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(7) ABSTRACT

The present invention is directed to the surface treatment of
silicone hydrogel contact lenses. In particular, the present
invention is directed to a method of modifying the surface of
a contact lens to increase its hydrophilicity by coating the
lens with a carbon-containing layer made from a diolefinic
compound having 4 to 8 carbon atoms. In one embodiment,
an optically clear, hydrophilic coating is provided upon the
surface of a silicone hydrogel lens by sequentially subjecting
the surface of the lens to: a plasma oxidation reaction,
followed by a plasma polymerization reaction in a the
presence of a diolefin in the absence of air. Finally, the
resulting carbon layer is rendered hydrophilic by a further
plasma oxidation reaction or by the attachment of a hydro-
philic polymer chains.

6 Claims, 2 Drawing Sheets
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PLASMA SURFACE TREATMENT OF
SILICONE HYDROGEL CONTACT LENSES
WITH A FLEXIBLE CARBON COATING

FIELD OF THE INVENTION

The present invention is directed to the plasma surface
treatment of silicone hydrogel contact lenses. In particular,
the present invention is directed to a method of modifying
the surface of a contact lens to increase its hydrophilicity by
coating the lens with a carbon-containing layer made from
a diolefinic compound having 4 to 8 carbon atoms, followed
by plasma or chemical treatment of the carbon layer to
render it hydrophilic. The present invention is also directed
to a contact lens comprising a surface made by such a
method.

BACKGROUND

Contact lenses made from silicone materials have been
investigated for a number of years. Such materials can
generally be subdivided into two major classes, namely
hydrogels and non-hydrogels. Non-hydrogels do not absorb
appreciable amounts of water; whereas, hydrogels can
absorb and retain water in an equilibrium state. Hydrogels
generally have a water content greater than about five weight
percent and more commonly between about ten to about
eighty weight percent. Hydrogel silicone contact lenses tend
to have relatively hydrophobic, non-wettable surfaces. Thus,
those skilled in the art have long recognized the need for
rendering the surface of silicone contact lenses hydrophilic
to improve their biocompatibility or wettability by tear fluid
in the eye. This in turn is necessary to improve the wear
comfort of contact lenses. In the case of continuous-wear
lenses, lenses worn both day and night, the comfort of the
lens and thus its surface is especially important.
Furthermore, the surface of a continuous-wear lens must be
designed not only for comfort, but to avoid corneal edema,
inflammation and other adverse effects that may be caused
by continuous wear of lenses made of unsuitable materials.

Silicone lenses have been subjected to plasma surface
treatment to improve their surface properties, e.g., surfaces
have been rendered more hydrophilic, deposit resistant,
scratch resistant, and the like. Examples of common plasma
surface treatments include subjecting the contact-lens sur-
faces to plasma of: an inert gas or oxygen (see, for example,
U.S. Pat. Nos. 4,055,378; 4,122942; and 4,214,014); various
hydrocarbon monomers (see, for example, U.S. Pat. No.
4,143,949); and combinations of oxidizing agents and
hydrocarbons, e.g., water and ethanol (see, for example, WO
95/04609 and U.S. Pat. No 4,632,844). Sequential plasma
surface treatments are also known such as those comprising
a first treatment with a plasma of an inert gas or oxygen,
followed by a hydrocarbon plasma (see, for example, U.S.
Pat. Nos. 4,312,575 and 5,326,584).

U.S. Pat. No. 4,312,575 to Peyman et al. discloses a
process for providing a barrier coating on a silicone or
polyurethane lens by subjecting the lens to an electrical glow
discharge (plasma) process in the presence of a hydrocarbon
atmosphere followed by subjecting the lens to oxygen
during flow discharge, thereby increasing the hydrophilicity
of the lens surface. Peyman et al. teach that the process
should be carried out in the absence of oxygen and that
alkanes such as methane or butane are preferred. In contrast,
U.S. Pat. No. 4,632,844 to Yanagihara teaches plasma treat-
ment of a contact lens with various hydocarbons in the
presence of oxygen. Yanagihara includes the use of butadi-
ene (Example 14 and claim 3), but does not specify appli-
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cation to silicone materials in the examples. WO 94/29756
mentions an oxygen/methane/oxygen multi-step process for
surface treating an RGP (Rigid Gas Permeable) silicone
lens, but does not provide any parameters.

Although such surface treatments have been disclosed for
modifying the surface properties of silicone contact lenses,
the results have been inconsistent and problematic, in some
cases preventing commercialization of high Dk silicone
hydrogel lens materials. The coating of such lenses is
complicated by the fact that, although silicone hydrogel
lenses may be plasma-treated in an unhydrated state, hydro-
gels subsequently swell when hydrated, unlike their non-
hydrogel counterparts. In fact, hydration commonly may
cause the lens to swell about ten to about twenty percent in
volume, depending upon the water content of the lens. Such
swelling of the lens and subsequent autoclaving, a common
form of sterilizing lenses, can adversely affect and even
remove the desired coating with loss of properties, a phe-
nomenon referred to as delamination.

Thus, it is desired to provide a silicone hydrogel contact
lens with an optically clear, hydrophilic coating upon its
surface which will withstand subsequent hydration and
autoclaving. In the case of a silicone hydrogel lens that is
highly permeable to oxygen for continuous wear, it would be
highly desirable to form a coating that is water wettable and
durable, such that the lens is safe and comfortable to wear,
allowing for continuous (night and day) wear of the lens for
a week or more without adverse effects to the cornea.

SUMMARY OF THE INVENTION

The present invention is directed toward surface treatment
of silicone hydrogel contact lenses. In particular, the present
invention is directed to a method of modifying the surface of
the contact lens to increase its hydrophilicity by coating the
lens with a carbon-containing layer made from a diolefinic
compound having 4 to 8. carbon atoms, which layer is
subsequently either oxidized by a further plasma treatment
to provide nitrogen or oxygen-containing groups on its
surface or provided with a secondary coating of a hydro-
philic polymer. The present invention is also directed to a
contact lens comprising a surface coating made by such a
method.

In one embodiment of the invention, the process com-
prises (1) an initial plasma oxidation with a oxidizing source
of atomic oxygen or nitrogen, (2) plasma treatment with a
diolefin in the absence of an oxidizing source of oxygen or
nitrogen, and (3) subsequent treatment to render the surface
wettable by a second plasma oxidation with an oxidizing
source of oxygen or nitrogen. By the term “absence” is
meant less than ten percent (10%) by weight of oxygen or
nitrogen, preferably less than two percent, most preferably
zero percent. This results in a flexible coating that does not
delaminate from a contact lens and that provides a durable
wettable coating for a continuous-wear silcone hydrogel
contact lens.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows an Atomic Force Microscopy (AFM) topo-
graphical images (50 wm?) of a control contact lens as
described in Example 7 below, for comparison to a contact
lens according to the invention; the image of the anterior
side of the lens is shown on the left of FIG. 1 and the image
of the posterior side is shown on the right.

FIG. 2 shows an Atomic Force Microscopy (AFM) topo-
graphical images (50 um?) of a contact lens coated as
described in Example 7 according to one embodiment of the
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present invention, which lens is a fumarate silicone hydrogel
lens plasma polymerized with butadiene followed by a
plasma oxidation with ammonia.

DETAILED DESCRIPTION OF THE
INVENTION

The subject method utilizes standard plasma oxidation
and deposition processes (also referred to as “electrical glow
discharge processes™) to provide a thin, durable, hydrophilic
surface upon a silicone hydrogel contact lens. Although such
processes are well known in the art, a brief overview is
provided below. Plasma surface treatments involve passing
an electrical discharge through a gas at low pressure. The
electrical discharge is usually at radio frequency (typically
13.56 MHz), although microwave and other frequencies can
be used. The term plasma herein also encompasses corona
discharge. The electrical discharge in a plasma is absorbed
by atoms and molecules in their gaseous state, thus forming
a plasma that interacts with the surface of the contact lens.
With an oxidizing plasma, e.g., O, (oxygen gas), water,
hydrogen peroxide, air, etc., ammonia and the like, the
plasma tends to etch the surface of the lens, creating radicals
and oxidized functional groups. When used as the sole
surface treatment, such oxidation renders the surface of a
silicone lens more hydrophilic; however, the coverage of
such surface treatment may be incomplete and the bulk
properties of the silicone material remain apparent at the
surface of the lens (e.g., silicone molecular chains adjacent
the lens surface are capable of rotating, thus exposing
hydrophobic groups to the outer surface). Hydrocarbon
plasmas, on the other hand, deposit a thin carbon layer (e.g.,
from a few Angstroms to several thousand Angstroms thick)
upon the surface of the lens, thereby creating a barrier
between the underlying silicone materials and the outer lens
surface. Following the deposition of a carbon layer on the
lens to form a barrier, a further plasma oxidation will render
the surface more hydrophilic.

This invention’s goal is to provide an improved coating
for a hydrogel lens. The method according to the present
invention comprises the following steps:

(a) subjecting the surface of the lens to a plasma oxidation
reaction to create oxygen or nitrogen containing func-
tional groups on the surface of the lens, in order to
promote adhesion of the subsequent carbon coating;

(b) subjecting the oxidized surface of the lens to a plasma
polymerization deposition with a gas made from a
diolefinic compound having 4 to 8 carbon atoms, in the
absence of oxygen, thus forming a carbon layer on the
surface on the lens; and

(¢) rendering the surface of the carbon coating hydrophilic
and wettable to tear fluid by either subjecting it to a
second plasma oxidation or by applying a secondary
coating of a hydrophilic polymer.

Thus, the surface of the hydrogel lens is first subjected to

a plasma oxidation, prior to subsequent plasma polymeriza-
tion to deposit a carbon layer, followed by a final plasma
oxidation. The initial plasma oxidation in step (a) prepares
the surface of the lens to bind the carbon layer that is
subsequently deposited by plasma polymerization on the-
lens in step (b). This carbon layer or coating provides
relatively complete coverage of the underlying silicone
material. Step (c) renders the carbon coating of step (b)
hydrophilic. Thus, when the lens is ultimately hydrated
(wherein the lens typically expands by ten to about twenty
percent), the coating remains intact and bound to the lens,
providing a durable polymerized hydrocarbon coating which
is resistant to delamination and/or cracking.
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The initial plasma oxidation of a silicone hydrogel lens
may be accomplished in an atmosphere composed of an
oxidizing media. The term “oxidizing” or “oxidation” is
used herein in its broader sense, not limited to mean com-
bining with oxygen, but to mean combination with elec-
tronegative elements in general, inclusive of oxygen,
nitrogen, and sulfur. Such an oxidation of the lens may be
accomplished in an atmosphere composed of an oxidizing
media such as oxygen or nitrogen containing compounds:
ammonia, air, water, peroxide, O, (oxygen gas), methanol,
acetone, alkylamines, etc., or appropriate combinations
thereof. (It is also possible but more indirect to oxidize the
surface by plasma-treatment with an inert gas followed by
exposure to an oxidizing atmosphere.) Plasma treatment,
when using an electric discharge frequency of 13.56 Mhz, is
suitably between about 10 and 1000 watts, preferably 100 to
500 watts, a pressure of about 0.001 to 5.0 torr, preferably
0.1 to 1.0 torr, for a time period of about 10 seconds to 60
minutes, preferably about 1-10 minutes per side if the sides
are treated sequentially. It is preferred that a relatively
“strong” oxidizing plasma is utilized in the initial oxidation,
e.g., employing ambient air drawn through a five percent
hydrogen peroxide solution.

After the initial surface treatment, the oxidized lens
surface is subjected to a plasma-polymerization reaction in
a hydrocarbon atmosphere to form a polymeric
(cabonaceous) surface on the lens. The hydrocarbon must be
in a gaseous state during polymerization and have a boiling
point below about 200° C. at one atmosphere. Diolefins
having 4 to 8 carbon atoms, preferably 4 to 6 carbon atoms
have been found to be unexpectedly advantageous. Various
combinations with lesser amounts of other hydrocarbons
may also be used, including both saturated and unsaturated
hydrocarbons. As is known in the art, such hydrocarbons
may be unsubstituted or substituted so long as they are
capable of forming a plasma, and include methane and
acetylene. However, it has been found that more flexible
coatings are produced by using predominantly diolefins
having at least four carbon atoms, e.g., isoprene and 1,3-
butadiene. More flexible coatings have been found to be
highly desirable or particularly advantageous for “high
water” lenses that expand considerably upon hydration.

The hydrocarbon coating can be deposited from plasma,
for example, in a low-pressure atmosphere (about 0.001 to
5 torr) at a radio frequency of 13.56 Mhz, at about 10 to 1000
watts, preferably 20-400 watts in about 30 seconds to 10
minutes or more, more preferably 30 seconds to 3 minutes.
Other plasma conditions may be suitable as win be under-
stood by the skilled artisan, for example, using pulsed
plasma. If the hydrocarbon coating provided is too thick, it
can cause a haziness, resulting in a cloudy lens.
Furthermore, excessively thick coatings can interfere with
lens hydration due to differences in expansion between the
lens and the coating, causing the lens to rip apart. Therefore,
the thickness of the hydrocarbon layer should be less than
about 500 Angstroms, preferably between about 25 and 500
Angstroms, more preferably 50 to 200 Angstroms, as deter-
mined by XPS analysis.

Following the deposition of the hydrocarbon layer on the
lens, the lens must be rendered wettable. In one embodiment
of the invention, the surface is rendered hydrophilic by the
attachment of functional groups to the lens, preferably by
subjecting the carbon layer to a further plasma-oxidation
reaction, thus forming a hydrophilic surface on the lens. The
oxidation utilizes a gas composition of an oxidizing media
such as air, water, hydrogen peroxide, O, (oxygen gas),
ammonia, alkylamine, and the like, or combinations thereof,
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although a relatively weak oxidizing media is preferred, e.g.,
O, or water. The oxidation of the hydrocarbon layer is
performed for a suitable period of time, preferably about
1-10 minutes, typically at a discharge frequency of 13.56
Mhz at 100 to 500 watts and about 0.1-1.0 torr. In another
embodiment of the invention, the carbon layer can be
rendered hydrophilic by means of a secondary coating of a
hydrophilic polymer, either by graft polymerization or by
chemical reaction with a preformed polymer having reactive
groups along the chain, for example, as disclosed in
copending, commonly assigned U.S. patent application Nos.
09/315,912 and 09/315,306 filed concurrently herewith,
hereby incorporated by reference in their entirety.

The present invention is especially advantageous for
application to silicone hydrogels for continuous wear.
Hydrogels are a well-known class of materials that comprise
hydrated, cross-linked polymeric systems containing water
in an equilibrium state. Such materials are usually prepared
by polymerizing a mixture containing at least one silicone-
containing monomer and at least one hydrophilic monomer.
Either the silicone-containing monomer or the hydrophilic
monomer may function as a cross-linking agent (a cross-
linker being defined as a monomer having multiple poly-
merizable functionalities) or a separate cross-linker may be
employed. Applicable silicone-containing monomeric units
for use in the formation of silicone hydrogels are well known
in the art and numerous examples are provided in U.S. Pat.
Nos. 4,136,250, 4,153,641; 4,740,533, 5,034,461; 5,070,
215; 5,260,000 5,310,779; and 5,358,995.

Examples of applicable silicon-containing monomeric
units include bulky polysiloxanylalkyl (meth)acrylic mono-
mers. An example of bulky polysiloxanylalkyl (meth)acrylic
monomers is represented by the following Formula I:

®

fl{w
Rig—Si—Ryo
(|) Ry
N _ (CH—Si——0—Si—Ryo
X
O Ryo
Rig
ng_Si_ng
Rio

wherein:
X denotes —O— or —NR—;
each R, independently denotes hydrogen or methyl;
each R,g independently denotes a lower alkyl radical,
phenyl radical or a group represented by

Ryo'

Si_Rw'

Ryo’

wherein each R,, independently denotes a lower alkyl or
phenyl radical; and h is 1 to 10.

Some preferred bulky monomers are methacryloxypropyl
tris(trimethyl-siloxy)silane or tris(trimethylsiloxy)
silylpropyl methacrylate, sometimes referred to as TRIS and
tris(trimethylsiloxy)silylpropyl vinyl carbamate, sometimes
referred to as TRIS-VC.

Such bulky monomers may be copolymerized with a
silicone macromonomer, which is a poly(organosiloxane)
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capped with an unsaturated group at two or more ends of the
molecule. U.S. Pat. No. 4,153,641 to Deichert et al.
discloses, for example, various unsaturated groups, includ-
ing acryloxy or methacryloxy.

Another class of representative silicone-containing mono-
mers includes silicone-containing vinyl carbonate or vinyl
carbamate monomers such as: 1,3-bis[4-
vinyloxycarbonyloxy)but-1-yl]tetramethyl-disiloxane;
3-(trimethylsilyl)propyl vinyl carbonate;
3-(vinyloxycarbonylthio)propyl-[tris(trimethylsiloxy)
silane]; 3-[tris(tri-methylsiloxy)silyl] propyl vinyl carbam-
ate; 3-[tris(trimethylsiloxy)silyl] propyl allyl carbamate;
3-[tris(trimethylsiloxy)silyl]propyl vinyl carbonate;
t-butyldimethylsiloxyethyl vinyl carbonate; trimethylsilyl-
ethyl vinyl carbonate; and trimethylsilylmethyl vinyl car-
bonate.

Another class of silicon-containing monomers includes
polyurethane-polysiloxane macromonomers (also some-
times referred to as prepolymers), which may have hard-
soft-hard blocks like traditional urethane elastomers.
Examples of silicone urethanes are disclosed in a variety or
publications, including Lai, Yu-Chin, “The Role of Bulky
Polysiloxanylalkyl Methacryates in Polyurethane-
Polysiloxane Hydrogels,” Journal of Applied Polymer
Science, Vol. 60, 1193-1199 (1996). PCT Published Appli-
cation No. WO 96/31792 discloses examples of such
monomers, which disclosure is hereby incorporated by
reference in its entirety. Further examples of silicone ure-
thane monomers are represented by Formulae II and III:

E(*D*A*D*G),*D*A*D*E* (I

or

E(*D*G*D*A),*D*G*D*E* (1)

wherein:

D denotes an alkyl diradical, an alkyl cycloalkyl
diradical, a cycloalkyl diradical, an aryl diradical or
an alkylaryl diradical having 6 to 30 carbon atoms;

G denotes an alkyl diradical, a cycloalkyl diradical, an
alkyl cycloalkyl diradical, an aryl diradical or an
alkylaryl diradical having 1 to 40 carbon atoms and
which may contain ether, thio or amine linkages in
the main chain;

* denotes a urethane or ureido linkage;

a is at least 1;

A denotes a divalent polymeric radical of Formula IV:

)

- (CHZ)m'

wherein:

each Rs independently denotes an alkyl or fluoro-
substituted alkyl group having 1 to 10 carbon atoms which
may contain ether linkages between carbon atoms;

m' is at least 1; and

p is a number that provides a moiety weight of 400 to
10,000,

each of E and E' independently denotes a polymerizable
unsaturated organic radical represented by Formula VI:
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macromonomers, 5 to 75 percent, preferably 30 to 60
VD) percent, by weight of one or more polysiloxanylalkyl (meth)

Ry acrylic monomers, and 10 to 50 percent, preferably 20 to 40
percent, by weight of a hydrophilic monomer. Examples of
Rau~ A 5 hydrophilic monomers include, but are not limited to, eth-

(CH)e— X~ D)7 (An)y—Ros— ylenically unsaturated lactam-containing monomers such as

N-vinyl pyrrolidinone, methacrylic and acrylic acids; acrylic

Rt substituted alcohols, such as 2-hydroxyethylmethacrylate

and 2-hydroxyethylacrylate and acrylamides, such as meth-

wherein: 10 acrylamide and N,N-dimethylacrylamide, vinyl carbonate or

R, is hydrogen or methyl; vinyl carbarnate monomers such as disclosed in U.S. Pat.

R,, is hydrogen, an alkyl radical having 1 to 6 carbon Nos. 5,070,215, and oxazolinone monomers such as dis-

atoms, or a —CO—Y—R,4 radical wherein Y is —O—, closed in U.S. Pat. No. 4,910,277. Other hydrophilic mono-
—S— or —NH—; mers will be apparent to one skilled in the art.

R, is a divalent alkylene radical having 1 to 10 carbon ;5  The above silicone materials are merely exemplary, and

atoms; other materials for use as substrates that can benefit by being

R, is a alkyl radical having 1 to 12 carbon atoms; coated according to the present invention have been dis-

X denotes —CO— or —OCO—; closed in various publications and are being continuously

Z denotes —O—or —NH—; developed for use in contact lenses and other medical

Ar denotes an aromatic radical having 6 to 30 carbon ,, devices.

atoms; Contact lenses for application of the present invention can

wisOto6;xisOor1;yisOor 1;and zis O or 1. be manufactured employing various conventional

A preferred silicone-containing urethane monomer is rep- techniques, to yield a shaped article having the desired

resented by Formula (VII): posterior and anterior lens surfaces. Spincasting methods are

(VID)

(ﬁ 0 0 0 CH, CH,
E""—F OCN—Ry;—NCOCH, CH,OCH, CH;OCN—R,;—NCO(CHy)s54—Si—O Si— (CHy)z

H H H H CH, CH,

H H H H

E”—OCN—R27—NﬁOCH2 CHZOCHZCHZOTIZN—RN—NCO
o)

I |
O O

40

wherein m is at least 1 and is preferably 3 or 4, a is at least disclosed in U.S. Pat. Nos. 3,408,429 and 3,660,545; pre-
1 and preferably is 1, p is a number which provides a moiety ferred static casting methods are disclosed in U.S. Pat. Nos.
weight of 400 to 10,000 and is preferably at least 30, R, is 4,113,224 and 4,197,266. Curing of the monomeric mixture
a diradical of a diisocyanate after removal of the isocyanate is often followed by a machining operation in order to
group, such as the diradical of isophorone diisocyanate, and 45 provide a contact lens having a desired final configuration.
each E" is a group represented by: As an example, U.S. Pat. No. 4,555,732 discloses a process
in which an excess of a monomeric mixture is cured by
CH, spincasting in a mold to form a shaped article having an
anterior lens surface and a relatively large thickness. The
P O~ posterior surface of the cured spincast article is subsequently
| 50 lathe cut to provide a contact lens having the desired
o thickness and posterior lens surface. Further machining
operations may follow the lathe cutting of the lens surface,

for example, edge-finishing operations.

Another class of representative silicone-containing mono- After producing a lens having the desired final shape, it is
mers includes fluorinated monomers. Such monomers have 55 desirable to remove residual solvent from the lens before
been used in the formation of fluorosilicone hydrogels to edge-finishing operations. This is because, typically, an
reduce the accumulation of deposits on contact lenses made organic diluent is included in the initial monomeric mixture
therefrom, as described in U.S. Pat. Nos. 4,954,587, 5,079, in order to minimize phase separation of polymerized prod-
319 and 5,010,141. The use of silicone-containing mono- ucts produced by polymerization of the monomeric mixture
mers having certain fluorinated side groups, i.e. —(CF,)— 60 and to lower the glass transition temperature of the reacting
H, have been found to improve compatibility between the polymeric mixture, which allows for a more efficient curing
hydrophilic and silicone-containing monomeric units, as process and ultimately results in a more uniformly polymer-
described in U.S. Pat. Nos. 5,387,662 and 5,321,108. ized product. Sufficient uniformity of the initial monomeric

In one preferred embodiment of the invention, a silicone mixture and the polymerized product are of particular con-
hydrogel material comprises (in bulk, that is, in the mono- 65 cern for silicone hydrogels, primarily due to the inclusion of
mer mixture that is copolymerized) 5 to 50 percent, prefer- silicone-containing monomers which may tend to separate

ably 10 to 25, by weight of one or more silicone from the hydrophilic comonomer. Suitable organic diluents
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include, for example, monohydric alcohols, with C.—C,,
straight-chained aliphatic monohydric alcohols such as
n-hexanol and n-nonanol being especially preferred; diols
such as ethylene glycol; polyols such as glycerin; ethers
such as diethylene glycol monoethyl ether; ketones such as
methyl ethyl ketone; esters such as methyl enanthate; and
hydrocarbons such as toluene. Preferably, the organic dilu-
ent is sufficiently volatile to facilitate its removal from a
cured article by evaporation at or near ambient pressure.
Generally, the diluent is included at five to sixty percent by
weight of the monomeric mixture, with ten to fifty percent
by weight being especially preferred.

The cured lens is then subjected to solvent removal, which
can be accomplished by evaporation at or near ambient
pressure or under vacuum. An elevated temperature can be
employed to shorten the time necessary to evaporate the
diluent. The time, temperature and pressure conditions for
the solvent removal step will vary depending on such factors
as the volatility of the diluent and the specific monomeric
components, as can be readily determined by one skilled in
the art. According to a preferred embodiment, the tempera-
ture employed in the removal step is preferably at least 50°
C., for example, 60 to 80° C. A series of heating cycles in a
linear oven under inert gas or vacuum may be used to
optimize the efficiency of the solvent removal. The cured
article after the diluent removal step should contain no more
than twenty percent by weight of diluent, preferably no more
than five percent by weight or less.

Following removal of the organic diluent, the lens is next
subjected to mold release and optional machining opera-
tions. The machining step includes, for example, buffing or
polishing a lens edge and/or surface. Generally, such
machining processes may be performed before or after the
article is released from a mold part. Preferably, the lens is
dry released from the mold by employing vacuum tweezers
to lift the lens from the mold, after which the lens is
transferred by means of mechanical tweezers to a second set
of vacuum tweezers and placed against a rotating surface to
smooth the surface or edges. The lens may then be turned
over in order to machine the other side of the lens.

Subsequent to the mold release/machining operations, the
lens is subjected to surface treatment according to the
present invention, as described above, including the plasma
polymerization to form a carbon layer and the subsequent
attachment of hydrophilic reactive polymer chains.

Plasma treatment involves passing an electrical discharge
through a gas at low pressure, preferably at radio frequency
(typically, 13.56 MHz). As mentioned above, this electrical
discharge is absorbed by atoms and molecules in their gas
state, thus forming a plasma that interacts with the surface
of the contact lens.

After initiation by a low energy discharge, collisions
between energetic free electrons present in the plasma cause
the formation of ions, excited molecules, and free-radicals.
Such species, once formed, can react with themselves in the
gas phase as well as with further ground-state molecules.
The plasma treatment may be understood as an energy
dependent process involving energetic gas molecules. For
chemical reactions to take place at the surface of the lens,
one needs the required species (element or molecule) in
terms of charge state and particle energy. Radio frequency
plasmas generally produce a distribution of energetic spe-
cies. Typically, the “particle energy” refers to the average of
the so-called Boltzman-style distribution of energy for the
energetic species. In a low-density plasma, the electron
energy distribution can be related by the ratio of the electric
field strength sustaining the plasma to the discharge pressure
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(E/p). The plasma power density P is a function of the
wattage, pressure, flow rates of gases, etc., as will be
appreciated by the skilled artisan. Background information
on plasma technology, hereby incorporated by reference,
includes the following: A. T. Bell, Proc. Intl. Conf. Phenom.
Ioniz. Gases, “Chemical Reaction in Nonequilibrium
Plasmas”, 19-33 (1977); J. M. Tibbitt, R. Jensen, A. T. Bell,
M. Shen, Macromolecules, “A Model for the Kinetics of
Plasma Polymerization”, 3, 648—653 (1977); J. M. Tibbitt,
M. Shen, A. T. Bell, J. Macromol. Sci.-Chem., “Structural
Characterization of Plasma-Polymerized Hydrocarbons”,
A10, 1623-1648 (1976); C. P. Ho, H. Yasuda, J. Biomed,
Mater. Res., “Ultrathin coating of plasma polymer of meth-
ane applied on the surface of silicone contact lenses”, 22,
919-937 (1988); H. Kobayashi, A. T. Bell, M. Shen,
Macromolecules, “Plasma Polymerization of Saturated and
Unsaturated Hydrocarbons”, 3, 277-283 (1974); R. Y.
Chen, U.S. Pat. No. , 4,143,949, Mar. 13, 1979, “Process for
Putting a Hydrophilic Coating on a Hydrophobic Contact
lens”; and H. Yasuda, H. C. Marsh, M. O. Bumgarner, N.
Morosoff, J. of Appl. Poly. Sci., “Polymerization of Organic
Compounds in an Flectroless Glow Discharge. VI Acetylene
with Unusual Co-monomers”, 19, 2845-2858 (1975).

Based on this previous work in the field of plasma
technology, the effects of changing pressure and discharge
power on the rate of plasma modification can be understood.
The rate generally decreases as the pressure is increased.
Thus, as pressure increases the value of E/p, the ratio of the
electric field strength sustaining the plasma to the gas
pressure decreases and causes a decrease in the average
electron energy. The decrease in electron energy in turn
causes a reduction in the rate coefficient of all electron-
molecule collision processes. A further consequence of an
increase in pressure is a decrease in electron density. Pro-
viding that the pressure is held constant, there should be a
linear relationship between electron density and power.

In practice, contact lenses are surface-treated by placing
them, in their unhydrated state, within an electric glow
discharge reaction vessel (e.g., a vacuum chamber). Such
reaction vessels are commercially available. The lenses may
be supported within the vessel on an aluminum tray (which
acts as an electrode) or with other support devices designed
to adjust the position of the lenses. The use of a specialized
support devices which permit the surface treatment of both
sides of a lens are known in the art and may be used in the
present invention. The Examples below provide the Appli-
cants’ best mode for forming the coating on a silicone lens
or other medical device.

Subsequent to surface treatment, the lens may be sub-
jected to extraction to remove residuals in the lenses.
Generally, in the manufacture of contact lenses, some of the
monomer mix is not fully polymerized. The incompletely
polymerized material from the polymerization process may
affect optical clarity or may be harmful to the eye. Residual
material may include solvents not entirely removed by the
previous solvent removal operation, unreacted monomers
from the monomeric mixture, oligomers present as
by-products from the polymerization process, or even addi-
tives that may have migrated from the mold used to form the
lens.

Conventional methods to extract such residual materials
from the polymerized contact lens material include extrac-
tion with an alcohol solution for several hours (for extraction
of hydrophobic residual material) followed by extraction
with water (for extraction of hydrophilic residual material).
Thus, some of the alcohol extraction solution remains in the
polymeric network of the polymerized contact lens material,






