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Contact Lenses with Incorporated Components

FIELD
[001] The field of the invention relates to the manufacture of hydrogel contact lenses with

incorporated components.

BACKGROUND
[002] Wearable electronics have received widespread attention in recent years. Of particular
note are so-called “electronic contact lenses” having incorporated electrical components that
provide the lenses with a desired added functionality. Many applications for electronic contact
lenses have been proposed, such as lenses provided with a sensor that can detect glucose levels
of a diabetic patient (see, for example, U.S. Patent Application Publication No. 2014/0200424)
or the intraocular pressure of a glaucoma patient (see, for example, U.S. Patent Application
Publication No. 2010/234717). In another example, a contact lens can include an electroactive
device with an optical property that is alterable with the application of electrical energy (see,
for example, U.S. Patent No. 8,215,770). Such electronic lenses have potential application for
the correction of vision errors, such as presbyopia, where a continuous range of focus (i.e. from
near distance to far distance) is desired for patients who exhibit reduced accommodative
abilities.
[003] Commercially-available contact lenses made from silicone hydrogels are preferred over
lenses made from other materials because they are generally more comfortable and have higher
oxygen permeability, which is important for ocular health. Consequently, there is a desire to be
able to incorporate electronic components into silicone hydrogel materials. In vivo testing of a

silicone hydrogel contact lens with a functional single pixel display attached to the surface of



WO 2018/109492 PCT/GB2017/053764

the lens has been reported (see Lee et al. Nano Lett. 2013, 13, 2814-2821). It would be
desirable to incorporate an electronic component into the bulk of the lens rather than attaching
it to the lens surface in order to minimize the possibility of the device causing irritation to the
eye or other unwanted outcome.

[004] Hydrogel contact lenses are typically made by a cast molding process in which a
polymerizable composition is dispensed into a contact lens mold and subjected to curing
conditions, such as UV light or heat. The resulting lens is removed from the mold and hydrated
to form a hydrogel, which typically comprises from about 20% to 70% water by weight.

During the hydration process the lens may swell appreciably in size. A non-swelling
component that is incorporated into the lens during the curing step can cause uneven swelling
of the silicone material upon hydration resulting in damaged or distorted lenses that are
unsuitable for their intended use. The incorporation of expandable electronic circuits into
hydrogel contact lenses is one approach that has been described for preventing distortion during
hydration of contact lenses (see PCT Patent Publication No. W02016/022665). However, not
all components desired for incorporation into hydrogel contact lenses are amenable to an
expandable configuration. Therefore, additional approaches for preventing distortion of
hydrogel contact lenses containing non-expandable components is desired.

[005] Additional background publications include U.S. Pat. No. 8,874,182 and U.S. Pat. No.

9,054,079.

SUMMARY
[006] In one aspect, the invention provides a distortion-free contact lens comprising a

hydrogel lens body having a modulus (M) in units of megapascal (MPa) and a non-expandable
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object having a surface energy (SE) in units of millinewton per meter (mN/m) embedded within
the hydrogel lens body, wherein the hydrogel lens body is characterized by a bonding factor, X,
0f 0.01 to 1.0, wherein X is calculated using the following equation: X=SE/(M*100). In some
examples, the hydrogel lens body is a silicone hydrogel. In some examples, the hydrogel lens
body has a percent swell of at least 5% to about 30%.

[007] In another aspect, the invention provides a distortion-free contact lens comprising a
hydrogel lens body and a non-expandable object embedded within the hydrogel lens body,
wherein the hydrogel lens body comprises an N-vinyl amide component. In some examples, the
hydrogel lens body is formed by curing a polymerizable hydrogel composition comprising from
about 25 wt.% up to about 75 wt.% of N-vinyl-N-methyl acetamide, or N-vinyl pyrrolidone, or
a combination thereof. In some examples, the non-expandable object is located in a cavity

within the hydrogel lens body.

DETAILED DESCRIPTION
[008] Described herein is a contact lens comprising a hydrogel lens body and a non-
expandable object embedded within the lens body. When a polymerizable hydrogel
composition is cured in the shape of a contact lens with an embedded non-expandable object,
the lens may become distorted during hydration of the hydrogel. The physical interaction
between the object and the lens material can cause uneven rates of swelling, which results in
the distortion. A first aspect of the invention is based on the discovery that distortion can be
prevented or significantly reduced by increasing the modulus of the lens material and/or
decreasing the surface energy of the embedded object. In one example, the contact lens

comprises a hydrogel lens body having a modulus (M) in units of megapascal (MPa), and a
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non-expandable object having a surface energy (SE) in units of millinewton per meter (mN/m),
embedded within the lens body, wherein in following Formula: X = SE/(M*100), X is a value
that is less than or equal to 1. The value X, referred to herein as the “bonding factor”, indicates
the propensity for the hydrogel lens body to physically interact with the non-expandable object
in a manner that results in distortion. We have found the likelihood that an embedded
component will distort a hydrogel lens body during hydration substantially decreases when the
bonding factor equals one or less. In various examples, the bonding factor is less than 0.9, less
than 0.75, or less than 0.5. In some examples, the bonding factor is from about 0.01, 0.05 or
0.1 up to about 0.5, 0.75, or 1.0.

[009] The value used for the modulus, M, of the hydrogel lens body is determined using the
method described in Example 1, in which the Young’s modulus of a sample cut from a fully
hydrated control hydrogel lens body is measured and is taken to be the M value of the contact
lens for which the bonding factor is calculated. As used herein, a “control hydrogel lens body”
does not contain an embedded non-expandable object, has an optical power of -1.00D, and is
otherwise identical to the hydrogel lens body of the contact lens containing the non-expandable
object for which the bonding factor is calculated. In other words, the control hydrogel lens
body is made using the same polymerizable composition, contact lens mold material and mold
design, and process conditions as the contact lens containing the embedded object.

[010] The hydrogel lens body may be a conventional hydrogel or a silicone hydrogel. As
used herein, a “conventional hydrogel” refers to a hydrogel material formed from a
polymerizable composition comprising a hydrophilic monomer, such as 2-hydroxyethyl
methacrylate (HEMA) or vinyl alcohol, optionally in combination with other monomers, and

contains no siloxane. A “siloxane” is a molecule comprising at least one Si-O group. A
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“silicone hydrogel” refers to a hydrogel material formed from a polymerizable composition
comprising at least one siloxane monomer and at least one hydrophilic monomer. Methods of
making silicone hydrogel contact lenses are well known in the art (see, e.g., U.S. Pat. No.
8,129,442, U.S. Pat. No. 8,614,261, and U.S. Pat. No. 8,865,789). As used herein, a
“polymerizable hydrogel composition™ is a composition comprising at least one monomer,
including a hydrophilic monomer, where the composition has not yet been subjected to
conditions that result in polymerization of the monomers. A “monomer” refers to a molecule
comprising a polymerizable carbon-carbon double bond (i.e. a polymerizable group) capable of
reacting with other polymerizable group-containing molecules that are the same or different, to
form a polymer or copolymer. The term monomer encompasses polymerizable pre-polymers
and macromers, there being no size-constraint of the monomer unless indicated otherwise. The
monomer may comprise a single polymerizable carbon-carbon double bond, or more than one
polymerizable group, and thus have cross-linking functionality.

[011] As will be appreciated by those of ordinary skill in the art, the modulus of a hydrogel
lens body can depend on the polymerizable composition used to make the lens body. For
example, increasing the amount of cross-linkable monomers in a polymerizable composition
can increase the modulus of the resulting hydrogel lens body. The modulus of a hydrogel lens
body can also vary depending on the selection of monomers used in the polymerizable
composition. For example, replacing dimethylacrylamide (DMA) in a polymerizable
composition with vinyl-N-methyl acetamide (VMA) can result in a hydrogel lens body having
a decreased modulus.

[012] In various examples, the modulus of the hydrogel lens body is at least 0.3 MPa, 0.4

MPa, 0.5 MPa, or 0.6 MPa. Typically, the modulus is less than about 5.0 MPa. In specific
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examples, the hydrogel lens body has a modulus of at least 0.3 MPa, 0.4 MPa or 0.5 MPa up to
about 1.0 MPa, 1.5 MPa, 2.0 MPa, or about 2.5 MPa. Throughout this disclosure, when a
series of lower limit ranges and a series of upper limit ranges are provided, all combinations of
the provided ranges are contemplated as if each combination were specifically listed. For
example, in the above listing of modulus ranges, all 9 possible modulus ranges are
contemplated (i.e. 0.3 MPa to 1.0 MPa, 0.3 MPa to 1.5 MPa... 0.5 MPato 1.5 MPa, and 0.5
MPa to 2.0 MPa). Also, throughout this disclosure, when a series of values is presented with a
qualifier preceding the first value, the qualifier is intended to implicitly precede each value in
the series unless context dictates otherwise. For example, for the modulus values listed above,
it is intended that the qualifier “at least” implicitly precedes each of 0.4 MPa and 0.5 MPa.
[013] The surface energy (SE) of an object to be embedded in a contact lens is determined by
the Owens-Wendt method (D. Owens; R. Wendt, Estimation of the Surface Free Energy of
Polymers, J. Appl. Polym. Sci: 13 (1969) 1741-1747) using PBS, formamide, and ethylene
glycol as the testing solvents and a Kruss Drop Shape Analyzer (DSA-100) or equivalent
analyzer, as described in Example 2. In various examples, the embedded object may have a
surface energy (SE) of less than about 75 mN/m, 50 mN/m, or 40 mN/m. In various examples,
the object has a surface energy (SE) of about 15 mN/m or 20 mN/m up to about 30 mN/m, 40
mN/m, 50 mN/m or 75 mN/m.

[014] A second aspect of the invention is based on the discovery that the distortion caused by
embedding an object in a silicone hydrogel contact lens can be prevented or significantly
reduced when the silicone hydrogel lens body comprises an N-vinyl amide component. Thus a
contact lens comprising a silicone hydrogel lens body and a non-expandable object embedded

within the lens body may comprise an N-vinyl amide component, or may be characterized by a
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bonding factor of one or less, or may be characterized by both of these features (i.e. the
hydrogel lens body comprises an N-vinyl amide component and is characterized by a bonding
factor of one or less). Throughout this disclosure a reference to “an example” or “a specific
example” or similar phrase, is intended to introduce additional features of the contact lenses or
their method of manufacture (depending on context) that can be combined with any
combination of previously-described or subsequently-described examples (i.e. features), unless
a particular combination of features is mutually exclusive, or if context indicates otherwise.
[015] As used herein, the term “N-vinyl amide component”, refers to a polymer or copolymer
formed from polymerization of an N-vinyl amide-containing monomer. As used herein, an “N-
vinyl amide-containing monomer” is a hydrophilic monomer that contains a single N-vinyl
polymerizable group and no other polymerizable group. Further, as used herein, a “hydrophilic
monomer” is a monomer that is at least 5% soluble in water (i.e. at least 50 grams of the
monomer 1s fully soluble in 1 liter of water at 20°C) as determined visibly using a standard
shake flask method.

[016] In some examples, the N-vinyl amide-containing monomer can be selected from N-
vinyl-N-methyl acetamide (VMA), or N-vinyl pyrrolidone (NVP), or N-vinyl formamide, or N-
vinyl acetamide, or N-vinyl-N-ethyl acetamide, or N-vinyl isopropylamide, or N-vinyl
caprolactam, or N-vinyl-N-ethyl formamide, or any combination thereof. In another example,
the N-vinyl amide component is provided by including an N-vinyl amide-containing polymer in
the polymerizable composition (e.g. polyVMA, polyNVP, etc.). In this example, upon curing
an interpenetrating polymer network (IPN) forms between the N-vinyl amide-containing

polymer and the polymer(s) formed by curing the polymerizable composition.
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[017] In one example, the polymerizable composition comprises at least 10 wt.%, 15 wt.%,
20 wt.%, or 25 wt.% up to about 45 wt.%, 60 wt.%, or 75 wt.% of an N-vinyl amide-containing
monomer. In a specific example, the polymerizable composition comprises from about 25
wt.% up to about 75 wt.% of VMA or NVP, or a combination thereof. The polymerizable
composition may further comprise at least 10 wt.%, 20 wt.%, or 25 wt.% up to about 50 wt.%,
60 wt.%, or 70 wt.% of a siloxane monomer. Unless specified otherwise, as used herein, a
given weight percentage (wt. %) of a component of the polymerizable composition is relative
to the total weight of all polymerizable ingredients and IPN polymers in the polymerizable
composition. The weight of the polymerizable composition contributed by components that do
not form part of the hydrogel lens body are not included in the wt.% calculation. For example,
a diluent, such as water, propanol, silicone oil, or the like, may be included in a polymerizable
composition to improve miscibility or processability, and is removed during curing or post-
polymerization processing and thus does not form part of the hydrogel lens body. As used
herein, a given weight percentage of a particular class of component (e.g., hydrophilic
monomer, siloxane monomer, N-vinyl amide-containing monomer, etc.) in the polymerizable
composition equals the sum of the wt.% of each ingredient in the composition that falls within
the class. Thus, for example, a polymerizable composition that comprises 25 wt.% NVP and
10 wt.% VMA and no other N-vinyl amide-containing monomer, is said to comprise 35 wt.%
of N-vinyl amide-containing monomer.

[018] In addition to N-vinyl amide-containing monomers, numerous other hydrophilic
monomers suitable for use in polymerizable hydrogel compositions for contact lenses are
known in the art (see, e.g., U.S. Pat. No. 8,129,442, U.S. Pat. No. 8,614,261, and U.S. Pat. No.

8,865,789). Non-limiting examples of hydrophilic monomers useful for contact lens
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formulations include 1,4-butanediol vinyl ether (BVE), ethylene glycol vinyl ether (EGVE),
diethylene glycol vinyl ether (DEGVE), N,N-dimethylacrylamide (DMA), 2-hydroxyethyl
methacrylate (HEMA), ethoxyethyl methacrylamide (EOEMA), ethylene glycol methyl ether
methacrylate (EGMA), and combinations thereof.

[019] The polymerizable composition may additionally comprise at least one cross-linking
agent. As used herein, a “cross-linking agent” is a molecule having at least two polymerizable
groups, which may be the same or different. Thus, a cross-linking agent can react with
functional groups on two or more polymer chains so as to bridge one polymer to another. A
variety of cross-linking agents suitable for use in silicone hydrogel polymerizable compositions
are known in the field (see, e.g., U.S. Pat. No. 8,231,218, incorporated herein by reference).
Examples of suitable cross-linking agents include, without limitation, lower alkylene glycol
di(meth)acrylates such as triethylene glycol dimethacrylate and diethylene glycol
dimethacrylate; poly(lower alkylene) glycol di(meth)acrylates; lower alkylene
di(meth)acrylates; divinyl ethers such as triethyleneglycol divinyl ether, diethyleneglycol
divinyl ether, 1,4-butanediol divinyl ether and 1,4-cyclohexanedimethanol divinyl ether;
divinyl sulfone; di- and trivinylbenzene; trimethylolpropane tri(meth)acrylate; pentaerythritol
tetra(meth)acrylate; bisphenol A di(meth)acrylate; methylenebis(meth)acrylamide; triallyl
phthalate; 1,3-Bis(3-methacryloxypropyl)tetramethyldisiloxane; diallyl phthalate; and
combinations thereof. As will be appreciated by those skilled in the art, the polymerizable
composition may comprise additional polymerizable or non-polymerizable ingredients
conventionally used in contact lens formulations such as one or more of a polymerization
initiator, a UV absorbing agent, a tinting agent, an oxygen scavenger, a chain transfer agent, or

the like.
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[020] After a polymerizable composition is cured it s typically washed in water and/or organic
solvent to remove unreacted components from the cured material prior to packaging. This
processing step is referred to as extraction and hydration or “E&H”. We have found that the
distortion-reducing features of the present invention are particularly useful when the hydrogel lens
body undergoes significant swelling during the E&H process. As used herein, the “percent swell”
(% swell) of the a hydrogel lens body is determined by the formula: (Dw — D4/ Dyw ) x 100, where
Dq is the chord diameter of a dry (unwashed) control hydrogel lens body, and Dy is the chord
diameter of a control hydrogel lens body after it has been washed and fully hydrated. In various
examples, the hydrogel lens body has a percent swell of at least 2%, 5%, 10%, or 15%, and up to
about 20%, 25%, 30%, or 50%. The percent swell of a hydrogel lens body may be varied by
varying the amount of cross-linking agents included in the hydrogel polymerizable composition,
where decreasing the amount of cross-linking agents generally increases the percent swell of the
resulting hydrogel lens body. The percent swell of a hydrogel lens body may be decreased by
including organic diluents in the polymerizable composition that are removed during E&H and
replaced by water.

[021] In various examples, the hydrogel lens body has an equilibrium water content (EWC) of
at least about 10 wt. %, 20 wt.%, or 30 wt.%, and up to about 40 wt.%, 50 wt.%, or 70 wt.%.
To measure EWC, excess surface water is wiped off of a fully hydrated control hydrogel lens
body and the hydrogel lens body is weighed to obtain the hydrated weight. The hydrogel lens
body is then dried in an oven at 80° C under a vacuum, and weighed. The weight difference is
determined by subtracting the weight of the dry hydrogel lens body from the weight of the
hydrated hydrogel lens body. The wt. % EWC of the hydrated hydrogel lens body = (weight
difference/hydrated weight) x 100.
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[022] At least one non-expandable object is embedded within the hydrogel lens body. As
used herein, the term “non-expandable object” refers to an object that does not swell
appreciably when immersed in water or ethanol (e.g. 2 ml deionized water or ethanol at 25°C
for 1 hour) and has dimensions that do not increase upon normal processing conditions (e.g.
hydration, extraction, and consequent swelling) of the hydrogel lens body in which it is
embedded. In other words, the length, diameter, and thickness of the object remain constant
whether the hydrogel lens body is in a dry or hydrated state. As used herein dimensions that
increase or decrease by 1% or less are considered to be constant. In some examples, a non-
expandable object may have dimensions that change upon the application of a stimulus (e.g. an
electrical or mechanical stimulus), such as a liquid lens that changes shape to change optical
power. For avoidance of doubt, the term “object” refers to anything that is visible (i.e.
macroscopic) and stable in form. Thus, for example, molecular components of a hydrogel
formulation are not objects.

[023] The non-expandable object is generally relatively thin to allow it to fit within the
dimensions of a contact lens. In some examples, the embedded non-expandable object may
have a thickness of from about 10 pm, 25 um, or 50 um up to about 100 um, 150 um, or 200
um. In some examples, the thickness of the non-expandable object is less than the thickness of
the hydrogel lens body. In some examples, the thickness of the hydrogel lens body portion of
the contact lens at its thickest cross-section may be about 40 um, 60 pm, 80 pm, or 100 um,
and up to about 200 um, 250 um, or 300 um. In various examples, the combined thickness of
the hydrogel lens body and the non-expandable object at its thickest cross-section may be about

50 um, 75 um, 100 um, 150 pm, or 200 pm up to about 250 pm, 300 um, or 400 pm.
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[024] As used herein, a non-expandable object is considered to be “embedded” within a
hydrogel lens body if at least a portion of the object is located below the surface of the hydrogel
lens body. In some examples, at least, 25%, 50%, 75%, 80%, 90%, 95% or 99% of the surface
area of the object is in contact with or facing the hydrogel lens body. In some examples, the
entire object 1s embedded (e.g., fully embedded or fully encapsulated) within the hydrogel lens
body such that no part of the object is exposed at an outer surface of the lens body. In some
examples the surface area of the non-expandable object embedded within the hydrogel lens
body is at least about S mm? 10 mm?, 25 mm?, or 50 mm? up to about 100 mm?, 150 mm? or
200 mm? In some examples, an “embedded” object is one that is placed in contact with the
polymerizable hydrogel composition and becomes embedded within the hydrogel lens body
when it is cured. In some examples the object is fully embedded within the hydrogel lens body.
In some examples, the non-expandable object is fully embedded within the hydrogel and the
thickness (i.e. cross section) of fully hydrated hydrogel surrounding the object is at least 20 pm,
50 um, 75 um, 100 um, or 125 pm and up to about 200 pm, 250 um or 300 um. Thus, for
example, if an object fully embedded in a hydrated hydrogel lens body has a 50 pm thick layer
of hydrogel on its posterior side and 150 um thick layer of hydrogel on its anterior side it is
understood that the object is embedded within a hydrogel lens body having a thickness of 200
um. Thus, in this context, the thickness of the hydrogel lens body does not include the
thickness contributed by the non-expandable object. In some examples the total center
thickness (CT) of the contact lens when fully hydrated may be from about 50 pum, 75 pm, 100
pum, or 125 pm, up to about 200 um, 250 pm, 300 um, 350 pm, or 400 um, where the
embedded non-expandable object (if located in the optic zone) and the hydrogel lens body may
both contribute to the total thickness of the contact lens.
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[025] The non-expandable object can comprise at least one electronic component. As used
herein, the term “electronic component” encompasses any component that can be used in an
electronic contact lens. For example, the electronic component can comprise one or more of a
wire, a capacitor, an inductor, a resistor, a diode, a light emitting diode (LED), a transistor, an
antenna, a battery, an integrated circuit, a chip, an electrode, a heat sink, or the like. Other non-
limiting examples of electronic components that may be included in contact lenses have been
described in the patent literature (see e.g. U.S. Pat. No. 8,348,422, U.S. Pat. No. 8,348,424, U .S.
Pat. No. 9,176,332, and WO2016/076523). In one example, the non-expandable object
comprises an annular insert that surrounds the optic zone of the contact lens, such as the “media
insert” described in U.S. Pat. No. 9,225,375. In another example, the non-expandable object
comprises an insert that functions as a variable-focus lens, for example, as described in U.S.
Patent No 8,348,424, In one example, the non-expandable object comprises an electronic
component having a surface coating that functions as a barrier to protect the electronic
component from the aqueous environment of the hydrogel. In one example, the surface coating
comprises a non-swellable polymer such as polyimide, parylene, polydimethylsiloxane,
polyethylene terephthalate, polyethylene naphthalate, polyphenylene sulfide or other polymer
film.

[026] An aspect of the invention i1s a method of manufacturing a contact lens, wherein the
method comprises curing a polymerizable hydrogel composition and a non-expandable object
to form a hydrogel lens body having a modulus (M) and a non-expandable object having a
surface energy (SE) embedded within the lens body, wherein the hydrogel lens body comprises
an N-vinyl amide component, and/or 1s characterized by a bonding factor, X, of one or less,

wherein X is calculated using Equation I above.
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[027] In one example, the method comprises cast molding, in which the polymerizable
hydrogel composition and the non-expandable object are cured in a contact lens mold assembly
and subjected to curing conditions to form a contact lens comprising the non-expandable object
embedded in a hydrogel lens body. Briefly, the polymerizable hydrogel composition and the
non-expandable object are placed in a casting “cup” referred to as a “female mold member”
defining the front (i.e. anterior) surface of the contact lens. In some examples, the
polymerizable hydrogel composition is dispensed into the female mold member, then the non-
expandable object is placed on the hydrogel composition, and more polymerizable hydrogel
composition is placed on top of the object. In other examples, placement of the object into a
predefined position within the contact lens may involve the use of a positioning device within
the contact lens mold assembly. For example, a pedestal or other support structure made from
the polymerizable hydrogel composition that has already been cured, but remains unhydrated,
may be adhered to the female mold member. The non-expandable object may be placed on the
support structure prior to dispensing the polymerizable composition into the mold. In other
examples, a portion of the polymerizable composition may be cured or partially cured in the
female mold member and the non-expandable object is positioned on the cured or partially
cured hydrogel. Next, the remainder of the polymerizable composition is dispensed into the
mold. After the polymerizable composition and non-expandable object are placed in the female
mold member, a male mold member defining the back (i.e. posterior) surface of the contact lens
is coupled with the female mold member to form a contact lens mold assembly having a lens-
shaped area therebetween in which the polymerizable composition and the non-expandable

objected are sandwiched and cured to form a lens-shaped hydrogel lens body.
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[028] The polymerizable hydrogel composition within the contact lens mold assembly is
polymerized using any suitable curing method. Typically, the polymerizable composition is
exposed to polymerizing amounts of heat or ultraviolet light (UV). In the case of UV-curing,
also referred to as photopolymerization, the polymerizable composition typically comprises a
photoinitiator such as benzoin methyl ether, 1 -hydroxycyclohexylphenyl ketone, Darocur or
Irgacur (available from Ciba Specialty Chemicals). Photopolymerization methods for contact
lenses are described in U.S. Pat. No. 5,760,100. In the case of heat-curing, also referred to as
thermal curing, the polymerizable composition typically comprises a thermal initiator.
Exemplary thermal initiators include 2,2'-azobis(2,4-dimethylpentanenitrile) (VAZO-52), 2,2'-
Azobis(2-methylpropanenitrile) (VAZO-64), and 1,1'-azo bis(cyanocyclohexane) (VAZO-88).
Methods for cast molding contact lenses are well-known in the art (see e.g. U.S. Pat. No.
8,614,261, U.S. Pat. No. 8,865,789, and U.S. Pat. No. 8,979,261).

[029] After curing, the mold assembly is separated to provide a hydrogel lens body and a non-
expandable object embedded within the lens body. Methods for removing contact lenses from
their molds, commonly referred to as “delensing”, are well-known in the art (see e.g. U.S. Pat.
No. 8,865,789, and U.S. Pat. No. 8,979,261). In some examples, a delensing process may
involve the use of water or other liquid (wet-delensing) which hydrates or partially hydrates the
lens and lifts it off from a mold member to which it is adhered. In other examples, a delensing
process may be dry. It will be appreciated by those skilled in the art that other methods, such
as lathing, may be used instead of cast molding, for obtaining a lens-shaped hydrogel lens body
with a non-expandable object embedded therein. Various methods for lathing hydrogel contact

lenses are known in the art (see e.g. U.S. Pat. No. 5,972,251, and U.S. Pat. No. 5,115,553).
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[030] After curing, the hydrogel lens body is typically washed to extract any unreacted or
partially reacted ingredients from the hydrogel and hydrate the hydrogel. The washing step can
include contacting the hydrogel lens body with an organic solvent, such as a lower alcohol (e.g.
methanol, ethanol, etc.), contacting the polymeric lens body with aqueous liquids that may or
may not contain an organic solvents, or combinations thereof. Various suitable methods for
washing contact lenses are well known in the art (see e.g. U.S. Pat. No. 8,231,218 and EP Pat.
No. 2969497).

[031] Selecting the hydrogel lens body and non-expandable object to provide a bonding factor
of one or less, as described above, reduces the likelihood that shape distortion will occur upon
hydration of the hydrogel, thereby providing distortion-free contact lenses. As used herein, the
term “distortion-free” means that the hydrogel lens body is free of defects such as tears, is lens-
shaped, and 1s not misshapen (i.e. the lens body has an appropriate lens shape with no wavy
edges, curling, folding or surface indentations) as viewed from a contact lens dimension
analyser (e.g. Optimec model JCF). In some examples, a washing liquid, such as an organic
solvent that more rapidly hydrates the hydrogel, relative to the use of a washing liquid that
consists essentially of water, results in more even swelling of the hydrogel lens body, which
may assist in the production of distortion-free lens. As the hydrogel lens body swells during
the hydration step, it may pull away from the non-expandable object thereby forming a space
between the object and the hydrogel such that the object is located in a cavity within the
hydrogel lens body. The size of this cavity can depend on the percent swell of the lens material,
where hydrogels having a higher percent swell tend to result in more space. In a packaged state,

the space tends to fill with the packaging solution used to store the contact lens.
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[032] After washing, and any optional process step(s) (for example, surface modification to
attach a beneficial agent or a lubricious coating), the final contact lens product is placed in a
blister package, glass vial, or other appropriate container, all referred to herein as “packages.”
Typically, packaging solution is also added to the container. Suitable packaging solutions
include phosphate- or borate-buffered saline together with any optional additional ingredients
such as a comfort agent, a medication, a surfactant to prevent the lens from sticking to its
package, or the like. The package is sealed, and the sealed contact lens body is sterilized by
radiation, heat, or steam (for example, autoclaving), gamma radiation, e-beam radiation, or the
like. In some examples, the contact lens may be packaged under sterile conditions, making a
post-packaging sterilization step unnecessary.

[033] The following Examples illustrate certain aspects and advantages of the present
invention, which should be understood not to be limited thereby.

[034] Example 1: Modulus Determination

[035] Young’s modulus is determined by an ANSI Z80.20 standard using an Instron Model
3342 or Model 3343 mechanical testing system (Instron Corporation, Norwood, MA, USA) and
Bluehill Materials Testing Software. A control silicone hydrogel lens body is soaked in 4mL
phosphate buffered saline (PBS) for 30 minutes prior to testing. While holding the lens
concave side up, a central strip of the lens is cut using a contact lens cutting die having clean
and sharp blades to provide a 4 mm wide generally rectangular strip of the material that is
defect-free along the cutting edges. The length of the strip is about 14-15 mm, that is, about the
diameter of the contact lens before being cut. The thickness of the strip is measured using a
calibrated gauge (for example, Rehder electronic thickness gauge, Rehder Development
Company, Castro Valley, CA, USA) at the following angles: -8°, -4°, 0°, 4°, and 8°. The
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average of the 5 measurements is taken without correcting the values for compression of the
sample. Using tweezers, the strip is loaded into the grips of the calibrated Instron apparatus,
with the strip fitting over at least 75% of the grip surface of each grip; the gap distance between
the grips is 5.0 mm. The modulus is determined inside a humidity chamber having a relative
humidity of at least 70% at room temperature (about 22°C) at a pull rate of 10.00 mm/min. The

modulus is defined as the beginning upward slope of the recorded curve.

[036] Example 2: Surface Energy Determination

[037] The surface to be measured (i.e. the surface of the object to be incorporated into a
contact lens, or a sample of the material used to make the surface of the object) is cleaned by
wiping it with a cleaning solvent such as acetone or 70% IPA/30% H»>O. The surface is then
dried with low pressure compressed air for 10-20 seconds and subjected to an anti-static device.
A 3 pl volume drop of each liquid (formamide (Sigma, reagent >99.5%), PBS, and ethylene
glycol (Sigma, anhydrous, > 99.8%)) 1s dispensed onto the surface and the sessile drop contact
angle is measured after 5 seconds using a Kruss Drop Shape Analyzer (DSA-100). The
average (n=5) contact angle for each liquid is used in the surface energy calculation.
Measurements are performed at room temperature (between 21° to 24° C).

[038] The Kruss Drop Shape Analysis Software, Version 1.92.1.1 (or equivalent) calculates
SE based on the Owens-Wendt model. For the above liquids, the software uses the following
values: PBS: interfacial tension (IFT) = 73.2 mN/m (disperse part (c.°) = 27.93 mN/m, polar
part (oF) = 45.28 mN/m); Ethylene glycol: IFT = 46.8 mN/m (o.P = 28.3 mN/m, o1.F = 18.5
mN/m); and Formamide: IFT= 58.2 mN/m (o.” = 36.3 mN/m, o.F =21.9 mN/m). After the

average contact angle (6) of each liquid on the solid substrate is determined, a data point for

18



WO 2018/109492 PCT/GB2017/053764

each liquid is plotted on a graph of [oL (cos 6 + 1)]/[2(c.P)?] versus (oL.F)2 /( 6LP)2. A best

linear fit is drawn through the data. The intercept of this line is (csP)"2, and the slope is (cs")">.
The total solid surface energy (os) is the sum of the polar solid surface energy component (cs")

and the disperse solid surface energy component (csP).

[039] Example 3: Adjusting modulus to reduce distortion.

[040] Four silicone hydrogel formulations, A-D, were made by mixing together about 9 parts
(by weight) of a hydrophilic bimethacryloxypropyl functional polysiloxane macromonomer
having an average molecular weight of about 15,000 (as described in U.S. Patent No.
8,129,442), 27 parts of a monomethacryl functional polysiloxane monomer having a molecular
weight of about 583 (Cas No. 102075-57-6, described in U.S. Patent No. 8,168,735), 42 parts
VMA, 6 parts ethylene glycol methyl ether methacrylate, and 13 parts methyl methacrylate.
Each formulation also contained minor amounts of a crosslinking reagent, a chain transfer
reagent, and a thermal initiator. A second crosslinking agent was added to formulations B, C
and D, in amounts of about 0.4 parts, 0.7 parts, and 1.5 parts, respectively, in order to achieve
silicone hydrogel lens bodies with modulus values ranging from 0.15 MPa up to 2.2 MPa, as
shown in Table 1 below.

[041] The compositions were individually dispensed into female polypropylene contact lens
molds halves. A polyimide (PI) film of approximately 2 mm x 2 mm x 25 um or a parylene
(Par) film of approximately 2 mm x 2 mm x 8 um was positioned within the dispensed
compositions such that upon curing, the films were completely embedded within the lens body.
Using the method described in Example 2, the surface energies of PI and Par were determined

to be 42 mN/m and 32 mN/m, respectively. The male halves of the contact lens molds were

19



WO 2018/109492

combined with the female halves and placed in an N2-purged oven to thermally cure the lenses
at 55 °C, 80 °C, and 100°C, for 40 minutes at each increasing temperature. After curing, the
mold halves were separated and the dry lens bodies were removed using tweezers. Each lens
body was hydrated in 3 mL deionized water (DI H>O) for 10 minutes without agitation, then
visually inspected for distortion using an Optimec model JCF contact lens dimension analyzer.
The lenses were then swelled in ethanol (EtOH) by placing each lens in 3 mL EtOH for 30
minutes — two exchanges, followed by placement in 3ml of 50% EtOH (in DI H,O) for 30
minutes, with three final exchanges in DI H>O for 10 minutes each exchange. Lenses were

again visually inspected for distortion using the Optimec. The modulus and distortion results

are shown in Table 1.

[042] Table 1:

[043] The results demonstrate that distortion can be reduced or eliminated by using lens
bodies having relatively high modulus, embedding an object having a relatively low surface

energy, and/or by swelling the lenses in an organic solvent such as ethanol.

+ not round

+ significant distortion

++ severe distortion

20

Lens| Modulus | Par-H20 | Par-EtOH | PI-H20 | PI-EtOH
(MPa)
A [0.15 ++ ++ ++ ++
B (045 ++ - + +
C (066 ++ - + -
D |22 + - - —
Key: — no distortion
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[044] Example 4: Presence of a vinyl amide component to reduce distortion.

[045] Four silicone hydrogel formulations, designated E-H, were made comprising about 38
parts (by weight) of a monomethacryloxypropyl functional polydimethylsiloxane, designated
MCS-MLL (Gelest, Inc., Morrisville, PA, USA), about 21 parts methyl-di(trimethylsiloxy)-
silyl propyl glycerol methacrylate (CAS 69861-02-5), and about 40 parts of either
dimethylacrylamide (DMA) (Formulations E and F) or N-vinyl-N-methylacetamide (VMA)
(Formulations G and H). Formulations E, F and H also contained the cross-linking agent,
triethylene glycol dimethacrylate (TEGDMA), in amounts of 1%, 2.5%, and 0.6%, respectively,
in order to increase the modulus of the resulting lenses to the values shown in Table 2. The
formulations were cured with either PI or Par films embedded in the lens bodies, washed in
water, inspected, and washed in ethanol, as described in Example 1 above. The distortion
results are shown in Table 2.

[046] Table 2:

Lens| Modulus | Par-H20 | Par-EtOH | PI-H20 | PI-EtOH
MPa
E | 0.68 ++ +++ ++ ot
F (124 ++ +++ ++ ot
G | 0381 ++ - + +++
H |11 + — + ot
Key: — no distortion

+ not round

+ significant distortion

++ severe distortion

+++ embedded object dislodged during swelling
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[047] The results demonstrate that substituting a non-vinyl amide hydrophilic monomer, such
as DMA with a vinyl amide hydrophilic monomer, such as VMA, can reduce or eliminate the
distortion caused by incorporating a non-expandable object in the lens body.

[048] The disclosure herein refers to certain illustrated examples, it is to be understood that

these examples are presented by way of example and not by way of limitation. The intent of

the foregoing detailed description, although discussing exemplary examples, is to be construed
to cover all modifications, alternatives, and equivalents of the examples as may fall within the
spirit and scope of the invention as defined by the additional disclosure.

[049] The entire contents of all cited references in this disclosure, to the extent that they are not

inconsistent with the present disclosure, are incorporated herein by reference.

[050] Other embodiments of the present invention will be apparent to those skilled in the art

from consideration of the present specification and practice of the present invention disclosed

herein. It is intended that the present specification and examples be considered as exemplary
only with a true scope and spirit of the invention being indicated by the following claims and
equivalents thereof.

[0S1] The present invention includes the following aspects/embodiments/features in any order

and/or in any combination:

1. A distortion-free contact lens comprising: a hydrogel lens body having a modulus (M) in
units of megapascal (MPa); and a non-expandable object having a surface energy (SE) in
units of millinewton per meter (mN/m) embedded within the hydrogel lens body, wherein
the hydrogel lens body comprises an N-vinyl amide component, and/or is characterized by a
bonding factor, X, of one or less, where X=SE/(M*100).

2. The contact lens of 1, wherein the hydrogel is a silicone hydrogel.
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10.

I1.

12.

The contact lens of 1 or 2, wherein the hydrogel lens body has a percent swell of at least 5%
to about 30%.

The contact lens of any one of 1 to 3, wherein the hydrogel lens body has an equilibrium
water content of about 10% to 70%, or 10% to 50%, or 10%, to 40%.

The contact lens of any one of 1 to 4, wherein the modulus (M) of the hydrogel lens body 1s
at least 0.4 MPa, 0.5 MPa, or 0.6 MPa.

The contact lens of any one of 1 to 5, wherein the surface energy (SE) of the non-
expandable object is less than 40 mN/m.

The contact lens of any one of 1 to 6, wherein X is 0.01 to 1.0, or 0.05 t0 0.75, or 0.1 to 0.5.
The contact lens of any one of 1 to 7, wherein the non-expandable object comprises at least
one electronic component.

The contact lens of any one of 1 to 7, wherein the non-expandable object comprises a lens.
The contact lens of any one of 1 to 9, wherein the non-expandable object is located in a
cavity within the hydrogel lens body.

A method of manufacturing a contact lens of any one of 1 to 10, comprising: contacting the
non-expandable object with a polymerizable hydrogel composition; curing the
polymerizable hydrogel composition and forming the hydrogel lens body with the non-
expandable object embedded within the hydrogel lens body; and washing the hydrogel lens
body with a washing liquid to form a contact lens comprising a hydrated hydrogel lens
body and a non-expandable object embedded within the washed hydrogel lens body.

The method of 11, wherein the polymerizable hydrogel composition comprises N-vinyl-N-

methyl acetamide (VMA), or N-vinyl pyrrolidone (NVP), or N-vinyl formamide, or N-vinyl
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acetamide, or N-vinyl-N-ethyl acetamide, or N-vinyl isopropylamide, or N-vinyl
caprolactam, or N-vinyl-N-ethyl formamide, or any combination thereof.

13. The method of 12, wherein the polymerizable hydrogel composition comprises from about
25 wt.% up to about 75 wt.% of VMA or NVP, or a combination thereof.

14. The method of any one of 11 to 13, wherein the hydrogel lens body is formed by cast
molding.

15. The method of any one of 11 to 13, wherein the hydrogel lens body is formed by lathing.

16. The method of any one of 11 to 15, wherein the washing liquid comprises an organic
solvent.

17. The method of any one of 11 to 16, wherein during the washing step a space forms between
the non-expandable object and the hydrogel lens body such that the non-expandable object
is located in a cavity within the hydrogel lens body.

[052] The present invention can include any combination of these various features or

embodiments above and/or below as set forth in sentences and/or paragraphs. Any

combination of disclosed features herein is considered part of the present invention and no
limitation is intended with respect to combinable features.

[0S3] Applicant specifically incorporates the entire contents of all cited references in this

disclosure. Further, when an amount, concentration, or other value or parameter is given as either

a range, preferred range, or a list of upper preferable values and lower preferable values, this is to

be understood as specifically disclosing all ranges formed from any pair of any upper range limit

or preferred value and any lower range limit or preferred value, regardless of whether ranges are
separately disclosed. Where a range of numerical values is recited herein, unless otherwise stated,

the range 1s intended to include the endpoints thereof, and all integers and fractions within the
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range. It is not intended that the scope of the invention be limited to the specific values recited
when defining a range.

[054] Other embodiments of the present invention will be apparent to those skilled in the art
from consideration of the present specification and practice of the present invention disclosed
herein. It is intended that the present specification and examples be considered as exemplary
only with a true scope and spirit of the invention being indicated by the following claims and

equivalents thereof.
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CLAIMS
1. A contact lens comprising:
a. ahydrogel lens body having a modulus (M); and
b. anon-expandable object having a surface energy (SE) embedded within the
hydrogel lens body,
wherein the hydrogel of the hydrogel lens body is a silicone hydrogel; the hydrogel
lens body is formed from a polymerisable composition comprising at least 10 wt%
hydrophilic N-vinyl amide-containing monomer that contains a single N-vinyl
polymerizable group and no other polymerizable group, the hydrogel lens body
comprises an N-vinyl amide component, which is a polymer or copolymer of the
hydrophilic N-vinyl amide-containing monomer; and wherein the hydrogel lens
body is characterized by a bonding factor, X, of 0.01 to 1.0,
wherein X is calculated using Equation I:
X=SE/(M*100) ()
wherein M is in units of megapascal (MPa), and SE is in units of millinewton per
meter (mN/m).
2. The contact lens of claim 1, wherein the hydrogel lens body has a percent swell of at
least 5% to about 30%.
3. The contact lens of claim 1 or 2, wherein the hydrogel lens body has an equilibrium
water content of about 10% to about 50%.
4. The contact lens of any one of claims 1 to 3, wherein the modulus (M) of the
hydrogel lens body is at least 0.5 MPa.
5. The contact lens of any one of claims 1 to 4, wherein the surface energy (SE) of the

non-expandable object is less than 40 mN/m.
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10.

11.

12.

13.

The contact lens of any one of claims 1 to 5, wherein X in Formula | is less than
0.75.

The contact lens of any one of claims 1 to 6, wherein the non-expandable object has
a surface area of at least 5 mm?,

The contact lens of any one of claims 1 to 7, wherein the non-expandable object
comprises at least one electronic component.

The contact lens of any one of claims 1 to 8, wherein the non-expandable object
comprises a surface coating.

The contact lens of claim 9, wherein the surface coating is selected from polyimide,
polydimethylsiloxane, and parylene.

The contact lens of any one of claims 1 to 10, wherein the non-expandable object
comprises a lens.

The contact lens of any one of claims 1 to 11, wherein the non-expandable object is
located in a cavity within the hydrogel lens body.

A method of manufacturing a contact lens, said method comprising:

a. contacting a non-expandable object having a surface energy (SE) with a
polymerizable hydrogel composition comprising at least 10 wt% of a
hydrophilic N-vinyl amide-containing monomer that contains a single N-
vinyl polymerizable group and no other polymerizable group;

b. curing the polymerizable hydrogel composition and forming a hydrogel lens
body having a modulus (M) with the non-expandable object embedded

within the hydrogel lens body; and
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14.

15.

16.

17.

18.

19.

c. washing the hydrogel lens body with a washing liquid to form a contact lens
comprising a hydrated hydrogel lens body and a non-expandable object
embedded within the washed hydrogel lens body,

wherein the hydrogel of the hydrogel lens body is a silicone hydrogel and the
hydrogel lens body comprises an N-vinyl amide component, which is a polymer or
copolymer of the hydrophilic N-vinyl amide-containing monomer, and is
characterized by a bonding factor, X, of 0.01 to 1.0,
wherein X is calculated using Equation I:

X=SE/(M*100) ()
wherein M is in units of megapascal (MPa), and SE is in units of millinewton per
meter (mN/m).
The method of claim 13, wherein the hydrogel lens body is formed by cast molding.
The method of claim 13 or 14, wherein the hydrogel lens body is formed by lathing.
The method of any one of claims 13 to 15, wherein the hydrogel lens body has a
percent swell of at least 5% to about 30%.
The method of any one of claims 13 to 16, wherein the washing liquid comprises an
organic solvent.
The method of any one of claims 13 to 17, wherein the hydrogel lens body has an
equilibrium water content of about 10% to about 50%.
The method of any one of claims 13 to 18, wherein the polymerizable hydrogel
composition comprises N-vinyl-N-methyl acetamide (VMA), or N-vinyl
pyrrolidone (NVP), or N-vinyl formamide, or N-vinyl acetamide, or N-vinyl-N-
ethyl acetamide, or N-vinyl isopropylamide, or N-vinyl caprolactam, or N-vinyl-N-

ethyl formamide, or any combination thereof.
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20. The method of claim 19, wherein the polymerizable hydrogel composition
comprises from about 25 wt.% up to about 75 wt.% of VMA or NVP, or a
combination thereof.

21. The method of any one of claims 13 to 20, wherein during the washing step a space
forms between the non-expandable object and the hydrogel lens body such that the

non-expandable object is located in a cavity within the hydrogel lens body.
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