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OPTICALLY TRANSPARENT HYDROGELS
AND PROCESSES FOR THEIR
PRODUCTION

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

This application is a Reissue of U.S. appin. No. 09/163,
693, now issued as U.S. Pat. No. 6,031,059.

FIELD OF THE INVENTION

The invention relates to hydrogels for use 1n the produc-
tion of biomedical devices. In particular, the nvention
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and consisting of the steps of a.) polymerizing a hydropho-
bic siloxane prepolymer, a silylated hydrophilic monomer,
and optionally a hydrophobic siloxane monomer to form a
polymer; and b.) hydrolyzing the polymer. In another

embodiment, the mnvention provides a hydrogel comprising,
consisting essentially of, and consisting of a hydrophobic
siloxane prepolymer, a silylated hydrophilic monomer, and
optionally a hydrophobic siloxane monomer.

By “hydrophobic siloxane prepolymer” and “hydrophobic
sitloxane monomer” 1s meant a siloxane prepolymer or
siloxane monomer, respectively, that does not have an
amount of hydrophilic groups, such as a hydroxyl group,
incorporated ito the main chain or a side chain to allow for
blends to be made of 1t with a hydrophilic monomer absent
the use of high levels of diluent. Suitable hydrophobic
siloxane prepolymers are of the formula:

(1)
R2 RZ R? O R!

CR,=—C—C—0—(CH,),—Si—0—Si+=—0—S8i—(CH,),—0—C—C=CR},

provides hydrogels formed from siloxane prepolymers and a
hydrophilic monomer, which hydrogels are optically trans-
parent.

BACKGROUND OF THE INVENTION

The use of hydrogels for the manufacture of biomedical
devices 1s known. Hydrogels that are copolymers of siloxane
prepolymers and hydrophilic monomers ofler certain advan-
tages 1n comparison with conventional hydrogels. However,
it 1s diflicult to produce optically transparent, homogeneous
hydrogels from these prepolymers and monomers making

the use of the hydrogels limited.

Known methods for making homogeneous hydrogels
from siloxane prepolymers include using diluents to com-
patabilize the siloxane with the hydrophilic monomer and
using siloxanes into which hydrophilic groups are ncorpo-
rated. However, the use of diluents 1s disadvantageous
because of their volatility and theirr use may result in
polymers of inferior quality. Incorporation ol hydrophilic
groups 1s disadvantageous in that 1t requires the use of
complicated syntheses and the resulting polymer may not be
optically transparent. Therefore, a need exists for a method
of polymerizing siloxane prepolymers and hydrophilic
monomers that overcome these disadvantages.

DESCRIPTION OF THE INVENTION AND
PREFERRED EMBODIMENTS

It 1s a discovery of the mvention that homogeneous,
optically transparent hydrogels can be formed from the
polymerization of siloxane prepolymers and/or monomers
with a hydrophilic monomer without incorporation of hydro-
philic groups into the siloxane and with a reduction 1n the
amount of diluents needed or, 1n some cases, without the use
of diluents. The hydrogels of the invention are useful in the
manufacture of biomedical devices, meaning devices
designed to be used while 1n or on either or both human
tissue or tluid. Examples of such devices include, without
limitation, stents, implants, catheters, and ophthalmic lenses.
In a preterred embodiment, the biomedical device 1s an
ophthalmic lens including, without limitation, contact or
intraocular lenses. More preferably, the device 1s a contact
lens.

In one embodiment, the invention provides a process for
producing hydrogels comprising, consisting essentially of,
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R2 RZ R?

wherein R' is hydrogen or an alkyl of 1 to 5 carbon atoms,
R” is an alkyl of 1 to 5 carbon atoms, n=1 to 12, and z=1 to
500. Preferably, the prepolymer 1s a macromer, such as:

(A)
R* RS RS
R3—e?i—oaﬂ—e?1—oaﬂ—?i—1{m

R> R’ R”

wherein n and m are each independently 0 to 3500 and
(n+m)=10 to 500, R* R° R’, R® and R” are each indepen-
dently a monovalent alkyl of 1 to 5 carbon atoms, or aryl
group that may be further substituted with alcohol, ester,
amine, ketone, carboxylic acid, or ether groups, and R°, R>,
and R'” are each independently a monovalent alkyl or 1 to
5 carbon atoms or aryl group that may be further substituted
with alcohol, ester, amine, ketone, carboxylic acid or ether
groups or have the structure:

(B)

providing that at least one of R”, R>, and R'" are according
to this structure wherein R'! is a divalent alkyl group of 1
to 5 carbon atoms, R'* and R' are independently H, a
monovalent alkyl of 1 to 5 carbon atoms or aryl group that
may be further substituted with an alcohol, ester, amine,
ketone, carboxylic acid or ether group, or have the structure:

(&
R]ﬁ

C—C

R]T

Rl4

RIS

RIS

wherein R'® is H or a monovalent polymerizable group
containing acryloyl, methacryloyl, styryl, vinyl, allyl, or
N-vinyl lactam; R'® is H, a monovalent alkyl of 1 to 5
carbon atoms or aryl group that can be further substituted
with alcohol, ester, amine, ketone, carboxylic acid, or ether
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groups, or a polymerizable group containing acrylate,
methacrylate, styryl, vinyl, allyl or N-vinyl lactam; R'*, R'~,
and R"® are independently H, or a monovalent alkyl of 1 to
S carbon atoms or aryl that can be further substituted with
alcohol, ester, amine, ketone, carbox;/lic acid or ether
groups, or R and R'’, or R’ and R"> can be bonded to
form a ring structure, providing that at least one of the
Structure B groups on the monomer contains polymerizable
groups. Preparation of such macromers 1s known 1n the art.

Preferred hydrophobic prepolymers are o,m-
bismethacryloxypropyl macromers. More preferred 1s o, m-
bismethacryloxypropyl polydimethylsiloxane. Other hydro-
philic prepolymers that can be used include linear or
branched polymers or copolymers made from hydrophobic
monomers such as 3-methacryloxypropyltris
(trnmethylsiloxy)silane, said prepolymers having polymer-
izable functional groups such as methacrylate or styryl.
Preparation of such prepolymers 1s described in U.S. Pat.
Nos. 5,010,141, 5,057,578; 5,314,960; 5,371,147 and 5,336,
797 incorporated in their entireties herein by reference.

In the process of the invention, the prepolymer may be
used alone or in combination with a hydrophobic siloxane
monomer. Hydrophobic siloxane monomers useful i the
invention are of the formula:

)\IO (RQI);{ R.?Z
|
C(R*®); ‘ O— (CH,);— Si 0—Si

wherein R'” and R*" are each independently hydrogen or
methyl, R*', R**, and R*” are each independently a monova-
lent alkyl of 1 to 5 carbon atoms or aryl, j=1 to 10 and k=0
to 3. Examples of useful siloxane monomers include, with-
out limitation, polysiloxyanylalkyl(meth)acrylates,
preferably, 3-methacryloxypropyltris(trimethylsiloxy)silane
or 3-methacryloxypropylbis(trimethylsiloxy)methylsilane.
Hydrophobic siloxane monomers usetul in the invention are
commercially available or may be synthesized through
known methods.

In the process of the invention, the siloxane prepolymer
alone, or in combination with the siloxane monomer, 1s
polymerized with a silylated hydrophilic monomer. Any
known hydrophilic monomer capable of being silylated may
be used. Pretferably, the silylated monomer used 1s of the
formula:

R25

0 R”); (R®); R
g | |
C(R*%); N—C——C—0—Si—R*

R.?d

wherein R** is hydrogen or methyl, R*> is hydrogen or
methyl, and R*° is a monoalkyl, preferably methyl. More
preferably, the silylated monomer 1s a polyalkylsilyl ether of
a hydroxyalkyl(meth)acrylamide or a polyalkylsilyl ether of
a hydroxyl styrene or of a hydroxy alkyl styrene. Most
preferably, the silylated monomer 15
2-hydroxymethacrylamide trimethylsilyl ether.

The silylated monomer may be prepared by silylating the
hydroxyl groups of a hydrophilic monomer by any known
method. For example, the hydroxyl groups may be reacted
with a silylating agent such as a trialkylsilyl halogenide,
hexamethyldisilizane, trimethylsilyldiethylamine, or the
like. Solvents and catalysts useful 1n the silylation, as well
as reaction conditions, are well known 1n the art.

The siloxane prepolymer, alone or in combination with a
siloxane monomer, are polymerized with the silylated
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hydrophilic monomer by any convenient method, including
without limitation, heat, ultraviolet light, radiation
polymerization, or a combination thereof. Preferably, the
polymerization 1s carried out in the presence of a suitable
initiator present 1 an amount of about 0.01 to about 2.0
weight percent based on the weight of the reactants. More
preferably, the polymerization 1s carried out with UV light
using a UV polymerization initiator. The preferred UV
polymerization inmitiator 1s 2-hydroxy-2-methyl- 1-phenyl-
propan-1-one.

The amount of siloxane prepolymer used 1s about 0 to
about 90 weight percent, preferably about 5 to about 70
weight percent, based on the weight of the polymerizable
components. The amount of siloxane monomer used 1s from
about O to about 70 weight percent, preferably from about 0
to about 40 weight percent. The amount of silylated mono-
mer used 1s from about 2 to about 60 weight percent,
preferably from about 15 to about 50 weight percent.

After polymerization 1s completed to the desired degree,
the resulting polymer may be washed 1n an organic solvent
to remove unreacted reactants. Suitable solvents include,
without limitation, hexane, ethanol, isopropyl alcohol, n-
and t-butyl alcohol, n-amyl alcohol, n-hexyl alcohol, as well
as chlorinated solvents and the like, and mixtures thereof.

The polymer then may be desilylated by hydrolyzing to
climinate the silyl groups and to regenerate the hydroxyl
group. The hydrolysis may be carried out in any suitable
hydrolyzing agent. Preferably, hydrolysis 1s carried out by
placing the lenses in a borate-buflered saline solution.
Optionally, an acid or base may be used 1n the hydrolyzing
agent to speed the hydrolysis.

One ordinarily skilled in the art will recognize that any
number of a wide variety of additional components may be
added to the mixture to be polymerized. Examples of such
additives include, without limitation, ultra-violet absorbers,
antioxidants, tints, and the like.

Any molding process may be used to form lenses from the
hydrogels of the invention. For example, the siloxane
prepolymer, silylated hydrophilic monomer and, optionally,
the hydrophobic monomer may be blended together along
with a polymerization mitiator and the blend then placed
into a lens mold. After polymerization 1s completed, the lens
undergoes desilylation.

The invention will be clarified further by a consideration
of the following, non-limiting examples.

EXAMPLES

Example 1

214.2 g methacryloyl chloride were added dropwise to a
solution of 128 g methanol, 249 g potassium carbonate, and
122.2 ¢ ethanolamine in a three-necked flask cooling to
between 5 and 15° C. 1n an 1ce bath. Addition took approxi-
mately 3 hours after which the reaction mixture was left to
stir for approximately 2 days after removal of the i1ce bath.
The reaction mixture was poured into CH,Cl, and vacuum
filtered to remove all solids, which solids were rinsed with
CH,CIl,. The liqud was inhibited with 100 ppm hydro-
quinone monomethyl ether and the solvent removed by
rotary evaporation. Residual o1l was distilled under reduced
pressure 1n a distilling flask equipped with an air ebulator,
alter addition of 150 ppm CuCl. 36.62 g of hydroxyethyl
methacrylamide was removed as a light yellow liquid at 0.5
mm Hg and 125 to 135° C. Air was bubbled through the
distilled product.

23 ¢ trimethylsilyl chloride were added dropwise over an
approximately 2 hour period to a solution of 25.3 g of the
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above product, 30.6 g triethylamine and 75 ml CH,Cl, 1n a
three-necked flask equipped with a drying tube and a mag-
netic stirrer. The mixture was kept at room temperature.
After the addition, the reaction mixture was heated to 40° C.
and stirred for approximately 5 hours. The mixture was then
filtered to remove salt and the residual liquid was then
rotovapped until the weight ceased to fall. The product was
distilled under reduced pressure aiter addition of 500 ppm
HOMME. 2-hydroxyethylmethacrylamide trimethylsilyl
cther (“TMS-HMA”) was collected as a clear liquid at 95 to
105° C. and 0.25 mm Hg 1n a yield of 42 percent.

Example 2

A blend was made of 20 parts of a,m-
bismethacryloxypropyl polydimethylsiloxane (5,000 aver-
age molecular wt), 45 parts of the TMS-HMA of Example 1
and 34 parts 3-methacryloxypropyltris(trimethylsiloxy)
silane (“TRIS”), 1 part DAROCURT™ 1173, a photoinitiator
that 1s 2-hydroxy-2-methyl-1-phenylproan-1-one, and 11
parts t-butanol. The blend was placed 1n polypropylene lens
molds and irradiated for 30 min with UV light, then released
in ethanol, and transferred into a borate bullered saline to
produce soit, optically clear, oxygen permeable contact
lenses.

What 1s claimed 1s:

1. A process for producing a hydrogel comprising:

a.) polymerizing a hydrophobic siloxane prepoplymer and
a silylated hydrophilic monomer; and

b.) hydrolyzing the resulting polymer wherein the step a.)
polymerizing 1s carried out by using one of heat
polymerization, ultraviolet light polymerization, radia-
tion polymerization, or a combination thereof.

2. The process of claam 1 wheremn the hydrophobic
siloxane prepolyer and the silylated hydrophilic monomer
are polymerized with a hydrophobic siloxane monomer.

3. The process of claam 2 wheremn the hydrophobic
siloxane monomer 1s of the formula:

RE[}
O (Rzl)k RZZ
| | |
C(R'"), O—(CH,);—Si O ?i R%
RZZ

wherein R'” and R*° are each independently hydrogen or
methyl, R*', R**, and R*” are each independently a monova-
lent alkyl of 1 to 5 carbon atoms or aryl, j=1 to 10 and k=0
to 3.

4. The process of claim 3, wherein the hydrophobic
sitloxane monomer 1s 3-methacryloxypropyltris
(trimethylsiloxy)silane or 3-methacryloxypropylbis
(trimethylsiloxy)methylsilane.

5. The process of claim 1 or 3 wherein the hydrophobic
siloxane prepolymer 1s of the formula:

R! R? R?

5

10

15

20

25

30

35

40

45

50

55

)\IO | If ]5‘{2
C(RYH O— (CHy)p,—Si—tO0—S8i37—O0—=Si—(CH),—O

6

wherein R' is hydrogen or an alkyl of 1 to 5 carbon atoms,
R? is an alkyl of 1 to 5 carbon atoms, n=1 to 12, and z=1 to
500 and the silylated hydrophilic monomer 1s of the formula:

(I10)
RZS

O (R25)2 (R25)2 R26
g | |
C(R*H N—C——C—0—Si—R?**®

2

R26

wherein R** is hydrogen or methyl, R* is hydrogen or
methyl, and R*° is a monoalkyl.

6. The process of claam 35 wherein the hydrophobic
siloxane prepolymer 1s a a,w-bismethacryloxypropyl mac-
romer and the silylated hydrophilic monomer 1s a polyalkyl-
s1lyl ether of a hydroxyalkyl(meth)acrylamide.

7. The process of claam 6 wherein the hydrophobic
siloxane prepolymer 1s o,m-bismethacryloxypropyl poly-
dimethylsiloxane and the silylated hydrophilic monomer 1s
2-hydroxymethacrylamide trimethylsilyl ether.

8. A hydrogel comprising a hydrophobic siloxane pre-
polymer and a silylated hydrophilic monomer.

9. The hydrogel of claim 8 further comprising a hydro-
phobic siloxane monomer.

10. The hydrogel of claim 9 wherein the hydrophobic
siloxane monomer 1s of the formula:

RZU
O (RZI)k R22
| |
C(R!%); O— (CH,);—Si 0—?1—}123
22
= R -3k

wherein R'” and R*" are each independently hydrogen or
methyl, R**, R**, and R*” are each independently a monova-
lent alkyl of 1 to 5 carbon atoms or aryl, 1=1 to 10 and k=0
to 3.

11. The hydrogel of claim 10, wherein the hydrophobic
sitloxane monomer 1s 3-methacryloxypropyltris
(methylsiloxy)silane or 3-methacryloxypropylbis
(trimethylsiloxy )methylsilane.

12. The hydrogel of claim 8 or 10 wherein the hydropho-
bic siloxane prepolymer 1s of the formula:

(D

C(RY),



US RE39,635 E

7
Rl
)\l(j 1‘{1 ]TZ ]_I{2
C(RY); ‘ O (CHE)H—Ti €0 ?iﬁz—o—?i—(CHz)ﬂ
R R? R?

wherein R" is hydrogen or an alkyl of 1 to 5 carbon atoms,
RZ is an alkyl of 1 to 5 carbon atoms, n=1 to 12, and z=1 to
500 and the silylated hydrophilic monomer 1s of the formula:

(I10)
R25

O (RZS)g (RZS)g RZG
5 | |
C(R*%); N—~C C—O—Si—R?*

REG

wherein R** is hydrogen or methyl, R*> is hydrogen or
methyl, and R*° is a monoalky].

13. The hydrogel of claim 12 wherein the hydrophobic
siloxane prepolymer 1s a a,m-bismethacryloxypropyl mac-
romer and the silylated hydrophilic monomer 1s a polyalkyl-
s1lyl ether of a hydroxyalkyl(meth)acrylamide.

14. The hydrogel of claim 13 wherein the hydrophobic
siloxane prepolymer 1s o,m-bismethacryloxypropyl poly-
dimethylsiloxane and the silylated hydrophilic monomer is
2-hydroxymethacrylamide trimethylsilyl ether.

15. The hydrogel of claim 8 wherein the hydrophobic
siloxane prepolymer 1s present 1n an amount of about 5 to
about 70 weight percent and the amount of silylated hydro-
philic monomer 1s present 1n an amount of about 2 to about

60 weight percent.
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16. The hydrogel of claim 9 wherein the amount of
siloxane prepolymer used 1s about 5 to about 70 weight
percent, the amount of siloxane monomer used 1s from about
0 to about 70 weight percent, and the amount of silylated
monomer used 1s from about 2 to about 60 weight percent.

17. The process of claim 1, wherein the polymerizing step
a.) 1s carried out using ultraviolet light.

18. The process of claim 5, wherein the polymerizing step
a.) 1s carried out using ultraviolet light.

19. The process of claim 6, wherein the polymerizing step
a.) 1s carried out using ultraviolet light.

20. The hydrogel of claim 13 wherein the amount of
siloxane prepolymer used 1s about 5 to about 70 weight
percent, the amount of siloxane monomer used 1s from about
0 to about 70 weight percent, and the amount of silylated
monomer used 1s from about 2 to about 60 weight percent.

21. The hydrogel of claim 14 wherein the amount of
siloxane prepolymer used 1s about 5 to about 70 weight
percent, the amount of siloxane monomer used 1s from about
0 to about 70 percent, and the amount of silylated monomer
used 1s from about 2 to about 60 weight percent.
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