming the polymeric body) in that the ionizing
energy in this step is directed in a specific pattern across the lens. Where the beam interacts with
the polymeric material, bonds in the polymer backbone are broken, and the refractive index is
changed when the polymeric body swells when placed in solution (e.g., BSS, aqueous). The
resulting combinations of selected parameters can produce a GRIN in a material that is capable

of withstanding steam sterilization (with water inside the material). Different absorbed doses of
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radiation have a directly proportional effect on the swelling index, and the resulting effect on the
polymer system provides the mechanism to form the GRIN.

[0083] Figures 3A, 3B, 4A and 4B illustrate generally how ionizing energy applied to
a polymeric material can increase the amount of swelling when hydrated, and thus result ina
greater reduction in RI. Figure 3A illustrates a formed polymeric material with crosslinks 30
generally indicated as squares (only three are labeled). This may be referred to as a “dry” state.
Figure 3B illustrates the polymeric material when hydrated in solution {(e.g., in BSS, magnesium,
calcium, etc.). In figure 3B the polymeric material has swelled relative to its dry state in figure
3A. The positive charges 32 (only three labeled for clarity) repeal each other.

[0084] Figure 4A illustrate a polymeric material after exposure to ionizing energy 40.
As can be seen, some crosslinks 42 have been broken due to the exposure to the ionizing energy
41. Figure 4A, like figure 3A, can be referred to as dry state of the polymeric material.

[0085] Figure 4B illustrates the polymer after being hydrated in solution (e.g., in
BSS, magnesium, calcium, etc.). As can be seen when comparing figure 3B and 4B, the
polymeric material (at least where it was exposed to ionizing energy) swells to a greater extent
after ionizing energy absorption compared to no exposure to ionizing energy.

[0086] Figure 5 illustrates in additional detail the manner in which swelling occurs.
In the case of an 0L, the optical properties of the lens when the lens is positioned in the eye are
of concern. The copolymer will increase its swell in solution in the presence of calcium and
magnesium cations. As Ca”" and Mg?* ions are present inside the material due to diffusion from
the solution in which the lens is positioned (e.g., agueous humor), the swelling variation can be
controlled in the lens. Greater swelling indicates more water in the matrix, and therefore a lower
refractive index. Figure 5 illustrates the chemical processes involved for polymethylmethacrylate
(PMMA), and can be modified for use with acrylates.

[0087] In the top left of the diagram, a pair of hydrogen bonds is shown between two
methacrylate groups to indicate a weak crosslink. In the presence of Ca** and Mg?* ions, there is
the potential {or stronger complexes to build as the cations bond with the oxygen atoms at the
end of the methacrylate groups and create bundles of four or more weakly bonded units. These
species are hydrophilic, and thus draw water into the matrix and cause swelling, in turn reducing
the refractive index. When high energy electrons are incident upon the polymer, they may break
polymer backbone bonds and, according to Flory-Huggins solution theory, cause additional
swelling and thus a further decrease in the refractive index. In summary, the initial
polymerization produces a hydrophilic polymer that swells in the presence of Ca’* and Mg**

ions. frradiation with an electron beam (an example of which is shown in figure 4A) breaks
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bonds in this synthetic polymer chain, and allows a change in RI (e.g., RI gradient) to be created.
This technique can be used in any of the methods herein (e.g., creating an anti-reflective layer).
[0088] The lenses herein, after cross-linking, are generally referred to as beingina
dry state. When placed in solution (e.g., BSS, aqueous of the eye), the polymeric material will
swell relative to the dry state. The amount of swelling depends on the solution in which the lens
is placed. Generally, a lens 1s packaged for shipping and/or storage, and is then implanted in an
eye when ready for use. In some instances the lenses herein can be packaged in BSS (exposure to
which causes some degree of swelling of the dry polymeric material), and once implanted they
are exposed to aqueous, which may cause slight additional swelling.

[0089] Any of the lenses herein can be stored/packaged in a solution such that after
implantation, the lenses undergo substantially no additional swelling. This may be beneficial if it
is desired that the lens when implanted be as close to the final size as possible. For example, it
may be desirable that a lens be implanted in a “full” size so that it is properly stabilized
immediately when implanted.

[0090] Alternatively, it may be desired to implant a lens in a size that is smaller (i.e.,
less swelled) than in its final fully implanted size. For example, it may be desirable that an
implanted lens be smaller so that it is easier to advance through a delivery tool, after which it
expands to a greater extent to its final, implanted, size.

[0091] In this manner the degree of swelling post-implantation can be controlled as
desired based on the application.

[0092] The general methods herein that utilize an electron beam to create a gradient refractive
index profile in at least a portion of a lens can also be used to customize a lens to an individual
patient. This approach provides a wide variety of possibilities, in that many patient needs can be
met by using the techniques herein. A particular patient may benefit from a particular RI profile
in the lens. The techniques herein can be tatlored as needed to create the particular Rl profile in
the lens. These properties and others can be provided using the methods of the embodiments,
countrary {o single refractive index materials where optical properties are determined solely by the
morphology of the lens.

[0093] While electron beams can advantageously be employed for surface or bulk modification,
other energy may also be used, such as X-rays, leptons, protons, positrons, or ionizing radiation
from radioactive sources such as from o or §§ sources.

[0094] There are a wide variety of specific applications of the general methods
described herein. While some specific examples are provided herein, it is understood that the
general methods can be used in other applications to create a desired Rl profile for a wide variety

of lenses.
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[0095] One aspect of the disclosure is methods of manufacturing that fabricate lenses,
such as intraocular lenses (e.g., IOLs, artificial replacement {or the crystalline lens of the eye)
with a multi-directional gradient of refractive index (GRIN) that can be controlled in magnitude
and in a continuously varying multitude of ways. The GRIN lens material is dimensionally stable
through steam sterilization as part of a "wet pack," and is hydrolytically stable during long term
use. Since the GRIN of the lens is due to the lens material, with a narrow three-dimensional
crosslinking distribution, it is unchanged during long term use. These methods of manufacturing
enable lenses to be designed to solve many problems.

[0096] For example without limitation, an exemplary application of these methods is
the creation of an anti-reflection layer in the lens by producing a thin layer of base material that
has had its refractive index lowered. Figure 6 illustrates an exemplary lens 50 with a thin anti-
reflection layer 52 formed therein, with main lens body portion 54.

100971 An anti-reflection layer (i.e., a surface layer) may be useful because it reduces
stray light within the eye that can cause dysphotopsia, and it also reduces unwanted reflections in
lens applications other than IOLs.

[0098] Figures 13A and 13B illustrate an additional exemplary lens 100, including
optic portion 102 and peripheral support 104. Optic portion 102 includes an aperture 106 (in this
embodiment is a central aperture) extending through the optic portion 102. Figure 13B illustrates
region 108 of the optic that forms the aperture that may be irradiated using methods herein to
create an anti-reflection layer at the location of the aperture. This may help reduce the scattering
of light at the location of the aperture.

[0099] The manufacturing processes described herein can be manipulated to form an
anti-reflection layer. Generally, electrons having low energy {e.g., 500 eV up to 10 keV) and,
optionally, high flux (high rate of flow of electrons through the surface), can be employed for
surface modification of a lens. For example, an antireflective layer can be created by, for
example, breaking chemical bonds at the surface whereby RI and/or reflectivity is reduced.
[0100] To create an antireflective layer, electrons in the range of 0.5 keV to 2 keV can be
employed, with an absorbed radiation dose in the range of 4-8 Mrad. The dose may be higher or
lower, and can also be dependent on the composition of the irradiated substrate chemical.
Alternatively, electrons with an energy of about 0.3 to 1 keV can be used with a high flux. Once
the absorbed dose reaches about 8 Mrad, the change in refactive index through the irradiated
depth will become substantially uniform and a layer (e.g., layer 52) that has approximately the
same refractive index will be created at a 75% relative reduction. By selecting the energy and
dose of the electrons appropriately, an interference antireflective layer can be created in the lens

material.

-12-



10

15

20

25

30

WO 2020/037314 PCT/US2019/047058
[0101] The thickness of a modified surface layer is influenced primarily by the
electron energy. This is illustrated in Figure 7, and is calculated according to the theoretical
formula taken from Anderson, C. A., ed., 1973, Microprobe Analysis, John Wiley & Sons, 571
ppP-

R = 0.064
pEo

where R is the maximum penetration depth of the electrons in microns, p is the density of the

material in g/ml and Eo is the energy of electrons upon impact with the surface in keV.

[0102] If the change in refractive index is a step, then the desired thickness is one
quarter of the wavelength of light in the modified surface layer, which is reduced from the
wavelength in air by a factor equal to the RI. Accordingly, the layer will be about 100 to 200 nm
in thickness. Using a single electron energy, the actual RI change is an exponential decay. As
such, the thickness in some embodiments may be somewhat smaller or larger than from about
100 to 200 nm, e.g., from about 50 to 400 nm, wherein the thickness is defined as 1/e of the
maximum RI change. In some embodiments the thickness is 0.1 microns to 10 microns. In some
embodiments the thickness is 1 micron to 10 micron. A more step-like layer can be created by
varying the electron energy during exposure. Moreover, the angle of incidence of light onto the
lens’s curved surface can be taken into consideration by varying the thickness of the surface
layer as a function of the distance from the center of the lens.

[0103] While the disclosure herein mainly describes electron beams as the ionizing
energy, other types of ionizing energy, such as beta radiation, may be used. However, beta
radiation is typically of higher energy (e.g., °Sr = ®Y at 546 keV) and its use can be limited by
the thickness of the layer desired or, for applications other than anti-reflection layers, by the
thickness of the lens itself. For an IOL, this thickness is between 0.05 mm and 5 mm. Also, the
energy of beta radiation cannot be tuned, unlike electron radiation. When compared to the
electron radiation graph shown in figure 7, figure 8 illustrates the relatively higher energy range
for beta radiation.

[0104] An additional exemplary application is to create lenses that focus light from a
wide range of distances without moving or changing shape whereby light entering the lens from
different directions and incident on different surface positions on the lens will experience optical
pathways through the lens that differ due to RI variations throughout the lens. Focusing light
from a wide range of distances is useful to patients fitted with the lens, as I0Ls do not typically
provide accommodation similar to that provided by the native crystalline lens. Additionally, the
technology can be useful in other lens applications, such as camera lenses designed with a large

depth of field.
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[0105] The change in refractive index for the surface lens material relative to the bulk
lens material depends on the absorbed radiation dose. Figure 9 shows the percentage change in
refractive index, wherein 100% refers to a surface RI unchanged from the bulk and 0% refers to
the surface RI being reduced to the RI of the solution in which it is held (e.g., a balanced salt
solution in packaging, aqueous humor in the eye).

[0106] Another exemplary application of the general technique described herein is creating an
extended surface layer over a thickness of several wavelengths that does not cause destructive
interference of light reflected from both surfaces. This can be represented by figure 6, but region
52 would be a gradient RI rather than a layer with a uniform RI. In this exemplary method, the
RI of the outer surface of the material is reduced to match as closely as possible (e.g., 10% or
less variance, such as 5% or less variance) the RI of aqueous humor. The small change in RI
between the lens and aqueous humor results in less reflection. According to Fresnel’s equations

(nl_na)2
(ny+nq)?

the proportion of reflected power for normal incidence light =
where ny is the refractive index of the lens and n. is the refractive index of aqueous humor. This
method utilizes a surface dose of about 8 Mrad or more but layers directly below the surface
receive less radiation thus creating a gradual variation in refractive index. The time required to
create such a gradient must therefore be selected to prevent saturation as described above.
Achieving the thicker surface layer requires higher energy electrons in the range of 1 keV to 10
keV, but still in the range of “low” energy as defined herein.

[0107] Multiple directional incidence angles of irradiation can be used to create different three-
dimensional (3D) patterns of the gradient refractive index in the bulk of the lens, or on the
surface of the lens, or both. Regardless of orientation, the change in RI is determined by electron
energy (penetration) and absorbed dose (magnitude of effect), such that different patterns can be
achieved by varying the lens-beam orientation. Predictions of the effect can be made by
calculating, for all the positions in the 3D matrix, how deep the position is within the lens
relative to the direction of the electron beam and the absorbed dose at that position, and
integrating over time as the beam is moved.

[0108] The aforementioned methodology is particularly useful in the surface modification of a
lens, examples of which have been described herein. When modification of the bulk of the lens
(i.e., more than just the surface) is desired, however, high energy {(e.g., from 10 keV to 700 keV,
inclusive) electrons can be employed {or penetration deeper into the bulk of the lens. The energy
of the beam can thus be modified as needed to penetrate to the depth(s) desired for a particular
apphication. By adjusting the energy profile and flux of the electrons, as well as the angle of
incidence and location of irradiation, a desired R profile throughout any portion of the lens can
be achieved.
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[0109] Generally, retinal images that are similar to those provided by the natural
crystalline lens may be advantageous to the lens recipient, as the brain has grown accustomed to
such images and the brain's neural networks may better be able to process such images. An
additional exemplary application of the methods herein is to create a lens that produces images
that are more similar to those produced by the natural crystalline lens. Figure 10 illustrates
exemplary lens 60 that can be created using methods herein. Lens 60 is created to function like
the natural crystalline lens, with a gradually changing RI as indicated by the internal lines that
represent refractive index contours in the figure. Lens 60 may be implanted in a capsular bag to
replace a removed native crystalline lens. In figure 10, anterior is towards the bottom of the
page, and posterior is towards the top of the page. The RI varies in the lens body, with the RI
being greater in central region 62 than in outer region 64. Lens 60 1s an example of an optic body
that has a three-dimensional polymeric matrix with a refractive index distribution substantially
the same as a refractive index distribution of a natural crystalline lens. Lens 60 is also an
example of an optic body that has a shape that is substantially the same as a shape of a natural
crystalline lens. One of skill in the art will understand that the comparison to a native crystalline
lens (for which there may be some subject to subject variability) does not render this description
indefinite or vague, since one of ordinary skill in the art will understand what is meant by a
refractive index distribution substantially the same as a refractive index distribution of a natural
crystalline lens, as well as a shape that is substantially the same as a natural crystalline lens.
[0110] The lens 60 in figure 10 is an example of a lens that can be adapted so that it
swells to a final implanted state (size) after implantation. For example, it may be desirable that
lens 60 have a smaller delivery size to ease the delivery through a lens inserter, then swell
(expand) to a greater state once inserted so that it is better secured within the eye (e.g., within a
capsular bag).

[0111] Figure 11 illustrates an alternative optic body 70 with a varying RI in the optic body that
can be created using the methods herein. Optic body 70 can be incorporated into any suitable
ophthalmic lens (e.g., an IOL with one or more haptics). Ionizing energy can be applied to a
polymeric body to create optic body 70. Region 74 may be considered a lower Rl region
compared to regions 72. The RI may vary continuously (gradient) through the lens 70. Lens 70 is
an example of a lens that is configured to treat ametropia (via a spherical component of the lens
shape) and astigmatism (via a cylindrical component of the lens shape). The degree of change in
RI between regions 72 and 74 can be any suitable degree.

[0112] A further embodiment of the methods described herein is the creation of an embedded
Fresnel lens within a conventionally shaped lens, e.g., a bi-convex lens or a bi-concave lens. To

create optical power, lens surfaces need to be curved. In the case of a biconvex lens this means
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that the center has to have a central thickness that increases with optical power and for a
biconcave lens the edge thickness that increases with optical power. A Fresnel lens has a shape
that segments the curvatures into different sectors thus reducing the thickness of the lens. One
disadvantage of a Fresnel lens is that it can have sharply changing curvatures that can scatter
light. By producing the Fresnel lens within a conventionally shaped lens, some of the power can
come from the outer shape of the conventional lens and more power can be obtained by
replicating a Fresnel lens within the conventional lens by creating curved zones of increased
power. Furthermore, Fresnel lenses can be designed to have more than one focus to provide
simultaneously, for instance, good focus at far distance and near, or good focus at far distance
and near and an intermediate distance. Furthermore, the interaction between the different
refractive zones of the Fresnel lens can create beneficial diffractive elfects and control of the
exact shape of the refractive zones can reduce scatter and create better images.
[0113] One aspect of this disclosure 1s a copolymer material or a combination of copolymer
materials that can be used to make a GRIN lens. The lens can be incorporated into, e.g., an IOL.
Properties of IOL materials include high elasticity to allow ecase of insertion into the eye, low
reflectivity to avoid dysphotopsia, good biocompatibility (e.g., does not leech toxic materials
into the eye), and be mechanically capable of accurately holding a stable shape that is composed
of a lens and supporting elements without disturbing or irritating the existing structure of the eye.
[0114] Some ophthalmic devices may include one or more peripheral supports (e.g., one or more
haptics, such as plate haptics or arm haptics) that extend radially outward from an optic, and
provide support to the optic when placed in an eye. Any of the methods of irradiating herein may
occur after the optic and any peripheral support(s) have been formed into an integral structure
(e.g. via lathing, molding, machining, or any combination thereof).
[0115] The methods of creating non-uniform cross-link densities herein may also be used on
non-optic body portions (e.g., one or more haptics) of a lens. At least a portion of the non-optic
body portion may also be irradiated to create a varying refractive index. This may be helpful to
reduce light scattering 1o some subjects who have relatively larger pupils, where more light
passes through the non-optic portion due to the larger pupil size. All of the methods of irradiating
and swelling described herein may thus also be used on a non-optic portion of a lens, as well as

on an optic body.

Exemplary Method of Preparing a Gradient Refractive Index in a Three-Dimensional Copolymer

[0116] The copolymer system of certain embodiments is composed of a large
proportion of a non-ionic acrylic monomer and a small proportion of an ionic monomer such as

an organic acid. The term "organic acid" encompasses acids made up of molecules containing
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organic radicals ((hydro)carbon containing moieties). Such acids include, for example, acrylic
acid, formic acid (H-COOH), acetic acid (CH3COOH) and citric acid (CsHgO7), each of which
contain the ionizable -COOH group. The term “acrylic” as applied to monomers includes
synthetic plastic resins derived from acrylic acids. The present hydrophilic monomers and
hydrophobic monomers must be selected such that the hydrophobic monomer(s) is soluble in the
hydrophilic monomer(s). The hydrophilic monomer acts as a solvent for the hydrophobic
monomer. Suitable monomers can be readily selected by those of ordinary skill in the art to
which the present disclosure pertains. Examples of suitable acrylic monomers, include 4-
methacryloxy-2-hydroxybenzophenone, ethyl-3-benzoil acrylate, N-propyl methacrylate) N-
propyl methacrylate (acrylic), ethyl-methacrylate, methyl methacrylate, n-heptyl methacrylate, 2-
hydroxyethyl methacrylate (HEMA), hydroxypropyl methacrylate, 2-hydroxyethyl methacrylate,
hydroxypropyl methacrylate poly(ethylene glycol)n monomethacrylate, 4-hydroxybutyl
methacrylate, and other monomers as are known in the art. It is generally observed that swelling
in water is reduced when sodium chloride or other salts are present in the copolymer system.
The targeted amount of swelling can therefore be modified by manipulating salt content within
the copolymer system when the lens is outside of the eye. The lens can expand more or less once
implanted in the eye when exposed to aqueous, depending on the solution in which it is placed
prior to implantation.

Gradient Refractive Index in a Three-Dimensional Collagen-Containing Copolymer

(G117} Copolymers can be modified by adding collagen or a similar biological
molecule to the polymer, in which case the radiation method can be employed. This formulation
method provides the structural and dimensional characteristics of the resulting material from
which an IOL with GRIN can be produced. Any type of collagen from any source can be
employed. Suitable collagen materials include, but are not limited to, collagen obtained from
pig's eye sclera or cornea, or fibroblasts (e.g., artificially produced or cultured from genetically
modified yeast, etc.). The collagen is a naturally stable polyenic, which comprises hydrophobic,
hydroxylic and polarized amino-acids, e.g., telo-collagen. Copolymeric materials comprising
collagen materials are described in U.S. Pat. No. 5,654,349, U.S. Pat. No. 5,910,537, U.S. Pat.
No. 5,661,218. Collamer can be desirable in certain embodiments due to its stability to radiation.
Hydrogels are associated with calcification (hydroxyapatite deposition). Biological molecules
such as denatured collagen, when incorporated into the lens, can attract fibronectin, forming a
protective layer. This protective layer of fibronectin (unique to an individual patient) is not
recognized as a foreign body, thereby reducing the susceptibility of the lens to calcification.

Accordingly, providing materials that are radiologically resistant and biologically active as
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components of the lens can yield a lens having superior stability, in particular to optical
degradation, and biocompatibility.

16118} Forming a polymeric body may include mixing a nonionic acrylic monomer
with the ionic monomer (e.g., an acid such as formic acid). The weight ratio of nonionic acrylic
monomer to ionic monomer can be in the range of about 10:1 to about 10,000:1, e.g., 50:1 to
200:1, e.g., 75:1, 100:1, 125:1, 150:1, or 175:1. Additional steps in an exemplary method of
preparing an exemplary material may be described in U.S. App. No. 62/765,088, whose priority
is claimed herein, and the disclosure of which is incorporated by reference herein for all
purposes.

18119 Accordingly, once the polymer is formed, an IOL (or other lens) can be
manufactured in a traditional manner using, for example, a lathe and mill or with a mold, and can
then be modified using a second irradiation process.

[0120] The change in RI as a function of radiation absorbed is influenced by factors, such as the
concentration of anionic components, such as methacrylic acid and acrylic acid, which are
crosslinked into the copolymer. The concentration of the anionic components influence the swell
factor, which in turn influences RI. More swelling correlates with a lower RI, and a higher
concentration of the anionic components results in more swelling (and thus lower RI). The
concentration of bi-cations in physiological and BSS ranges are as follows: magnesium 0.7-2.0
mmol/L and calcium 1-3.5 mmol/L. The propensity for the material to swell is determined by
anionic components, such as methacrylic acid and acrylic acid, that are crosslinked into the
copolymer. Excess monomers are typically removed during the extraction process.

{31211 The ratios of the two different monomers within the copolymer structure, the
absorbed dose, and the electron energy can be varied within moderate ranges to achieve different
balances of properties within the resulting GRIN lens. In this way, a desired RI profile can be
created in the lens. As an example, the optical aberrations of a patient’s visual system can be
measured using a device such as a wavefront aberrometer and the required lens correcting for the
aberrations can be calculated. Thereafter, a three-dimensional irradiation plan can be developed
whereby the dose at any point in the lens, as a function of electron energy, can be calculated and
an irradiation plan, consisting of beam position and angle, electron flux and electron energy, can
be produced. Lenses for different patients can be produced from one single design of a single
refractive index lens or the geometrical properties of the lens can be used as additional degrees of
freedom (design parameters). There is thus great flexibility in how the methods herein can be
used to create a wide variety of lenses based on the desired refractive index profile.

[0122] The following references relate to use of lasers to modify refractive index of

lenses: U.S. Patent No. 9,545,340; U.S. Patent No. 9,492,323; U.S. Patent No. 9,144,491; U.S.
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Patent No. 9,060,847; U.S. Patent No. 8,932,352; U.S. Patent No. 8,901,190; U.S. Patent No.

8,617,147; U.S. Patent No. 8,512,320; U.S. Patent No. 8,486,055; U.S. Patent No. 8,337,553;
and U.S. Patent No. 7,789,910, all of which are incorporated by reference herein.

Examples

[0123] An exemplary polymer may be a structural copolymer produced from
hydroxyethylmethacrylate monomers as a major component and acrylic acid as a minor
component. The weight ratio may be as indicated above. Figure 12 shows such a portion of a
polymer chain with the acrylic acid side group (left) and methacrylate side group (right). The
copolymer is produced either chemically or during nuclear irradiation (described above), and
then amended using the electron beam irradiation methods (or other ionizing energy source)
described herein to create the GRIN lens.

10124] Following the generalized formula presented above, other copolymer
combinations can be used to achieve the same final properties. An absorbed dose radiation
sensitive refractive index changing copolymer composition comprising a methacrylic ionic
monomer and a methacrylic nonionic monomer that is sensitive to electron beam bombardment
can be employed in preparing materials with varying re{ractive index that are also compatible with
use in the eye.

[0125] The term “low energy” as used herein is a broad term, and refers without
limitation to 500 eV to 10 keV, inclusive.

[0126] The term “high energy” as used herein is a broad term, and refers without
Iimitation to 10 keV to 700 keV, inclusive.

[0127] The description herein and examples illustrate exemplary embodiments of the
present disclosure in detail. Those of skill in the art will recognize that there are numerous
variations and modifications of the inventions herein that are encompassed by its scope.
Accordingly, the description of exemplary embodiments should not be deemed to limit the scope
of the inventions herein.

[0128] The illustrative embodiments described in the detailed description, drawings,
and claims are not meant to be limiting. The teachings herein can be applied in a multitude of
different ways, including for example, as defined and covered by the claims. It should be
apparent that the aspects herein may be embodied in a wide variety of forms and that any

specific structure, function, or both being disclosed herein is merely representative. Based on the
teachings herein one skilled in the art should appreciate that an aspect disclosed herein may be
implemented independently of any other aspect and that two or more of these aspects may be

combined in various ways. For example, a system or apparatus may be implemented or a
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method may be practiced by one of skill in the art using any reasonable number or combination
of the aspects set forth herein. In addition, such a system or apparatus may be implemented, or
such a method may be practiced using other structure, functionality, or structure and
functionality in addition to or other than one or more of the aspects set forth herein. Other
embodiments may be utilized, and other changes may be made, without departing from the spirit
or scope of the subject matter presented herein. It will be readily understood that the aspects of
the present disclosure, as generally described herein, and illustrated in the Figures, can be
arranged, substituted, combined, and designed in a wide variety of different configurations, all of
which are explicitly contemplated and made part of this disclosure. It is to be understood that

the disclosed embodiments are not limited to the examples described below, as other
embodiments may fall within the disclosure and the claims.

[0129] While the disclosure has been illustrated and described in detail in the drawings
and foregoing description, such illustration and description are to be considered illustrative or
exemplary and not restrictive. The disclosure is not limited to the disclosed embodiments.
Variations to the disclosed embodiments can be understood and effected by those skilled in the art
in practicing the claimed disclosure, from a study of the drawings, the disclosure and the appended
claims.

10130] All references cited herein are incorporated herein by reference in their entirety.
To the extent publications and patents or patent applications incorporated by reference contradict
the disclosure contained in the specification, the specification is intended to supersede and/or take
precedence over any such contradictory material.

[0131] Where a range of values is provided, it is understood that the upper and lower
limit, and each intervening value between the upper and lower limit of the range is encompassed
within the embodiments.

10132} Furthermore, in those instances where a convention analogous to “at least one
of A, B, and C, etc.” is used, in general such a construction is intended in the sense one having
skill in the art would understand the convention (e.g., “a system having at least one of A, B, and
C” would include but not be limited to systems that have A alone, B alone, C alone, A and B
together, A and C together, B and C together, and/or A, B, and C together, etc.). In those instances
where a convention analogous to “at least one of A, B, or C, etc.” is used, in general such a
construction is intended in the sense one having skill in the art would understand the convention
(e.g., “a system having at least one of A, B, or C” would include but not be limited to systems that
have A alone, B alone, C alone, A and B together, A and C together, B and C together, and/or A,
B, and C together, etc.). .
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What is claimed is:

1. An ophthalmic lens, comprising:
an optic body made from a copolymer having a three-dimensional polymeric matrix,
wherein the three dimensional polymeric matrix of the copolymer has a non-uniform

cross-link density.

2. The lens of Claim 1, wherein the three dimensional polymeric matrix includes a first

region with fewer cross links than a second region.

3. The lens of Claim 2, wherein the first region and the second region are within a gradient

of cross-link density.

4. The lens of Claim 2, wherein the three dimensional polymeric matrix includes further
includes a third region that is not within the gradient, the third region including a layer having a

uniform cross-link density.

5. The lens of Claim 3, wherein the first region is closer to a periphery of the optic body

than the second region.

6. The lens of Claim 2, wherein the first region is in a first layer with a first cross-link

density, and the second region is in a second layer with a second cross-link density.

7. The lens of Claim 6, wherein the first region is a surface layer of the optic body, the first

region having fewer cross-links than the second region.

8. The lens of Claim 2, wherein the first region is closer to a periphery of the optic body.
9. The lens of Claim 2, wherein the entire optic body has a gradient cross-link density.
10. The lens of Claim 2, wherein the three-dimensional polymeric matrix has a refractive

index distribution substantially the same as a refractive index distribution of a natural crystalline

lens.
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11. The lens of Claim 2 or Claim 10, wherein a shape of the optic body is substantially the

same as a shape of a natural crystalline lens.

12. The lens of Claim 2, wherein the entire optic body does not have a gradient cross-link
density.

13. The lens of Claim 2, wherein the optic body is a toric lens.

14. The lens of claim 2, wherein the copolymer includes at least one non-ionic acrylic

monomer and at least one ionic monomer.

15. The lens of claim 14, wherein the copolymer further comprises a collagen
material.

16. The lens of claim 14, wherein the ionic monomer is an organic acid.

17. The lens of claim 14, wherein the weight ratio of the non-ionic acrylic monomer

to the ionic monomer is 10:1 to 10,000:1, such as 50:1 to 200:1, such as 75:1 to 175:1, such as
75:1, 100:1, 125:1, 150:1, or 175:1.

18. The lens of claim 14, wherein the non-ionic acrylic monomer is

hydroxyethylmethacrylate.

19. The lens of claim 1, wherein the non-uniform crosslink density of the matrix is adapted to
create an anti-reflection surface layer in the optic body when the optic body is exposed to

aqueous in an eye.

20. The lens of claim 19, wherein the anti-reflection layer comprises a region of the matrix

that is 50 nm to 400 nm thick.

21. The lens of claim 19, wherein the anti-reflection layer comprises a region of the matrix

that is .1 micron to 10 microns thick.

22. The lens of claim 19, wherein the anti-reflection layer comprises a region of the matrix that

is 1 micron to 100 microns thick.
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23. The lens of claim 19, wherein the anti-reflection surface layer is at least partially

disposed around a central aperture formed in the optic body.

24. The lens of claim 2, wherein the optic body is an optic body of an IOL.

25. The lens of claim 2, wherein the three-dimensional matrix is dimensionally stable
through steam sterilization as part of a "wet pack" and is hydrolytically stable during long term

use.

26. The lens of claim 2, wherein the non-uniform cross-link density adapts the optic body,
when placed in an eye and exposed to aqueous, to focus light from a wide range of distances
without moving or changing shape, optionally with a vergence of 0 to 3 D, optionally 0 to 2.5 D,
optionally O to 2 D, optionally 0 to 1.5 D, optionally 0 to 1.0 D.

27. The lens of claim 2, wherein the non-uniform cross-link density adapts the optic body,

when placed in an eye and exposed to aqueous, to correct for astigmatism.

28. The lens of claim 2, wherein the three dimensional polymeric matrix has a lower cross-
link density near a surface of the optic body than in a region further inward relative to the

surface.

29. The lens of claim 2, wherein the lens further comprises a non-optic body portion (e.g.,
one or more haptics), and wherein the non-optic body portion includes a non-optic three-
dimensional polymeric matrix, wherein the non-optic three dimensional polymeric matrix has a

non-uniform cross-link density.

30. The ophthalmic lens of claim 1, further comprising a hydrating solution to which the
optic body is exposed, wherein the non-uniform cross-link density causes the three-dimensional
polymeric matrix to swell in a non-uniform manner when hydrated in the solution, thereby

creating a non-uniform refractive index within the optic body.

31. The lens of Claim 30, wherein the hydrating solution is a balanced salt solution.
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32. The lens of Claim 30, wherein hydrating solution includes constituent parts such that
when the lens is exposed to aqueous humor in an eye, the amount of swelling in the three-

dimensional polymeric matrix will not substantially change.

33. The lens of Claim 32, wherein the hydrating solution is a balanced salt solution.

34. The lens of Claim 30, wherein hydrating solution includes constituent parts such that
when the lens is exposed to aqueous humor in an eye, the amount of swelling in the three-
dimensional polymeric matrix increases.

35. The lens of claim 34, wherein the hydrating solution is a sodium chloride solution.
36. The lens of Claim 30, wherein hydrating solution includes constituent parts such that
when the lens is exposed to aqueous humor in an eye, the amount of swelling in the three-

dimensional polymeric matrix decreases.

37. The lens of Claim 30, wherein the hydrating solution includes at least one of magnesium

ions or calcium ions.

38. The lens of Claim 30, wherein the non-uniform refractive index includes first and second

discrete layers having first and second refractive indices, respectively.

39. The lens of Claim 30, wherein the non-uniform cross-link density includes a gradient

cross-link density.

40. A method of placing any of the lenses in Claims 1-39 in a hydrating solution, wherein
placing the lens in the hydrating solution causes a non-uniform swelling of the matrix, thereby
creating a non-uniform refractive index in the optic body.

41. The method of claim 40, wherein the hydrating solution is a balanced salt solution.

42. A method of implanting any of the lenses of claims 1-39, wherein the method of

implanting causes a change in the swelling in the matrix.
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43. The method of Claim 42, wherein implanting causes the matrix to swell more in at least a

portion of the matrix.

44, The method of Claim 42, wherein implanting causes a decrease in swelling in at least a

portion of the matrix.

45. The method of Claim 42, wherein implanting the lens causes the lens to increase in

overall volume to an implanted configuration.

46. A method of implanting any of the lenses of claims 1-39, wherein the method of

implanting does not causes a substantial change in the swelling in the matrix.

47. A method of implanting any of the lenses of claims 1-39, wherein implanting the lens
comprises inserting the lens through a delivery device in a state in which the lens has a smaller

volume than a volume in a fully hydrated, implanted state.

48. A method for inducing a refractive index gradient in a three-dimensional polymeric
matrix, the method comprising:

providing a formed body having a three-dimensional polymeric matrix comprising a copolymer
system prepared from at least one non-ionic acrylic monomer and at least one ionic monomer;
irradiating the three-dimensional polymeric matrix with ionizing energy in a pattern configured

to thereby create a non-uniform cross-link density within the matrix.

49. The method of Claim 48, wherein the matrix is any of the matrices in claims 1-39.
50. The method of Claim 48, wherein the ionizing energy is electron beams.
51. The method of Claim 48, further comprising maintaining the body in a stationary

position, and wherein irradiating comprises moving an ionizing energy source in at least one

direction.
52. The method of Claim 48, further comprising:

maintaining an ionizing energy source in a stationary position; and

moving the body in at least one direction during the irradiating step.
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53. The method of claim 48, wherein the irradiating step creates a gradient of cross-

link density in at least a portion of the matrix.

54. The method of claim 53, wherein the irradiating step creates a gradient of cross-

link density in substantially the entire matrix.

55. The method of Claim 48, wherein the irradiating step creates a first layer with a

first cross-link density less than a cross-link density of a second region the matrix.

56. The method of claim 55, where the first layer is a surface layer of the body.

57. The method of Claim 48, wherein the copolymer system further comprises a

collagen material.

58. The method of Claim 48, wherein the ionic monomer is an organic acid.

59. The method of Claim 48, wherein the at least one non-ionic acrylic monomer is

hydroxyethylmethacrylate and wherein the at least one ionic monomer is an acrylic monomer.

60. The method of Claim 48, wherein the body is an optic body of an intraocular
lens.
61. The method of Claim 48, wherein the irradiated three-dimensional polymeric

matrix is dimensionally stable through steam sterilization as part of a "wet pack" and is

hydrolytically stable during long term use.

62. The method of Claim 48, wherein the irradiating step creates a surface anti-
reflective layer, optionally from 50 nm to 400 nm thick, optionally from .1 microns to 10

microns thick, or optionally from 1 micron to 100 microns thick.

63. The method of Claim 48, wherein the irradiating step creates a non-uniform cross-
link density such that, when the body is hydrated in aqueous in an eye, the body is adapted to
focus light from a wide range of distances without moving or changing shape, optionally with a

vergence of 0 to 3 D, optionally 0 to 2.5D, optionally O to 2D, optionally 0 to 1.5 D.
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64. The method of claim 48, wherein the irradiating step is initiated after one or more

peripheral support (e.g., haptics) have already been formed integrally with the formed body.

65. The method of Claim 48, wherein the ionizing energy is X-rays.
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