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CUSTOMIZED LENSES

[0001] This Invention is claiming priority to the U.S.
Provisional Patent Application No. 60/344,248 on said
Invention filed on Dec. 28, 2001.

BRIEF SUMMARY OF THE INVENTION

[0002] The present invention is directed to customized
lenses and a method for making them. In one embodiment,
lenses are provided whose optical properties can be custom-
ized through the use of external stimuli such as light or other
radiation.

BACKGROUND OF THE INVENTION

[0003] The most common method for correcting vision is
through the use of corrective lenses, ¢.g., spectacles, contact
lenses, and intraocular lenses. In the case of each of these
lenses, the lenses are prefabricated with a specific set of
optical properties, mostly optical power.

[0004] In some cases, the lenses are capable of some
post-fabrication modification (e.g., grinding of lenses). In
many cases, the lenses must be prefabricated to a specific
power or diopter. In still other instances, the desired optical
properties must be estimated and the lenses specifically
fabricated. The latter process can be time-consuming and
inexact.

[0005] The typical solution to this problem has been the
maintenance of an inventory of lenses with a wide assort-
ment of optical powers. For example, an optometrist often
maintains a large inventory of contact lenses having differ-
ent diopter values so that prescriptions can be quickly filled.
When a lens is out of stock or when a patient requires a
custom lens, special orders must be made, causing delays in
dispensing the lens.

[0006] Thus, there exists a need for lenses which can be
readily customized to fit the patient’s needs. In this manner,
precise correction of the patient’s vision can be performed
without significant delay or expense.

[0007] The foregoing has outlined rather broadly the fea-
tures and technical advantages of the present invention in
order that the detailed description of the invention that
follows may be better understood. Additional features and
advantages of the invention will be described hereinafter
which form the subject of the claims of the invention. It
should be appreciated by those skilled in the art that the
conception and specific embodiment disclosed may be
readily utilized as a basis for modifying or designing other
structures for carrying out the same purposes of the present
invention. It should also be realized by those skilled in the
art that such equivalent constructions do not depart from the
spirit and scope of the invention as set forth in the appended
claims. The novel features which are believed to be char-
acteristic of the invention, both as to its organization and
method of operation, together with further objects and
advantages will be better understood from the following
description when considered in connection with the accom-
panying figures. It is to be expressly understood, however,
that each of the figures is provided for the purpose of
illustration and description only and is not intended as a
definition of the limits of the present invention.

SUMMARY OF THE INVENTION

[0008] Customizable lenses are provided whose optical
properties can be adjusted post-manufacture without the
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addition or removal of material from the lens. The lenses are
self-contained units having dispersed therein a modifying
composition (“MC”) which, when exposed to an external
stimulus, changes the optical properties of the lens.

[0009] As used herein, the term “self-contained” means
that the lenses are self supporting and contain all the
elements necessary to affect the change in optical properties
without the addition or removal of modifying compositions.
For example, in the preferred embodiment, the lenses com-
prise a fully or partially cross-linked polymer matrix having
MCs dispersed throughout the matrix. Only the exposure of
a portion of the MC to an external stimulus followed by the
polymerization of the MC within the matrix in the said
portion is required to affect the changes in optical properties.
No modifying composition is added or removed from the
lens to induce the change in properties.

[0010] A method for preparing customized lenses is also
provided. In the method, the correction requirements of the
patient is determined. A lens containing a modifying com-
position is selected. The lens is then exposed to an external
stimulus in a manner that the optical properties of the lens
are changed so as to provide the desired vision correction.
The lenses are then dispensed to the patient. Adjustments
can be made without adding or removing modifying com-
position.

DETAILED DESCRIPTION OF THE
INVENTION

[0011] Corrective lenses are provided which can be cus-
tomized, post-manufacture, to suit the specific needs of the
user. The optical properties of the lenses can be modified
without the addition or removal of materials from the lens.

[0012] The lenses contain a MC dispersed throughout the
lens. The MC is capable of stimulus-induced polymerization
and can freely diffuse or migrate within the lens.

[0013] In one embodiment, the lens is formed from a first
polymer matrix which has the MC dispersed throughout.
The first polymer matrix gives the lens its basic shape as
well as its physical properties, such as hardness, clarity,
flexibility and the like.

[0014] The nature of the first polymer matrix and the MC
will vary depending upon the end use contemplated for the
optical element. However, as a general rule, the first polymer
matrix and the MC are selected such that the components
that comprise the MC are capable of diffusion within the first
polymer matrix. Put another way, a loose first polymer
matrix will tend to be paired with larger MC components
and a tight first polymer matrix will tend to be paired with
smaller MC components. While the FPM generally com-
prises a crosslinked matrix, the FPM need not be fully
crosslinked, but may be partially crosslinked. The only
requirement is that the FPM be self suupportive and allow
the diffusion of the MC within the FPM and allow the
crosslinking of MC upon exposure to the appropriate stimu-
lus.

[0015] Upon exposure to an appropriate energy (e.g., heat
or light), the MC typically forms a second polymer matrix
in the exposed region of the optical element. The presence
of the second polymer matrix changes the material charac-
teristics of this portion of the optical element to modulate its
refraction capabilities. In general, the formation of the
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second polymer matrix typically increases the refractive
index of the affected portion of the optical element. After
exposure, the MC in the unexposed region will migrate into
the exposed region over time. The amount of MC migration
into the exposed region is time dependent and may be
precisely controlled. If enough time is permitted, the MC
components will re-equilibrate and redistribute throughout
optical element (i.e., the first polymer matrix, including the
exposed region). When the region is re-exposed to the
energy source, the MC that has since migrated into the
region (which may be less than if the MC were allowed to
re-equilibrate) polymerizes to further increase the formation
of the second polymer matrix. This process (exposure fol-
lowed by an appropriate time interval to allow for diffusion)
may be repeated until the exposed region of the optical
element has reached the desired property (e.g., power,
refractive index, or shape).

[0016] The first polymer matrix is a covalently or physi-
cally linked structure that functions as an optical element
and is formed from a first polymer matrix composition
(“FPMC”). In general, the first polymer matrix composition
comprises one or more monomers that upon polymerization
will form the first polymer matrix. The first polymer matrix
composition optionally may include any number of formu-
lation auxiliaries that modulate the polymerization reaction
or improve any property of the optical element. Illustrative
examples of suitable FPMC monomers include acrylics,
methacrylates, phosphazenes, siloxanes, vinyls, homopoly-
mers and copolymers thereof. As used herein, a “monomer”
refers to any unit (which may itself either be a homopolymer
or copolymer) which may be linked together to form a
polymer containing repeating units of the same. If the FPMC
monomer is a copolymer, it may be comprised of the same
type of monomers (e.g., two different siloxanes) or it may be
comprised of different types of monomers (e.g., a siloxane
and an acrylic).

[0017] In one embodiment, the one or more monomers
that form the first polymer matrix are polymerized and
cross-linked in the presence of the MC. In another embodi-
ment, polymeric starting material that forms the first poly-
mer matrix is cross-linked in the presence of the MC. Under
either scenario, the MC components must be compatible
with and not appreciably interfere with the formation of the
first polymer matrix. Similarly, the formation of the second
polymer matrix should also be compatible with the existing
first polymer matrix. Put another way, the first polymer
matrix and the second polymer matrix should not phase
separate and light transmission by the optical element should
be unaffected.

[0018] As described previously, the MC may be a single
component or multiple components so long as: (i) it is
compatible with the formation of the first polymer matrix;
(i) it remains capable of stimulus-induced polymerization
after the formation of the first polymer matrix: and (iii) it is
freely diffusable within the first polymer matrix. In preferred
embodiments, the stimulus-induced polymerization is pho-
toinduced polymerization.

[0019] The inventive lenses comprises a first polymer
matrix and a MC dispersed therein. The first polymer matrix
and the MC are as described above with the additional
requirement that the resulting lens be biocompatible.

[0020] TIlustrative examples of a suitable first polymer
matrix include: polyacrylates such as polyalkyl acrylates and
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polyhydroxyalkyl acrylates; polymethacrylates such as
polymethyl methacrylate (“PMMA”), a polyhydroxyethyl
methacrylate (“PHEMA”), and polyhydroxypropyl meth-
acrylate (“HPMA”); polyvinyls such as polystyrene and
polyvinylpyrrolidone (“NVP”); polyvinyl alcohols with
polymerizable end groups such as methacrylate side groups;
polysiloxanes such as polydimethylsiloxane; polyphosp-
hazenes, and copolymers thereof. U.S. Pat. No. 4,260,725
and patents and references cited therein (which are all
incorporated herein by reference) provide more specific
examples of suitable polymers that may be used to form the
first polymer matrix.

[0021] In embodiments where flexibility is desired (e.g.,
contact lenses), the first polymer matrix generally possesses
arelatively low glass transition temperature (“T,”) such that
the resulting lens tends to exhibit fluid-like and/or elasto-
meric behavior, and is typically formed by cross-linking one
or more polymeric starting materials wherein each poly-
meric starting material includes at least one cross-linkable
group. In other embodiments, flexibility is less important
(e.g., spectacle lenses). In this case, the monomers are such
that the finished lens has a T, of »25° C. In another
embodiment, the FPM and MC are dissolved in a suitable
medium. The solution is then exposed to an external stimu-
lus causing the crosslinking of the FPM and some of the MC
to form a self supporting structure being MC dispersed
therein. The optical properties of the lens are then modified
by the re-exposing the lens to the external stimulus. This
causes further polymizeration of the full MC and inducing
changes in the lens with manner described above. Alterna-
tively, if the MC has already been crosslinked, if there are
additional reactive groups present, further crosslinking can
occur inducing additional changes in optical properties.

[0022] Tlustrative examples of suitable cross-linkable
groups include but are not limited to hydride, acrylate,
methacrylate, acetoxy, alkoxy, amino, anhydride, aryloxy,
carboxy, enoxy, epoxy, halide, isocyano, olefinic, and oxine.
In one preferred embodiments, each polymeric starting
material includes terminal monomers (also referred to as
endcaps) that are either the same or different from the one or
more monomers that comprise the polymeric starting mate-
rials but include at least one cross-linkable group. In other
words, the terminal monomers begin and end the polymeric
starting material and include at least one cross-linkable
group as part of their structure. In second preferred emodi-
ments, each polymeric starting material has crosslinkable
groups present either at the terminal ends or side groups or
both which can crosslink to form the network (e.g. CIBA’s
patents—crosslinking occurs via the reactive side grouips
along the polymer backbone. In one preferred embodiment,
the mechanism for cross-linking the polymeric starting
material preferably is different than the mechanism for the
stimulus-induced polymerization of the components that
comprise the MC. For example, if the MC is polymerized by
photoinduced polymerization, then it is preferred that the
polymeric starting materials have cross-linkable groups that
are polymerized by any mechanism other than photoinduced
polymerization.

[0023] In an alternative embodiment, the polymerization
mechanism for the MC and the starting materials for the first
polymer matrix can be the same, but the rates of polymer-
ization must be different such that the first polymer matrix
is substantially complete before significant amounts of MC
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have been polymerized. For example, where photopolymer-
ization is used to form the first polymer matrix and to
polymerize the MC, the starting material for the first poly-
mer matrix may contain reactive methacrylate groups as the
polymerizable moiety whereras the MC may contain reac-
tive acrylate groups. These groups photopolymerize at sig-
nificantly different rates allowing the formation of the first
polymer matrix before significant amounts of the MC have
polymerized.

[0024] An especially preferred class of polymeric starting
materials for the formation of the first polymer matrix is
polysiloxanes (also known as “silicones”) endcapped with a
terminal monomer which includes a cross-linkable group
selected from the group consisting of acetoxy, amino,
alkoxy, halide, hydroxy, and mercapto. Because silicone
IOLS tend to be flexible and foldable, generally smaller
incisions may be used during the IOL implantation proce-
dure. An example of an especially preferred polymeric
starting material is bis(diacetoxymethylsilyl)-polydim-
ethysiloxane (which is polydimethylsiloxane that is end-
capped with a diacetoxymethylsilyl terminal monomer).

[0025] Another class of materials that may be useful in
forming the lenses of the invention are acetal derivatives of
polyvinyl alcohols PVAs having crosslinkable end groups
such as methacrylate groups along the backbone of the PVA.
IMustrative examples of such materials are described in U.S.
Pat. No. 5,508,317, the teachings of which are incorporated
by reference. The derivatized PVA should have a molecular
weight of at least 10,000.

[0026] Still another class of materials that may be useful
in the practice of the invention are polyhydroxymethacry-
lates (poly(HEMA)) having polymerizable groups such as
those described in U.S. Pat. Nos. 4,495,313 and 4,680,336,
the teachings of which are hereby incorporated by reference.
The (poly(HEMA)s) should have a molecular weight of at
least 10,000.

[0027] The MC that is used in fabricating IOLs is as
described above except that it has the additional requirement
of biocompatibility. The MC is capable of stimulus-induced
polymerization and may be a single component or multiple
components so long as: (i) it is compatible with the forma-
tion of the first polymer matrix; (ii) it remains dispersed in
the FPM and is capable of stimulus-induced polymerization
after the formation of the first polymer matrix; and (iii) it is
freely diffusable within the first polymer matrix. In general,
the same type of monomers that are used to form the first
polymer matrix may be used as components of the MC.
However, because of the requirement that the MC mono-
mers must be diffusable within the first polymer matrix, the
MC monomers generally tend to be smaller (i.e., have lower
molecular weights) than the monomers which form the first
polymer matrix. In addition to the one or more monomers,
the MC may include other components such as initiators and
sensitizers that facilitate the formation of the second poly-
mer matrix.

[0028] Because of the preference for flexible and foldable
IOLs and flexible contact lenses, an especially preferred
class of MC monomers is polysiloxanes endcapped with a
terminal siloxane moiety that includes a photopolymerizable
group. An illustrative representation of such a monomer is:

X—Yy—Xx*
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[0029] wherein Y is a siloxane which may be a monomer,
a homopolymer or a copolymer formed from any number of
siloxane units, and X and X* may be the same or different
and each contain a moiety that includes a photopolymeriz-
able group. Illustrative examples of Y include:

- Rl
|
—FSi—o-+—
L
= =m
and
REL
—Si— O Si—O
Il{z R*
= =m n

[0030] wherein: m and n are independently each an integer
and R, R?, R, and R, are independently each hydrogen,
alkyl (primary, secondary, tertiary, cyclo), aryl, or het-
eroaryl. In preferred embodiments, R, R%, R?, and R*, is a
C-C,, alkyl or phenyl. Because MC monomers with a
relatively high aryl content have been found to produce
larger changes in the refractive index of the inventive lens,
it is generally preferred that at least one of R*, R?, R>, and
R* is an aryl, particularly phenyl. In more preferred embodi-
ments. RY, R*, R? are the same and are methyl, ethyl or
propyl and R* is phenyl.

[0031] Tilustrative examples of X and X' (or X! and X
depending on how the MC polymer is depicted) are

RS

|
7Z—Si—O0——

L
And

RS

|
7—Si—

L

[0032]

[0033] R® and R® are independently each hydrogen,
alkyl, aryl, or heteroaryl; and

respectively wherein:

[0034] Z is a photopolymerizable group.

[0035] In preferred embodiments R* and R® are indepen-
dently each a C; and C,, alkyl or phenyl and Z is a
photopolymerizable group that includes a moiety selected
from the group consisting of acrylate, allyloxy, cinnamoyl,
methacrylate, stibenyl, and vinyl. In more preferred embodi-
ments, R®> and R is methyl, ethyl, or propyl and Z is a
photopolymerizable group that includes an acrylate or meth-
acrylate moiety.

[0036] In addition to the silicone-based MCs described
above, acrylate-based MC can also be used in the practice of



US 2003/0128336 Al

the invention. The acrylate-based macromers of the inven-
tion have the general structure
X-A, QA X
[0037] or
X-A,-A'-Q-A' A XY
[0038] wherein Q is an acrylate moiety capable of acting

as an initiator for Atom Transfer Radical Polymerization
(“ATRP”), A and A" have the general structure:

R8

(0]

R7/O

[0039] wherein R is selected from the group comprising
alkyls, halogenated alkyls, aryls and halogenated aryls, and
R® equals H, CH,, alkyl, and fluoroalkyl, and X and X* are
groups containing photopolymerizable moieties and m and n
are integers.

[0040]
formula

In one embodiment the acrylate based MC has the

[0041] wherein R® is selected from the group comprising
alkyls and halogenated alkyls R*® and R are different and
are selected from the group consisting of alkyls, halogenated
alkyls, aryls and halogenated aryls, x and x* are as defined
above and is either zero or an interger.

[0042] 1In especially preferred embodiments, an MC
monomer is of the following formula:

RS
7—Si—O0——

R®
And

RS
7—Si—

L

[0043] wherein x and x* are the same and R*, R?, R?, and
R* are as defined previously. Illustrative examples of such
MC monomers include dimethylsiloxane-diphenylsiloxane
copolymer endcapped with a vinyl dimethylsilane group;
dimethylsiloxane-methylphenylsiloxane copolymer end-
capped with a methacryloxypropyl dimethylsilane group;
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and dimethylsiloxane endcapped with a methacryloxypro-
pyldimethylsilane group. Although any suitable method may
be used, a ring-opening reaction of one of more cyclic
siloxanes in the presence of triflic acid has been found to be
a particularly efficient method of making one class of
inventive MC monomers. Briefly, the method comprises
contacting a cyclic siloxane with a compound of the for-
mula:

R! R?
I I
Si—0 Si—O0
R? I|{4
m n

[0044] in the presence of triflic acid wherein R®, R®, and
Z are as defined previously. The cyclic siloxane may be a
cyclic siloxane monomer, homopolymer, or copolymer.
Alternatively, more than one cyclic siloxane may be used.
For example, a cyclic dimethylsiloxane tetramer and a cyclic
methyl-phenylsiloxane trimer are contacted with bis-
methacryloxypropyltetramethyldisiloxane in the presence of
triflic acid to form a dimethyl-siloxane methyl-phenylsilox-
ane copolymer that is endcapped with a methacryloxylpro-
pyl-dimethylsilane group, an especially preferred MC
monomer.

[0045] In another embodiment, where the first polymer
matrix is formed from derivatized PVAs of from (poly(HE-
MA)s with reactive groups, the MC may be formed from the
same compositions, but with significantly lower molecular
weights (i.e. ~1,000) and with reactive groups which poly-
merize via a different mechanism, or at a substantially
different rate. In one embodiment, the first polymer matrix
is formed by the photopolymerization of an acetal deriva-
tized PVA having reactive methacrylate side groups. The
derivaized PVA has a molecular weight of about 10,000. In
this case, the MC may comprise a similar derivatized PVA
with a lower molecular weight (~1,000) and having reactive
acrylate side groups. Upon exposure to photoradiation, the
higher molecular weight derivatized PVA will polymerize
faster than the MC forming the polymer matrix before
significant amounts of the MC have been polymerized. This
creates a polymer matrix with free MC dispersed therein.
The free MC is then available for further polymerization as
part of the customization process. Similar results may be
achieved using high and low molecular weight (poly(HE-
MA)s with different polymerizable side groups.

[0046] As discussed above, the stimulus-induced polymer-
ization requires the presence of an initiator. The initiator is
such that upon exposure to a specific stimuli, it induces or
initiates the polymerization of the MC. In the preferred
embodiment, the initiator is a photoinitiator. The photoini-
tiator may also be associated with a sensitizer. Examples of
photoinitiators suitable for use in the practice of the inven-
tion are acetophenones (e.g., substituted haloaceto phenones
and diethoxyacetophenone); 2,4-dichloromethyl-1,3,5-triaz-
ines; benzoin methyl ether; and O-benzoyl oximino ketone.

[0047] Suitable sensitizers include p-(dialkylamino alde-
hyde); n-alkylindolylidene; and bis [p-(dialkyl amino) ben-
zylidene] ketone.
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[0048] In practice of the invention, lenses are prefabri-
cated in the manner described above. These lenses are then
modified based on the patient’s specific needs in the fol-
lowing manner.

[0049] First, the patient is examined to determine the
individual’s specific optical needs. This examination is the
same as routinely conducted by ophthalmologists and
optometrists. It may involve autorefraction, wavefront based
aberrometric analysis, surface topography, and the like.

[0050] Based on the results of the examination, a prescrip-
tion is developed, specifying the desired properties for the
lenses. This can include correction for myopia, astigmatism
and the like. Once these correction values have been deter-
mined, an unmodified lens is then exposed to an external
stimulus in a pattern and at sufficient intensity to induce the
desired changes in the lenses. Once the desired properties
have been achieved, the lenses are dispersed to the patient.

[0051] The lens is modified by exposing the lens to an
external stimulus in a pattern to modify the optical proper-
ties of the lens to correct the vision of the patient. This is
accomplished by either altering the refraction index of the
lens or by changes in the shape of the lens, or both. In the
preferred embodiment, the change in refraction is caused by
polymerization of MC in at least a portion of the lens
coupled with migration of unpolymerized MC within the
lens to reestablish a uniform concentration of MC through-
out the lens. Polymerization of the MC causes the creation
of a second polymer matrix in the exposed region. This
second polymer matrix causes a change in the optical
properties of the lens in the exposed region. The migration
of unpolymerized MC causes swelling of the lens in the
exposed region. This in turn alters the shape of the element,
again changing the optical properties. When the UV source
is removed, the unpolymerized MC in the unexposed lens
will migrate within the lens to reestablish equilibrium. This
in turn can cause a change in the shape of the lens. This
change in shape causes further changes in the optical prop-
erties of the lens. Whether a change in shape occurs depends,
in part, on the flexibility of the lens, which in turn depends
in part on the T, of the polymer used to form the first
polymer matrix or due to the plasticization of the FPM by a
medium or a plasticizer or MC. If the polymer has a low T,
then the lens will be flexible and a more pronounced shape
change will occur. If the polymer has a high T,,, then the lens
will be less flexible and less shape change will occur. When
no shape change occurs, the change in optical properties will
occur strictly based on the change in refractive index caused
by the localized polymerization of the MC. The changes
occur in specific regions within the lens allowing for the
creation of customized lenses, including multifocal lenses.

[0052] In a preferred embodiment, the MC with a photo-
polymerizable group is associated with a polymerization
initiator which responds to ultraviolet light. In this case, the
lens blank is exposed to ultraviolet light in a pattern to
achieve the desired changes in optical properties of the lens.

[0053] The lenses of the invention are preferably formed
by forming the first polymer matrix in a predetermined form
in the presence of the MC. In this embodiment, the starting
materials for the first polymer matrix and the MC as well as
any necessary adjuvants and catalysts or initiators are com-
bined in a mold in the shape of the desired lens or element.
The first polymer matrix is then formed by polymerizing the
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starting materials. As discussed above, the mechanism used
to polymerize the starting material must be such that it does
not cause significant polymerization of the MC. While some
polymerization of the MC may occur, it should not deplete
the amount of free MC in the lens to a level where no change
of optical properties can be accomplished through the poly-
merization of the remaining MC. For this reason, the mecha-
nism used to polymerized the starting materials for the first
polymer matrix should be different that that used to poly-
merize the MC or the polymerization rate for the starting
materials should be significantly greater for the starting
materials than for the MC.

[0054] Polymerization of the starting materials continues
until the supply of starting materials is exhausted or the first
polymer matrix is such that it forms a self-contained, self
supporting structure. By forming the matrix in the presence
of the MC, the MC becomes dispersed within the matrix.
The lens is then removed from the mold and is ready for
further customization. This is accomplished by exposing the
lens to external stimuli as described above.

[0055] The following is an example of a method that can
be used to form the adjustable lenses useful in the practice
of the invention. Silicone based first polymer matrix starting
materials comprising a vinyl endcapped silicone macromers
and hydroxyl endcapped organosilicon compounds are com-
bined in a mold with a silicone based MC such as those
described above. A photoinitiator and a catalyst are also
added to the composition as well as any required adjuvants
such as UV absorbers and the like. Upon addition of the
catalyst, the silicone based starting materials polymerize to
form the first polymer matrix leaving the MC, photoinitiator
and other components unaffected and dispersed within the
matrix. The MC can then be exposed to a suitable light
source and polymerized causing he desired change in optical
properties.

[0056] In an alternative embodiment, an aqueous solution
of high molecular weight (>10,000) derivatized PVA (dPVA)
with reactive methacrylate side groups and low molecular
weight (~1,000) dPVA with reactive acrylate side groups and
a photoinitiator is place in a mold. The low molecular weight
dPVA is the MC in this embodiment. The solution is than
exposed to ultraviolet light such that the high molecular
weight dPVA polymerizes to form the first polymer matrix.
While some of the low molecular weight dPVA may also
polymerize, a significant portion remains unpolymerized
when the matrix is formed along with some of the free
methacrylate groups on the high DPVA may remain free.
This unpolymerized low molecular weight dPVA is the free
to be polymerized at a later time, thereby causing changes in
the optical properties of the lens. In a similar manner,
PHEMA abased system can be used where the high molecu-
lar weight component has reactive methacrylate groups and
the low molecular weight components contain acrylate
based groups.

[0057] The methods for forming the lenses are illustrative
of the techniques that may be used in the practice of the
invention. Other methods for forming lenses useful in the
practice of the invention are know to those skilled in the art.

[0058] The method of the invention can be used to dis-
pense ophthalmic lenses which include corrective spectacles
and contact lenses. In this embodiment, the user of the lens
is first examined to determine the optical requirements for
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the lenses. This is done through standard ophthalmologic
examination methods such as visual acuity testing, and the
like.

[0059] Once the optical requirements of the lens are
determined, a lens is selected and then exposed to an
external stimulus in a pattern and at an intensity so as to
produce the desired changes in optical properties. For
example, for a patient with hyperopia, the central portion of
the lens is exposed to the stimulus or a profiled beam that
causes polymerization to occur at a desired depth wise and
site specific. In the case of myopia, the outer edges of the
lens are exposed or a profiled beam that causes polymer-
ization to occur at a desired depth wise and site specific.
Presbyopia can be corrected by exposing the lens in a pattern
of concentric rings, thereby creating a multifocal lens.
Astigmatism can also be corrected through the use of the
appropriate pattern along a certain meridian.

[0060] Inoneembodiment, the customization of the lenses
is accomplished at a central facility or distribution point. In
this embodiment, the lens requirements are transmitted to
the distribution point, a set of lenses is selected, and each
lens is separately exposed to an external stimulus to produce
the desired changes in optical properties and the distribution
facility then sends the customized lenses to the dispensing
location.

[0061] In an alternative embodiment, the lenses are cus-
tomized at the dispensing location. In this instance, once the
desired lens properties have been determined, a lens is then
modified in the manner described above to create a custom-
ized lens that meets the requirements of the patient. This
second embodiment allows for more precise customization
of the lens. In the case of corrective lenses or contact lenses,
it is possible to prepare a customized lens, allow the patient
to wear the lens, evaluate the vision correction with the lens
and, if necessary, further change the optical properties to
optimize the correction of the lenses.

EXAMPLE 1

[0062] Materials comprising various amounts of (a) poly-
dimethylsiloxane endcapped with 10 diacetoxymethylsilane
(“PDMS”) (36000 g/mol), (b) dimethylsiloxane-diphenylsi-
loxane copolymer endcapped with vinyl-dimethyl silane
(“DMDPS”) (15,500 g/mol), and (c) a UV-photoinitiator,
2,2-dimethoxy-2-phenylacetophenone (“DMPA”) as shown

HC O
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by Table 1 were made and tested. PDMS is the monomer
which forms first polymer matrix, and DMDPS and DMPA
together comprise the refraction modulating composition.

TABLE 1

PDMS (wt. %)  DMDPS (wt. %)  DMPA (wt. %)a

1 90 10 1.5
2 80 20 1.5
3 75 25 1.5
4 70 30 1.5

wt % with respect to DMDPS.

[0063] Briefly, appropriate amounts of PMDS (Gelest
DMS-D33; 36000 g/mol), DMDPS (Gelest PDV-0325; 3.0-
3.5 mole % diphenyl, 15,500 g/mol), and DMPA (Acros; 1.5
wt % with respect to DMDPS) were weighed together in an
aluminum pan, manually mixed at room temperature until
the DMPA dissolved, and degassed under pressure (5 mtorr)
for 2-4 minutes to remove air bubbles. Photosensitive prisms
were fabricated by pouring the resulting silicone composi-
tion into a mold made of three glass slides held together by
scotch tape in the form of a prism and sealed at one end with
silicone caulk. The prisms are ~5 ¢cm long and the dimen-
sions of the three sides are ~8 mm each. The PDMS in the
prisms was moisture cured and stored in the dark at room
temperature for a period of 7 days to ensure that the resulting
first polymer matrix was non-tacky, clear, and transparent.

[0064] The amount of photo initiator (1.5 wt. %) was
based on prior experiments with fixed MC monomer content
of 25% in which the photoinitiator content was varied.
Maximal refractive index modulation was observed for
compositions containing 1.5% and 2 wt. % photoinitiator
while saturation in refractive index occurred at 5 wt. %.

EXAMPLE 2
[0065] Synthesis MC Monomers

[0066] Asillustrated by Scheme 1, commercially available
cyclic dimethylsiloxane tetramer (“D,”), cyclic methylphe-
nylsiloxane trimer (“D5™) in various ratios were ring-
opened by 15 triflic acid and bis-methacryloxylpropyltet-
ramethyldisiloxane (“MPS”) were reacted in a one pot
synthesis. U.S. Pat. No. 4,260,725; Kunzler, J. F., Trends in
Polymer Science, 4: 52-59 (1996); Kunzler et al. J. Appl.
Poly. Sci., 55: 611-619 (1995); and Lai et al., J. Poly. Sci. A.
Poly. Chem., 33:1773-1782 (1995).

SCHEME 1

1) CF:S0;H
2) NaHCO,

[l
HZC—C—C—O—(CH2)3—S1 ’—sl—o—l ’—sl—o—l ——

(0]

Me Me Ph Me O

H,C=C—C—0—(CH,);—Si—0—Si—O0—£Si—03—Si— (CHy)y—0—C—C=CH,

H,C

Me Me Me Me CHj



US 2003/0128336 Al

[0067] RMC Monomer

[0068] Briefly, appropriate amounts of MPS, D,, and D'
were stirred in a vial for 1.5-2 hours. An appropriate amount
of triflic acid was added and the resulting mixture was stirred
for another 20 hours at room temperature. The reaction
mixture was diluted with hexane, neutralized (the acid) by
the addition of sodium bicarbonate, and dried by the addition
of anhydrous sodium sulfate. After filtration and rotovapo-
ration of hexane, the MC monomer was purified by further
filtration through an activated carbon column. The MC
monomer was dried at 5 mtorr of pressure between 70-80 °
C. for 12-18 hours.

[0069] The amounts of phenyl, methyl, and endgroup
incorporation were calculated from 'H-NMR spectra that
were run in deuterated chloroform without internal standard
tetramethylsilane (“TMS”). Illustrative examples of chemi-
cal shifts for some of the synthesized MC monomers fol-
lows. A 1000 g/mole MC monomer containing 5.58 mole %
phenyl (made by reacting: 4.85 g (12.5 mmole) of MPS;
1.68 g (4.1 mmole) of D% 5.98 g (20.2 mmole) of D,; and
110 ¢l (1.21 mmole) of triflic acid: 8=7.56-7.57 ppm (m, 2H)
aromatic, 8=7.32-7.33 ppm (m, 3H) aromatic, 8=6.09 ppm
(d, 2H) olefinic, 8=5.53 ppm (d, 2H) olefinic, 8=4.07-4.10
ppm (t, 4H) —O—CH,CH,CH,—, 8=1.93 ppm (s, 6H)
methyl of methacrylate, 8=1.65-1.71 ppm (m, 4H)
—CH,CH,CH,—, §=0.54-058 ppm (m, 4H)
—O—CH,CH,CH,—Si, 8=0.29-0.30 ppm (d, 3H), CH,—
Si-Phenyl, 80.04-0.08 ppm (s, 50 H) (CH,),Si of the back-
bone.

[0070] A2000g/mole MC monomer containing 5.26 mole
% phenyl (made by reacting: 2.32 g (6.0 mmole) of MPS;
1.94 g (4.7 mmole) of D;'; 7.74 g (26.1 mmole) of D, and
140 4l (1.54 mmole) of triflic acid: 8=7.54-7.58 ppm (m, 4H)
aromatic, 8=7.32-7.34 ppm (m, 6H) aromatic, 8=6.09 ppm
(d, 2H) olefinic, 8=5.53 ppm (d, 2H) olefinic, 8=4.08-4.11
ppm (t, 4H) —O—CH,CH,CH,—, 8=1.94 ppm (s, 6H)
methyl of methacrylate, 8=1.67-1.71 ppm (m, 4H)
—O0—CH,CH,CH,—, 8=0.54-0.59 ppm (m, 4H)
—O0—CH,CH,CH,—Si, 8=0.29-0.31 ppm (m, 6H), CH,—
Si—Phenyl, 8=0.04-0.09 ppm (s, 112H) (CH,), Si of the
backbone.

[0071] A 4000 g/mole MC monomer containing 4.16 mole
% phenyl (made by reacting: 1.06 g (2.74 mmole) of MPS;
1.67 g (4.1 mmole) of D' 9.28 g (31.3 mmole) of D, and
160 w1 (1.77 mmole) of triflic acid: 8=7.57-7.60 ppm (m, 8H)
aromatic, 8=7.32-7.34 ppm (m,12H) aromatic, 6=6.10 ppm
(d, 2H) olefinic, 8=5.54 ppm (d, 2H) olefinic, 8=4.08-4.12
ppm (t, 4H) —O—CH,CH,CH,—, 8=1.94 ppm (s, 6H)
methyl of methacrylate, 8=1.65-1.74 ppm (m, 4H)
—O0—CH,CH,CH,—, =0.55-059 ppm (m, 4H)
—O0—CH,CH,CH,—Si, 8=0.31 ppm (m, 11H), CH,—Si—
Phenyl, 8=0.07-0.09 ppm (s, 272 H) (CH,) ,Si of the
backbone.

[0072] Similarly, to synthesize dimethylsiloxane polymer
without any methylphenylsiloxane units and endcapped with
methyacryloxypropyl dimethylsilane, the ratio of D, to MPS
was varied without incorporating D'; .

[0073] Molecular weights were calculated by *H-NMR
and by gel permeation chromatography (“GPC”). Absolute
molecular weights were obtained by universal calibration
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method using polystyrene and poly(methyl methacrylate)
standards. Table 2 shows the characterization of other MC
monomers synthesized by the triflic acid ring opening poly-
merization.

TABLE 2

Mole % Mole % Mole % Mn Mn

Phenyl = Methyl Methacrylate (NMR)  (GPC)
A 6.17 87.5 6.32 1001 946 1.44061
B 3.04 90.8 6.16 985 716 1.43188
C 5.26 92.1 2.62 1906 1880 —
D 4.16 94.8 1.06 4054 4200  1.42427
E 0 94.17 5.83 987 1020 1.42272
F 0 98.88 1.12 3661 4300 1.40843

[0074] At 10-40 wt %, these MC monomers of molecular
weights 1000 to 4000 g/mol with 3-6.2 mole % phenyl
content are completely miscible, biocompatible, and form
optically clear prisms and lenses when incorporated in the
silicone matrix. MC monomers with high phenyl content
(4-6 mole %) and low molecular weight (1000-4000 g/mol)
resulted in increases in refractive index change of 2.5 times
and increases in speeds of diffusion of 3.5 to 5.0 times
compared to the MC monomer used in Table 1 (dimethyl-
siloxane-diphenylsiloxane copolymer endcapped with
vinyldimethyl silane (“DMDPS”) (3-3.5 mole % diphenyl
content, 15500 g/mol). These MC monomers were used to
make optical elements comprising: (a) poly-dimethylsilox-
ane endcapped with diacetoxymethylsilane (“PDMS”)
(36000 g/mol), (b) dimethylsiloxane methylphenylsiloxane
copolymer that is endcapped with a methacryloxylpropy-
Idimethylsilane group, and (¢) 2,2-dimethoxy-2-phenylac-
etophenone (“DMPA”). Note that component (a) is the
monomer that forms the first polymer matrix and compo-
nents (b) and (e) comprise the refraction modulating com-
position.

EXAMPLE 3
[0075] Fabrication of Intraocular Lenses (“IOL”)

[0076] An intraocular mold was designed according to
well-accepted standards. See e.g., U.S. Pat. Nos. 5,762,836;
5,141,678; and 5,213,825. Briefly, the mold is built around
two plano-concave surfaces possessing radii of curvatures of
-6.46 mm and/or -12.92 mm, respectively. The resulting
lenses are 6.35 mm in diameter and possess a thickness
ranging from 0.64 mm, 0.98 mm, or 1.32 mm depending
upon the combination of concave lens surfaces used. Using
two different radii of curvatures in their three possible
combinations and assuming a nominal refractive index of
1.404 for the IOL composition, lenses with pre-irradiation
powers of 10.51 D (62.09 D in air), 15.75 D (92.44 in air),
and 20.95 D (121.46 D in air) were fabricated.

FUTURE EXAMPLE 3A (CONTACT LENS)

EXAMPLE 4
[0077] Stability of Compositions Against Leaching

[0078] Three IOLs were fabricated with 30 and 10 wt %
of MC monomers B and D incorporated in 60 wt % of the
PDMS matrix. After moisture curing of PDMS to form the
first polymer matrix, the presence of any free MC monomer
in the aqueous solution was analyzed as follows. Two out of
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three lenses were irradiated three times for a period of 2
minutes using 340 nm light, while the third was not irradi-
ated at all. One of the irradiated lenses was then locked by
exposing the entire lens matrix to radiation. All three lenses
were mechanically shaken for 3 days in 1.0 M NaCl solu-
tion. The NaCl solutions were then extracted by hexane and
analyzed by 'H-NMR. No peaks due to the MC monomer
were observed in the NMR spectrum. These results suggest
that the MC monomers did not leach out of the matrix into
the aqueous phase in all three cases. Earlier studies on a
vinyl endcapped silicone MC monomer showed similar
results even after being stored in 1.0 M NaCl solution for
more than one year.

EXAMPLE 5
[0079] Toxicological Studies in Rabbit Eyes

[0080] Sterilized, unirradiated and irradiated silicone
IOLs (fabricated as described in Example 3) of the present
invention and a sterilized commercially available silicone
IOL were implanted in albino rabbit eyes. After clinically
following the eyes for one week, the rabbits were sacrificed.
The extracted eyes were enucleated, placed in formalin and
studied histopathologically. There is no evidence of corneal
toxicity, anterior segment inflammation, or other signs of
lens toxicity.

EXAMPLE 6
[0081]

[0082] Because of the ease of measuring refractive index
change (n) and percent net refractive index change (% n) of
prisms, the inventive formulations were molded into prisms
for irradiation and characterization. Prisms were fabricated
by mixing and pouring (a) 90-60 wt % of high M, PDMS,
(b) 10-40 wt % of MC monomers in Table 2, and (c) 0.75 wt
% (with respect to the MC monomers) of the photoinitiator
DMPA into glass molds in the form of prisms 5 cm long and
8.0 mm on each side. The silicone composition in the prisms
was moisture cured and stored in the dark at room tempera-
ture for a period of 7 days to ensure that the final matrix was
non-tacky, clear and transparent.

Irradiation of Silicone Prisms

[0083] Two of the long sides of each prism were covered
by a black background while the third was covered by a
photomask made of an aluminum plate with rectangular
windows (2.5 mmx10 mm). Each prism was exposed to a
flux of 3.4 mW/cm? of a collimated 340 nm light (peak
absorption of the photoinitiator) from a 1000 W Xe:Hg arc
lamp for various time periods. The ANSI guidelines indicate
that the maximum permissible exposure (“MPE”) at the
retina using 340 nm light for a 10-30000 s exposure is 1000
mJ/ecm?. Criteria for Exposure of Eye and Skin. American
National Standard 7136.1: 31-42 (1993). The single dose
intensity 3.4 mW/cm?® of 340 nm light for a period of 2
minutes corresponds to 408 mJ/cm* which is well within the
ANSI guidelines. FIG. 2 is an illustration of the prism
irradiation procedure.

[0084] The prisms were subject to both (i) continuous
irradiation—one-time exposure for a known time period,
and (ii) “staccato” irradiation—three shorter exposures with
long intervals between them. During continuous irradiation,
the refractive index contrast is dependent on the cross-
linking density and the mole % phenyl groups, while in the
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interrupted irradiation, MC monomer diffusion and further
cross-linking also play an important role. During staccato
irradiation, the MC monomer polymerization depends on the
rate of propagation during each exposure and the extent of
interdiffusion of free MC monomer during the intervals
between exposures. Typical values for the diffusion coeffi-
cient of oligomers (similar to the 1000 g/mole MC mono-
mers used in the practice of the present invention) in a
silicone matrix are on the order of 107° to 107 cm?/s. In
other words, the inventive MC monomers require approxi-
mately 2.8 to 28 hours to diffuse 1 mm (roughly the half
width of the irradiated bands). The distance of a typical
optical zone in an IOL is about 4 to about 5 mm across.
However, the distance of the optical zone may also be
outside of this range. After the appropriate exposures, the
prisms were irradiated without the photomask (thus expos-
ing the entire matrix) for 6 minutes using a medium pressure
mercury-arc lamp. This polymerized the remaining silicone
MC monomers and thus “locked” the refractive index of the
prism in place. Notably, the combined total irradiation of the
localized exposures and the “lock-in” exposure was still
within ANSI guidelines.

EXAMPLE 7

[0085] Prism Dose Response Curves

[0086] Inventive prisms fabricated from MC monomers
described by Table 2 were masked and initially exposed for
0.5,1,2,5, and 10 minutes using 3.4 mW/cm? of the 340 nm
line from a 1000 W Xe:Hg arc lamp. The exposed regions
of the prisms were marked, the mask detached and the
refractive index changes measured. The refractive index
modulation of the prisms was measured by observing the
deflection of a sheet of laser light passed through the prism.
The difference in deflection of the beam passing through the
exposed and unexposed regions was used to quantify the
refractive index change (An) and the percentage change in
the refractive index (% An).

[0087] After three hours, the prisms were remasked with
the windows overlapping with the previously exposed
regions and irradiated for a second time for 0.5, 1, 2, and 5
minutes (total time thus equaled 1, 2, 4, and 10 minutes
respectively). The masks were detached and the refractive
index changes measured. After another three hours, the
prisms were exposed a third time for 0.5, 1, and 2 minutes
(total time thus equaled 1.5, 3, and 6 minutes) and the
refractive index changes were measured. As expected, the %
An increased with exposure time for each prism after each
exposure resulting in prototypical dose response curves,
Based upon these results, adequate MC monomer diffusion
appears to occur in about 3 hours for 1000 g/mole MC
monomer.

[0088] All of the MC monomers (B—F) except for MC
monomer Aresulted in optically clear and transparent prisms
before and after their respective exposures. For example, the
largest % n for MC monomers B, C, and D at 40 wt %
incorporation into 60 wt % FPMC were 0.52%, 0.63% and
0.30% respectively which corresponded to 6 minutes of total
exposure (three exposures of 2 minutes each separated by 3
hour intervals for MC monomer B and 3 days for MC
monomers C and D). However, although it produced the
largest change in refractive index (0.95%), the prism fabri-
cated from MC monomer A (also at 40 wt % incorporation
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into 60 wt % FPMC and 6 minutes of total exposure—three
exposures of 2 minutes each separated by 3 hour intervals)
turned somewhat cloudy. Thus, if MC monomer A were used
to fabricate an IOL, then the MC must include less than 40
wt % of MC monomer A or the % An must be kept below
the point where the optical clarity of the material is com-
promised.

[0089] A comparison between the continuous and staccato
irradiation for MC A and C in the prisms shows that lower
% An values occurs in prisms exposed to continuous irra-
diation as compared to those observed using staccato irra-
diations. As indicated by these results, the time interval
between exposures (which is related to the amount of MC
diffusion from the unexposed to exposed regions) may be
exploited to precisely modulate the refractive index of any
material made from the inventive polymer compositions.

[0090] Exposure of the entire, previously irradiated prisms
to a medium pressure Hg arc lamp polymerized any remain-
ing free MC. effectively locking the refractive index con-
trast. Measurement of the refractive index change before and
after photolocking indicated no further modulation in the
refractive index.

EXAMPLE 8

[0091] Optical Characterization of 10Ls

[0092] Talbot interferometry and the Ronchi test were
used to qualitatively and quantitatively measure any primary
optical aberrations (primary spherical, coma, astigmatism,
field curvature, and distortion) present in pre- and post-
irradiated lenses as well as quantifying changes in power
upon photopolymerization.

[0093] In Talbot interferometry, the test IOL is positioned
between the two Ronchi rulings with the second grating
placed outside the focus of the IOL and rotated at a known
angle 0, with respect to the first grating.

[0094] Superposition of the autoimage of the first Ronchi
ruling (p,=300 lines/inch) onto the second grating (P,=150
lines/inch) produces moiré fringes inclined at an angle, o,.
A second moiré fringe pattern is constructed by axial dis-
placement of the second Ronchi ruling along the optic axis
a known distance, d, from the test lens. Displacement of the
second grating allows the autoimage of the first Ronchi
ruling to increase in magnification causing the observed
moiré fringe pattern to rotate to a new angle, o.,. Knowledge
of moiré pitch angles permits determination of the focal
length of the lens (or inversely its power) through the
expression:

- I

- p2 \tana,sind + cosf  tana;sing + cosd

[0095] To illustrate the applicability of Talbot interferom-
etry to this work, moiré fringe patterns of one of the
inventive, pre-irradiated IOLs (60 wt % PDMS, 30 wt % MC
monomer B, 10 wt % MC monomer D, and 0.75% DMPA
relative to the two MC monomers) measured in air is
presented in FIG. 3. Each of the moiré fringes was fitted with
a least squares fitting algorithm specifically designed for the
processing of moiré patterns. The angle between the two

Jul. 10, 2003

Ronchi rulings was set at 12°, the displacement between the
second Ronchi ruling between the first and second moiré
fringe patterns was 4.92 mm, and the pitch angles of the
moiré fringes, measured relative to an orthogonal coordinate
system defined by the optic axis of the instrument and
crossing the two Ronchi rulings at 90, were a,=-33.2+0.30
and o,=-52.7+0.40. Substitution of these values into the
above equation results in a focal length of 10.71+0.50 mm
(power=93.77+4.6 D).

[0096] Optical aberrations of the inventive IOLs (from
either fabrication or from the stimulus-induced polymeriza-
tion of the MC components) were monitored using the
“Ronchi Test” which involves removing the second Ronchi
ruling from the Talbot interferometer and observing the
magnified autoimage of the first Ronchi ruling after passage
though the test IOL. The aberrations of the test lens manifest
themselves by the geometric distortion of the fringe system
(produced by the Ronchi ruling) when viewed in the image
plane. A knowledge of the distorted image reveals the
aberration of the lens. In general, the inventive fabricated
lenses (both pre and post irradiation treatments) exhibited
sharp, parallel, periodic spacing of the interference fringes
indicating an absence of the majority of primary-order
optical aberrations, high optical surface quality, homogene-
ity of n in the bulk, and constant lens power. FIG. 4 is an
illustrative example of a Ronchigram of an inventive, pre-
irradiated IOL that was fabricated from 60 wt % PDMS, 30
wt % MC monomer B, 10 wt % MC monomer D, and 0.75%
of DMPA relative to the 2 MC monomers.

[0097] The use of a single Ronchi ruling may also be used
to measure the degree of convergence of a refracted wave-
front (i.e., the power). In this measurement, the test IOL is
placed in contact with the first Ronchi ruling, collimated
light is brought incident upon the Ronchi ruling, and the lens
and the magnified autoimage is projected onto an observa-
tion screen. Magnification of the autoimage enables mea-
surement of the curvature of the refracted wavefront by
measuring the spatial frequency of the projected fringe
pattern. These statements are quantified by the following
equation:

[0098] wherein P, is the power of the lens expressed in
diopters, L is the distance from the lens to the observing
plane, d, is the magnified fringe spacing of the first Ronchi
ruling, and d is the original grating spacing.

EXAMPLE 9

[0099] Power Changes From Photopolymerization of the
Inventive IOLs

[0100] An inventive IOL was fabricated as described by
Example 3 comprising 60 wt % PDMS (n,=1.404), 30 wt %
of MC monomer B (n,=1.4319), 10 wt % of MC monomer
D (np=1.4243), and 0.75 wt % of the photoinitiator DMPA
relative to the combined weight percents of the two MC
monomers. The IOL was fitted with a 1 mm diameter
photomask and exposed to 3.4 mW/cm? of 340 nm colli-
mated light from a 1000 W Xe:Hg arc lamp for two minutes.
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The irradiated lens was then placed in the dark for three
hours to permit polymerization and MC monomer diffusion.
The IOL was photolocked by continuously exposing the
entire lens for six minutes using the aforementioned light
conditions. Measurement of the moiré pitch angles followed
by substitution into equation 1 resulted in a power of
95.1+2.9 D (f=10.52 £0.32 mm) and 104.1+3.6 D (f=9.61
mm=0.32 mm) for the unirradiated and irradiated zones,
respectively.

[0101] The magnitude of the power increase was more
than what was predicted from the prism experiments where
a 0.6% increase in the refractive index was routinely
achieved. If a similar increase in the refractive index was
achieved in the IOL, then the expected change in the
refractive index would be 1.4144 to 1.4229. Using the new
refractive index (1.4229) in the calculation of the lens power
(in air) and assuming the dimensions of the lens did not
change upon photopolymerization, a lens power of 96.71 D
(f=10.34 mm) was calculated. Since this value is less than
the observed power of 104.1£3.6 D, the additional increase
in power must be from another mechanism.

[0102] Further study of the photopolymerized IOL showed
that subsequent MC monomer diffusion after the initial
radiation exposure leads to changes in the radius of curva-
ture of the lens. See e.g., FIG. 5. The MC monomer
migration from the unradiated zone into the radiated zone
causes either or both of anterior and posterior surfaces of the
lens to swell thus changing the radius of curvature of the
lens. It has been determined that a 7% decrease in the radius
of curvature for both surfaces is sufficient to explain the
observed increase in lens power.

[0103] The concomitant change in the radius of curvature
was further studied. An identical IOL described above was
fabricated. A Ronchi interferogram of the IOL is shown in
FIG. 6a (left interferogram). Using a Talbot interferometer,
the focal length of the lens was experimentally determined
to be 10.52+0.30 mm (95.1 Dx2.8 D). The IOL was then
fitted with a 1 mm photomask and irradiated with 3.4
mW/cm of 340 nm collimated light from a 1000 W Xe:Hg
arc lamp continuously for 2.5 minutes. Unlike the previous
IOL, this lens was not “locked in” three hours after irradia-
tion. FIG. 6b (right interferogram) is the Ronchi interfero-
gram of the lens taken six days after irradiation. The most
obvious feature between the two interference patterns is the
dramatic increase in the fringe spacing, which is indicative
of an increase in the refractive power of the lens.

[0104] Measurement of the fringe spacings indicates an
increase of approximately +38 diopters in air (f=7.5 mm).
This corresponds to a change in the order of approximately
+8.6 diopters in the eye. Since most post-operative correc-
tions from cataract surgery are within 2 diopters, this experi-
ment indicates that the use of the inventive IOLs will permit
a relatively large therapeutic window.

EXAMPLE 10

[0105] Photopolymerization Studies of Non-Phenyl-Con-
taining IOLs

[0106] Inventive IOLs containing non-phenyl containing
MC monomers were fabricated to further study the swelling
from the formation of the second polymer matrix. An
illustrative example of such an IOL was fabricated from 60
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wt % PDMS, 30 wt % MC monomer E, 10 wt % MC
monomer F, and 0.75% DMPA relative to the two MC
monomers. The pre-irradiation focal length of the resulting
IOL was 10.76 mm (92.94+2.21 D).

[0107] In this experiment, the light source was a 325 nm
laser line from a He:Cd laser. A 1 mm diameter photomask
was placed over the lens and exposed to a collimated flux of
0.75 mW/cm? at 325 nm for a period of two minutes. The
lens was then placed in the dark for three hours. Experi-
mental measurements indicated that the focal length of the
IOL changed from 10.76 mm=+0.25 mm (92.94 D+2.21 D) to
8.07 mm=0.74 mm (123.92 Dx10.59 D) or a dioptric change
of +30.98 Dx10.82 D 1n air. This corresponds to an approxi-
mate change of +6.68 D in the eye. The amount of irradiation
required to induce these changes is only 0.09 J/cm?, a value
well under the ANSI maximum permissible exposure
(“MPE”) level of 1.0 J/em®.

EXAMPLE 11

[0108] Monitoring for Potential IOL Changes from Ambi-
ent Light

[0109] The optical power and quality of the inventive
IOLs were monitored to show that handling and ambient
light conditions do not produce any unwanted changes in
lens power. A 1 mm open diameter photomask was placed
over the central region of an inventive IOL (containing 60 wt
% PDMS, 30 wt % MC monomer E, 10 wt % MC monomer
F, and 0.75 wt % DMPA relative to the two MC monomers),
exposed to continuous room light for a period of 96 hours,
and the spatial frequency of the Ronchi patterns as well as
the moiré fringe angles were monitored every 24 hours.
Using the method of moiré fringes, the focal length mea-
sured in the air of the lens immediately after removal from
the lens mold is 10.87+0.23 mm (92.00 Dx1.98 D) and after
96 hours of exposure to ambient room light is 10.74
mm=0.25 mm (93.11 D+2.22 D). Thus, within the experi-
mental uncertainty of the measurement, it is shown that
ambient light does not induce any unwanted change in
power. A comparison of the resulting Ronchi patterns
showed no change in spatial frequency or quality of the
interference pattern, confirming that exposure to room light
does not affect the power or quality of the inventive IOLs.

EXAMPLE 12

[0110] Effect of the Lock in Procedure of an Irradiated
1oL

[0111] An inventive IOL whose power had been modu-
lated by irradiation was tested to see if the lock-in procedure
resulted in further modification of lens power. An IOL
fabricated from 60 wt % PDMS, 30 wt % MC monomer E,
10 wt % MC monomer F, and 0.75% DMPA relative to the
two MC monomers was irradiated for two minutes with 0.75
mW/cm? of the 325 nm laser line from a He:Cd laser and
was exposed for eight minutes to a medium pressure Hg arc
lamp. Comparisons of the Talbot images before and after the
lock in procedure showed that the lens power remained
unchanged. The sharp contrast of the interference fringes
indicated that the optical quality of the inventive lens also
remained unaffected.

[0112] To determine if the lock-procedure was complete,
the IOL was refitted with a 1 mm diameter photomask and
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exposed a second time to 0.75 mW/cm? of the 325 laser line
for two minutes. As before, no observable change in fringe
space or in optical quality of the lens was observed.

EXAMPLE 13

[0113] Monitoring for Potential IOL Changes from the
Lock-In

[0114] A situation may arise wherein the implanted IOL
does not require post-operative power modification. In such
cases, the IOL must be locked in so that its characteristic will
not be subject to change. To determine if the lock-in pro-
cedure induces undesired changes in the refractive power of
a previously unirradiated IOL, the inventive IOL (containing
60 wt % PDMS, 30 wt % MC monomer E, 10 wt % MC
monomer F, and 0.75 wt % DMPA relative to the two MC
monomers) was subject to three 2 minute irradiations over
its entire area that was separated by a 3 hour interval using
0.75 mW/cm? of the 325 laser line from a He:Cd laser.
Ronchigrams and moiré fringe patterns were taken prior to
and after each subsequent irradiation. The moiré fringe
patterns taken of the inventive IOL in air immediately after
removal from the lens mold and after the third 2 minute
irradiation indicate a focal length of 10.50 mm=0.39 mm
(9524 Dx3.69 D) and 10.12 mm=0.39 mm (93.28
D+3.53D) respectively. These measurements indicate that
photolocking a previously unexposed lens does not induce
unwanted changes in power. In addition, no discernable
change in fringe spacing or quality of the Ronchi fringes was
detected indicating that the refractive power had not
changed due to the lock-in.

[0115] In a third embodiment, the lenses are manufactured
at a central facility and the initial customization is done at
that location. The lens is then sent to the dispensing location.
The lens may be further modified at the dispensing location
based on feedback from the patient after use of the lens.

[0116] Although the present invention and its advantages
have been described in detail, it should be understood that
various changes, substitutions and alterations can be made
herein without departing from the spirit and scope of the
invention as defined by the appended claims. Moreover, the
scope of the present application is not intended to be limited
to the particular embodiments of the process, machine,
manufacture, composition of matter, means, methods and
steps described in the specification. As one of ordinary skill
in the art will readily appreciate from the disclosure of the
present invention, processes, machines, manufacture, com-
positions of matter, means, methods, or steps, presently
existing or later to be developed that perform substantially
the same function or achieve substantially the same result as
the corresponding embodiments described herein may be
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utilized according to the present invention. Accordingly, the
appended claims are intended to include within their scope
such processes, machines, manufacture, compositions of
matter, means, methods, or steps.

What is claimed is:

1. A method for preparing a customized lens comprising
the steps of: determining the optical requirements of the
lens; exposing a self-contained lens to an external stimulus,
thereby causing changes in the optical properties of said lens
to match said optical requirements; wherein said lens con-
tains a modifying composition capable of stimulus induced
polymerization and change as achieved by said exposure to
stimulus.

2. The method of claim 1 wherein said customizing step
occurs in vivo.

3. The method of claim 1 wherein said customizing step
occurs in vitro.

4. The method of claim 1 wherein said lens is a contact
lens.

5. The method of claim 1 wherein said lens is a corrective
lens for glasses.

6. The method of claim 1 wherein said modifying com-
position is photopolymerizable moiety.

7. The method of claim 1 wherein said lens blank further
comprises a first polymer matrix.

8. The method of claim 1 wherein the step of determining
the optical requirements of the lens comprises conducting an
ophthalmologic examination of a patient.

9. The method of claim 1 wherein said external stimulus
is light.

10. The method of claim 1 wherein said light is UV light.

11. A method for preparing a customized lens comprising:

a. conducting an examination to determine the optical
properties required for the lens;

b. exposing a lens to an external stimulus to induce
changes in the optical properties of the lens to match
the optical properties required for the lens; and

12. The method of claim 11 wherein said lens comprises
a modifying composition dispersed within the lens, the
modifying composition capable of stimulus-induced poly-
merization.

13. The method of claim 11 further comprising the step of
re-exposing the lens to external stimuli to induce further
changes in the optical properties of the lens blank.

14. The method of claim 11 wherein said modifying
composition contains a photopolymerizable moiety.

15. The method of claim 11 wherein said external stimu-
lus is light.



