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METHODSAND APPARATUSTO ENHANCE OXYGEN CONCENTRATIONS
FOR OPHTHALMIC DEVICES

BACKGROUND OF THE INVENTION

1. Field of the Invention

Methods and apparatus to enhance the concentitmrygen at the interface of
an ophthalmic device with the user’s eyes are destrin some embodiments, the
methods and apparatus to enhance oxygen concentiawiolve forming pores which are
non-perturbative to imagining through the ophthaldevice. In some embodiments,
storage of oxygen is involved. In some embodiments;ement of fluids which contain
oxygen provides a solution. In some embodimenfigl@ of use for the methods and
apparatus may include any ophthalmic device oryxbdtilizing an embedded hard lens

device.

2. Discussion of the Related Art

Recently, the number of medical devices and theictionality has begun to
rapidly develop. A significant advance has beeneriadhe field of ophthalmics, where
electroactive functions are being incorporated opbthalmic lenses. Some embodiments
of these devices may include components such asa@eductor devices that perform a
variety of functions. However, such semiconductamponents require energy and, thus,
energization elements may typically also be inatLitlesuch biocompatible devices. The
shape and relatively small size of the biocompati®vices creates novel and challenging
environments for the definition of various functadities. In many embodiments, it may
be important to provide safe, reliable, compact evst effective means comprising an
insert device to contain the electroactive comptsand energization elements within the
biocompatible devices. In some examples, a padsard,and non-permeable lens device
may also prevent diffusion of various materialsasrtheir body. The net effect may be to
decrease an inherent ability of oxygen to be latatethe eye surface under the
ophthalmic device. Therefore, a need exists foehembodiments of ophthalmic devices

to enhance transport of oxygen into the region ipnate to the eye surface
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SUMMARY OF THE INVENTION

Accordingly, methods and apparatus to enhancedafaxygen (which may also
be called oxygen gas or oxygen molecules) presehiei region between a back surface of
a worn ophthalmic device and the user’s eye adatisd.

The cornea receives oxygen from the air and the@egihumor. Aqueous humor
is blood filtrate which is essentially blood minthe red blood cells. It is transparent and
provides nutrients to both the cornea and the allirst lens. The ciliary body provides
the aqueous humor through the ciliary process. praecorneal tear film comprises three
layers. The outermost layer is the superficiaf talyer, the inner most layer is the mucoid
layer and the middle layer which is ninety-eightgeat of the tear film is the tear fluid or
aqueous layer. The middle layer is responsibl@fygen uptake to maintain corneal
metabolism. Essentially oxygen from the air diffsisnto the tears and is transferred to
the cornea via osmosis.

A healthy cornea requires both oxygen and nutrigrota the mechanisms
described above. Today’s silicone hydrogel cortatdes provide for sufficient oxygen
transmission from the air to the teats to the carnidowever, advanced contact lenses
such as electronic lenses comprise sealed insaithivmay potentially limit oxygen
transport. There are also examples of non-eledik@lens systems that incorporate hard
lens elements that are encapsulated into a hydexgedior, and these lens systems may
also have issues with oxygen levels at the usgessarface due to impermeability of the
hard lens elements. Accordingly, the present ingeans directed to various means for
ensuring sufficient oxygen transmission to the earnin one embodiment, diffusion
pores within the body of the encapsulated hard éesent allow for oxygen diffusion
through the encapsulated hard lens element bodgindther embodiment, the lens may
be designed to store an increased level of oxygéma body of the lens using various
materials or through storage or containment vessglget still another embodiment,
passive and active pumping mechanisms may beaditiz move oxygen rich fluids
around different regions of the eye.

In some examples a contact lens is provided comgra hydrogel skirt molded

into the shape of a contact lens with an arcuat& barface placed proximate to a user’s
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cornea during a use of the contact lens. The cblgas also includes an encapsulated
hard lens element, wherein the encapsulated hasdelement is gas impermeable and
impermeable to fluid flow through its body. Thedhéens element is encapsulated within
the hydrogel skirt. And, the encapsulated hard Eament comprises one or more
components mounted thereupon. The contact lena fiest region of the hydrogel skirt,
wherein the first region of the hydrogel skirtlst portion of the hydrogel skirt that is
between a surface of the encapsulated hard lemepteand a cornea of a user during the
use of the contact lens. The exemplary contastdso includes a means within the
contact lens of enhancing oxygen levels withirugdfin contact with the first region.

In some examples, the means within the contactdéashancing oxygen levels
within the fluid in contact with the first regiomprises at least a first pore in the hard
lens element, wherein the pore traverses the bbthedard lens element. In some
examples, the pore is back-filled with a silicomataining material. In some examples,
the first pore is one of a plurality of pores, waiarthe plurality of pores traverse the body
of the hard lens element. In some examples, thlgly of pores are back-filled with the
silicone containing material.

In some examples, the means within the contactdéashancing oxygen levels
within the fluid in contact with the first regiommprises a layer of absorptive material,
wherein the absorptive material absorbs oxygen gasome examples, the absorptive
material comprises hemoglobin. In some examphesabsorptive material comprises
hemocyanin. In some examples, the absorptive mhtemprises a porphyrin based
material. In some examples, the absorptive matewaprises a metal organic framework
molecular species.

One general aspect includes methods which enhatyceo levels at a user’s
cornea when the user wears a contact lens. Thwodgtnay include forming a pore
through a hard lens element. Next the method melyde backfilling the pore with a
silicone containing polymer; and providing the @mtlens comprising the encapsulated
hard lens element, wherein during the use of tmeaod lens, oxygen diffuses through the
pore with the silicone containing polymer to a oegof tear fluid underneath the contact
lens.
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Another general aspect includes methods which exghaxlygen levels at a user’s
cornea when the user wears a contact lens. Theoohéicludes forming a layer of
oxygen absorptive material within a body of theteohlens. The method also includes
placing the contact lens in an ambient with higtigbpressure of oxygen. Next the
method continues by providing the contact lens,reineduring a use of the contact lens,
oxygen diffuses from the absorptive material tegion of tear fluid underneath the
contact lens.

Another general aspect includes methods which exghaxlygen levels at a user’s
cornea when the user wears a contact lens. Theoth@tbludes forming a plurality of
channels in an arcuate back curved region of adggdrskirt of the contact lens. The
method also includes forming a raised region ofrbgdl skirt above a first enlarged
channel in the arcuate back curved region of tliedyel skirt of the contact lens; and
providing the contact lens, wherein during the ofsthe contact lens an eyelid of the user
forces the raised region of hydrogel skirt to coasgrthe first enlarged channel in the
arcuate back curved region of the hydrogel skiltergin the compression causes tear
fluid to move underneath the contact lens, whettencontact lens comprises an hard

lens element.

BRIEF DESCRIPTION OF THE DRAWINGS
The foregoing and other features and advantag®eohvention will be apparent

from the following, more particular descriptionmeferred embodiments of the invention,
as illustrated in the accompanying drawings.

Figs.1A-1B illustrate exemplary aspects of contacses with inserts,
electroactive components and energization elements.

Figs. 1C-1D illustrate exemplary aspects of a adriems upon a user’s eye with
cross sectional focus on the region under thetiadmve the user’s eye.

Fig. 2A illustrates a cross section of exemplagyeass of a two chamber
electroactive optic system within an insert ang/drbgel skirt.

Fig. 2B illustrates a cross section illustrating tiutting of an exemplary through

via in an exemplary insert device.
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Fig. 2C illustrates a cross section illustratingmplary filling with hydrogel of the
through via in an exemplary insert device.

Fig. 2D illustrates exemplary placement of throwgts within the body of an
exemplary advanced contact lens.

Fig. 2E illustrates an exemplary cross section witlitilayer insert and hydrogel
skirt with fluted through vias.

Fig. 3A illustrates exemplary incorporation of orygabsorptive material within
the body of an exemplary advanced contact lens.

Fig. 3B illustrates exemplary electronically trigge oxygen containment elements
within the body of an exemplary advanced contatcs.le

Fig. 4A illustrates a cross section of an exempéegtroactive pumping
mechanism within the body of an exemplary advamcedact lens.

Fig. 4B illustrates an exemplary top down view ofedectroactive pumping
mechanism within the body of an exemplary advamcedact lens.

Fig. 5 illustrates an exemplary passive channdksyshat may interact with
eyelid blinking to move fluids under an exempladyanced contact lens.

Fig. 6 illustrates an exemplary contact lens iniclgdh hard impermeable device
encapsulated into its body.

Fig. 7A illustrates an exemplary laser processutgores through a hard
impermeable device which may be encapsulated itensabody.

Fig. 7B illustrates encapsulating a hard impermedeVice including a pore with
hydrogel encapsulant.

Fig. 8 illustrates exemplary incorporation of oxggebsorptive material within the
body of an exemplary contact lens.

DETAILED DESCRIPTION OF THE INVENTION

Methods and apparatus to increase oxygen leveteprén the region between an

ophthalmic contact lens and a user’s eye surfaediaclosed in this application. In some
examples, the hydrogel skirt used to surround ectlactive insert and provide various
functions relating to an electroactive contact levag itself be a good medium to foster

the transport of oxygen around the region thatrsatets with a contact lens. Therefore, in
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regions of a contact lens with an imbedded in$ext &re on the peripheries of the insert
body, there may be very good transport of oxygemfthe air or ambient environment to
the user’s eye surface. In some examples, theaafuhe formulation, thickness and
design of the hydrogel skirt may be aid in realigancontact lens where sufficient levels
of oxygen are present across the user’s eye suifaother examples, other features of
the contact lens may be important to realize gooden levels in the region between the
back surface of the contact lens and the top seidhthe user’s eye, where the
intervening region may also include tear fluid frtme user.

Glossary

In the description and claims below, various temay be used for which the
following definitions will apply:

“Biocompatible” as used herein refers to a matenalevice that performs with an
appropriate host response in a specific applicaion example, a biocompatible device
does not have toxic or injurious effects on biotadjisystems.

“Coating” as used herein refers to a deposit den in thin forms. In some
uses, the term will refer to a thin deposit thdistantially covers the surface of a substrate
it is formed upon. In other more specialized ufes term may be used to describe small
thin deposits in smaller regions of the surface.

"Energized" as used herein refers to the stateioigbable to supply electrical
current or to have electrical energy stored within.

"Energy" as used herein refers to the capacitygifysical system to do work.
Many uses of the energization elements may retetiect capacity of being able to perform
electrical actions.

"Energy Source" or “Energization Element” or “Enegegion Device” as used
herein refers to any device or layer which is cégpabsupplying energy or placing a
logical or electrical device in an energized statee energization elements may include
battery cells. The batteries can be formed fromlailk type cell chemistry and may be
solid-state batteries or wet cell batteries.

“Film” as used herein refers to a thin layer ahaterial that may act as a covering
or a coating; in laminate structures the film tyhig approximates a planar layer with a
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top surface and a bottom surface and a body; wiéneibody is typically much thinner
than the extent of the layer.

"Mold" as used herein refers to a rigid or semietigbject that may be used to
form three-dimensional objects from uncured forrtiates. Some preferred molds include
two mold parts that, when opposed to one anotledinelthe structure of a three-
dimensional object.

Exemplary Biomedical Device Construction With Enealpted Inserts

An example of a biomedical device that may incoap®an insert containing
energization elements and electroactive elemenysh@an electroactive focal-adjusting
contact lens. Referring to Fig. 1A, an exampleunfrsa contact lens insert may be
depicted as contact lens insert 100. In the coteastinsert 100, there may be an
electroactive element 120 that may accommodate ébeaacteristic changes in response
to controlling voltages. A circuit 105 to provideose controlling voltage signals as well
as to provide other function such as controllingssgg of the environment for external
control signals may be powered by an energizatiement such as a biocompatible
battery element 110. As depicted in Fig. 1A, thergization element may be found as
multiple major pieces, in this case three pieced,raay comprise various configurations
of elements. The energization elements may haveusinterconnect features to join
together pieces as may be depicted underlyingethiem of interconnect 114. The
energization elements may be connected to a cietentent that may have its substrate
111 upon which interconnect features 125 may batéat The circuit 105, which may be
in the form of an integrated circuit, may be eleetty and physically connected to the
substrate 111 and its interconnect features 125.

Referring to Fig. 1B, a cross sectional relief @ioatact lens 150 may contain
contact lens insert 100 and its discussed constgu@&he contact lens insert 100 may be
encapsulated into a skirt of contact lens hydrd&& which may encapsulate the insert
and provide a comfortable interface of the contiarc 150 to a user’s eye.

Referring to Fig. 1C, the cross sectional relieFmfure 1B is illustrated
superimposed upon a user’s eye 170. There mayjmneeon the surface of the user’s

eye that may lie under a region of the lens thataias an insert such as region 190. And,
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there may be regions on the surface of the usg€drat may lie under only the hydrogel
skirt such as region 180. In some examples thd tfvaxygenation in a region of tear

fluid and surface tissue may be less in regionth@f in region 180 due to the inhibition
of oxygen diffusion from an ambient gas which mayldicated exterior to the contact lens
to the surface of the user’s eye. In these exampther design aspects of the contact lens
with encapsulated insert may be warranted.

Referring to Fig. 1D, a cross sectional blow ugirtion of the region 180 under
an insert is illustrated. A surface of the useys @81, or cornea is illustrated. Above the
surface of the user’s eye 181 may naturally ocduirelayer of tear fluid 182 that the lens
is supported upon. On the other side of the thyarlaf tear fluid 182 may be a portion of
the hydrogel skirt 183. The shape of the hydrolget which is proximate to a user’s
cornea or eye may be called an arcuate surfaceghanslurface may also be called the
back surface or back curve surface therefore it beagn arcuate back surface or an
arcuate back curved surface. The cross sectioigofLP is illustrated at the edge of the
lens insert 184. Therefore, a variable thicknegsrlaf the lens skirt 185 above the lens
insert 184 is illustrated. The region of the hyadrogkirt under the insert and the
associated portion of the layer of tear fluid unitherinsert may be a region of decreased
oxygen levels due to the fact that the lens ink@4t prevents diffusion through its body
and the user’s eye 181 is consuming oxygen. Thdlted 182 may also have decreased

oxygen level.

Diffusion “Pores” Within The Body Of An Encapsuldtésert.

Referring to Fig. 2A a cross section of an encasdlinsert is illustrated. In the

example, a dual chamber insert may be found. Aardayer may form a top surface 211
of the insert. And, another outer layer may form blottom surface 214 of the insert. In
some examples, these insert surfaces may havessaagdorms to relate to desired
optical effects of the insert structure such asdpshaped to add power to the lens effect
of the insert. In examples with multiple chamberg;h as illustrated in Fig. 2A, an
intermediate piece 217 may also be formed. Inewlike fashion to the outer layers, the
intermediate piece 217 may be shaped to relategdttoal effects of the lens structure. In

some examples, the chambers may have internatwtesovhich may define the
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structural height of a chamber in a region. Thésegires may be called spacer’s. The
first chamber 212 may have a first chamber spat@rald the second chamber 215 may
have a second chamber spacer 216. In some exaitq@dscation of the spacers may be
unrelated to each other, in the example illustrétteg may align which may allow for a
pore to be formed in the center of them which pates$ through the entire body and out
of each insert surface. The spacers may be looatbeé chambers in regions that are
located in the optic zone of the ophthalmic lenisere the optic zone is the portion of the
lens where light passes through from an objectooway to the user’s retina. If the spacer
is located in the optic zone, it may interact vtk light rays passing through forming an
image. Therefore, it may be important that the epackept to a minimal size. In some
examples, the size may be less than 100 microrartimer examples, the size may be less
than 50 microns. In still further examples the sizy be less than 20 microns.

A spacer column may be formed by the overlay offitlse chamber spacer 213
and the second chamber spacer 216. Referring t@Bighe cutting of a pore 221 is
illustrated. In some examples, the pore may bdyat laser light source 220. As an
example, a Ytterbium fiber based laser may be fedus drill holes in materials such as
plastics with dimensions as small as 10-20 micinrssze. Any laser drilling type
equipment may be used to create the pore throwgtofhsurface 211, the first chamber
spacer 213, the second chamber spacer 216 andttbenlsurface 214. In some examples
other methods of creating a pore may be utilizexgth €$ in a non-limiting example a
photolithography process to image a photoresiskrf@dwed by a reactive ion etching
process through the layers. Any technique to drdimall profile hole through insert pieces
may be utilized.

The pore 221 may be a path that allows oxygenftos#i through the insert from
the front of the electroactive lens to the backhefelectroactive lens. If the pore exists in
an encapsulated lens, the diffusion of tear flnidugh the pore along with dissolved
oxygen in the tear fluid may enhance oxygen leaklag tissues of the user’s eye surface
under the lens insert region (as was depicted @snlBig. 1C). In some examples, oxygen
permeation may be very effective in hydrogel layBwsferring to Fig. 2C, a hydrogel
layer 230 used to encapsulate a lens insert mayfilgor “back-fill”) the pore with a

layer of hydrogel in the pore 231. Oxygen may d¢iffuhrough tear fluid and hydrogel
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from a front surface through the lens body and theohydrogel layers on the back surface
of the lens and ultimately into a layer of teardlbetween the lens and the eye surface
where it can then diffuse to the tissue layersefaye.

Referring to Fig. 2D, a top down view of a lensariwvith pores drilled through
the body in various locations is illustrated. Asstrated, in an example, there may be five
(5) holes cut into the insert device at featurel 272,273, 274 and 275. The actual
number of pores may be more or less than thossréiied depending on a number of
factors including factors such as degradation iagimg through the lens by the presence
of pores and the effectiveness of increased oxiaezis versus distance from a pore.
There may be other factors that impact the desigheopores individually and their
pattern and number in the insert body.

It may be desirable to form the pore with a diametethe order of approximately
20 microns. In order to fill the pore with hydrogebnomer, it may be desirable to
evacuate the pore of gasses before filling a matlkd monomer around the insert. By
evacuating the gas phase around and within the pdretter filling with monomer may
result.

Referring to Fig. 2E an exemplary contact lendlustrated in cross section. The
contact lens skirt 280 in cross section, and 28Ww\rom behind may surround an insert.
The insert may have two chambers, a first cham®8rahd a second chamber 284.
Through vias or holes are illustrated such as xleenplary through via 282. As
illustrated, the laser drilling processing may tesuprofiles to the holes that are fluted

with wider diameter near the surface of the lens.

Oxygen Absorption and Desorption

Another manner to increase oxygen in the spacedesstwan advanced contact lens
and the eye surface may be to store an increagelddeoxygen in the body of the lens.
The increased level may be imparted to the lernstdayng the lens in a pressurized
oxygen environment before packaging the lens. Thexrg be a number of material
additions to layers in the lens that may impartahgity to store oxygen from the

pressurized atmosphere. Ideally the materialsstioa¢ the oxygen will desorb the oxygen

10
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as the level of oxygen in its vicinity drops. Ihet examples, the stored oxygen may be
desorbed under an influence such as by the heattithg material.

Referring to Fig. 3A, a layer of absorptive mate880 may be embedded within
an advanced contact lens. The general structutesahsert example is illustrated as in
previous depictions including a top surface 21flssh chamber 212, a first chamber
spacer 213, a bottom surface 214, a second chdtbeand a second chamber spacer
216. In some examples, there may be a througbnpare 221. In some examples, the
absorptive material 310 may be deposited on tHaseiof the insert. In other examples, it
may be embedded within the hydrogel skirt layes &n or as in entrapped discrete
elements. In some examples, the absorptive magitaimay be synthetic organometallic
moieties based upon natural oxygen transport m@s@r may be biological oxygen
transport molecules such as hemoglobin, hemocyanwther porphyrin based species or
another metal organic framework molecular spedibs.absorptive material 310 may
comprise metallic species such as iron, copperzandnium as non-limiting examples.
These organometallic species may be integratedhetbydrogel layer and may
reversibly desorb oxygen into the hydrogel layersdme examples, desorption may be
stimulated by electrical action on the layers af@ptive material, such as heating them.
Due to the nature of the use environment, suchrigeatay be limited to small regions of
the absorptive material at a time. Other similgjamic molecules may be embedded to
perform a similar function.

In other examples, the absorptive material may cwa@bsorptive particles, such
as zeolites that may be charged with oxygen. Thigcfgss may maintain an equilibrium
level of oxygen in their surroundings. Thereforéew a package containing the advanced
contact lens device is opened for use, a releasgygien may occur, and the absorptive
particle may begin desorbing oxygen. In some examphe absorptive material may
include zeolites of various composition such aswsagdcerium, silicon and aluminum for
example. In other examples the absorptive/ads@phaterial may comprise polymers
and doped polymers which absorb oxygen, such asneot with unsaturated regions or
phenolic regions in the backbone. Polymers maydped with other species such as
copper for example in a polyester and poly-butasl&nucture. A super saturation of these

absorptive particles under high pressure, high eotnation and/or high partial pressure of
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oxygen, may result in a material that releases emyg low levels over time when the
oxygen level in the ambient drops.

Referring to Fig. 3B, an alternative but relatedide structure is illustrated. The
general structure of the insert example is illustitaas in previous depictions including a
top surface 211, a first chamber 212, a first chemsbacer 213, a bottom surface 214, a
second chamber 215 and a second chamber spacehi2d@ne examples, there may be a
through via or pore 221. A surface of the inseayrhe formed to comprise a series of
oxygen containment or oxygen generation vesselssias vessels 350. In some example
the vessels 350 may contain pressurized oxygereldéatrically controllable release
feature 360 may be formed upon the vessel contathie pressurized oxygen and upon an
electric signal may release the oxygen. In somengies, the electrical signal may cause a
thin metallic foil to melt in the process of relegsthe stored oxygen.

In other examples, the vessel 350 may contain iegated region of an oxygen
containing chemical such as hydrogen peroxide.eléetrically controllable release
feature 360 may in these cases release hydrogerigeto flow into another region of
the device where it may interact with a catalytidace, such as the surface of zeolites,
where the peroxide may decompose into water anldeyoxygen. In some examples,
the vessel may be capped with a membrane that hoay @xygen to diffuse through
while containing the other components such asakaytic surface within the vessel.

The electroactive oxygen generator or releasingtre may be electrically
programmed to be released at a particular time aftese cycle begins. A large number of
these features may therefore be slowly and rediotradgered to enhance oxygen levels

during a use cycle across regions underneath art iofsan advanced contact lens.

Movement Of Oxygen Rich Fluids To Enhance Oxygemati

The general environment around an advanced cdetactduring its use has ample
levels of oxygen. However, in some cases the itibibof diffusion through a contact
lens by a sealed insert may be coupled with theetlfeat the thin layer of tear fluid
between the hydrogel surface of the contact ledslasmeye surface may not move
significantly to exchange with more oxygenated oagiperipheral to the insert region. In

practice the hydrogel layers may provide effectremsport of oxygen from peripheral
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regions towards regions under the insert, butifsei¢ in those regions may be consuming
oxygen at a significant rate. Thus, if enhancedgexytransport may be needed, it may be
useful to enhance the movement of tear fluid utideinsert region into and out of that
region.

Referring to Figs. 4A and 4B an electroactive puthf may be used to move
fluid, more specifically tear fluid proximate tauaer’s eye surface. The general structure
of the insert example is illustrated in Fig. 4Aimprevious depictions including a top
surface 211, a first chamber 212, a first champacer 213, a bottom surface 214, a
second chamber 215 and a second chamber spacehi2d@ne examples, there may be a
through via or pore 221. As a relevant asidtheftear fluid and hydrogel materials are
matched relative to their index of refraction ityniee possible to create channels 420 in
the hydrogel that may fill with tear fluid, but vafi may not create an optically interacting
structure. In some examples, when illustrated ftopndown, channels may be formed to
include flow directing aspects, such as flap valweprofiled surfaces which may favor
one direction of flow rather than another. In s@ramples, the height of such a channel
may be less than approximately 20 microns and tbéhwnay be approximately 20-50
microns. In further examples, the height of suchannel may be less than approximately
5 microns. In still further examples, the heighsath a channel may be less than
approximately 1 micron. There may be numerous exasrgf heights and widths outside
these exemplary amounts.

When illustrated from top down, an inward flowingannel 430 and an outward
flowing channel 440 is illustrated. Again, very dhfi@atures may be molded into the
hydrogel to form these channels and the analotpaf ¢heck valves into the shape of the
channels. The electroactive pump 410 may be coego$a portion that expands or
contracts upon an electrical signal, such as aopa&amic or piezoelectric based
transducer or electroactive elastomer or electreagblymer based transducer. By
contracting an electroactive body 411, an attad¢tyelogel feature 412 may move
opening up the volume in a chamber 413 under thieeleWhen the volume is opened
up, fluid may be drawn into the chamber 413. Indpposite case, when the electrical
signal is removed or reversed, the electroactivdyl@d1l may expand, move down the

hydrogel feature 412 and cause fluid in the chamt8rto be pushed out of channels.
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Thus, oxygen laden fluid may be moved from peripheggions through a network of
channels under the insert region of an advancethcblens. In some examples, a
relatively slow and steady pumping action may reisuthe user not being perturbed
either physically or optically during the pumpingfian. In some other examples, the
pumping action may be programmed to be intermitd@adt may, for example, coincide
with a detection of blinking of the eye.

Referring to Fig. 5 a similar channel based distidn of oxygenated fluid is
illustrated where the pumping mechanism may beiy&sse. may not involve an
electroactive pump. When a user’s eye lid blinkaaty impart force to engage a pumping
mechanism. In some examples, the force may comphassels and allow for fluid to be
squeezed out of the channels in the region uné@entdert 511 to the peripheral region
510. After the lid moves by, the channels may agapand drawing new oxygen laden
fluid in from the peripheral regions. In anotheample, there may be protrusions 520 in
the peripheral regions of the lens that are fodmanward as the user’s eyelid goes by
them in both directions. With an appropriate lesellow direction (i.e. check valve type
action) in the channels, the force downward orptteérusions and their effect on
neighboring regions may pump fluid along a netwairkhannels 530 exchanging fluid
from external regions to internal regions. In s@ramples, the channels 530 may be
formed into a hydrogel encapsulating skirt and i@approximately 50 microns or less
in height and a width that maintains the preserigeahannel when the contact lens is
worn. As an example, the width of a channel 53§ ailso be approximately 50 microns
in dimension or less. The protrusions may be matmog and shallow in some examples
to enhance comfort in a user while affording theaessary forced interaction for

engagement of a pumping action.

Diffusion “Pores” Within The Body Of An Encapsuldtelard Lens Device.

In some examples, a lens may be formed that hasdegmcapsulated element

within its body that may at least partially inhildiffusion of oxygen through the lens
body. However in some examples, the hard encapsiédement may be a relatively
simple passive element without structures suchhasggezation elements, circuits, and

electroactive components. In fact, in some exasmphe hard encapsulated element may
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be just a lens body. In a non-limiting examplelsa composite lens may be used to add
physical tension to reshape a user’s cornea. riRgdo Fig. 6, an illustration of a lens
with an encapsulated hard lens device is providAdchard impermeable element 610 may
be encapsulated in a soft lens skirt 620. Neviasisethe fluids at the surface of the
user’s eye under the hard lens portion may expegiardeficit of oxygen during use
where some of the strategies discussed herein maglpful.

Referring to Fig. 7A, the hard lens element 700ustrated with a pore 720 being
cut by an exemplary laser irradiation 710. Theept20 may be a structural element that
may be formed small enough in dimension not torfate with vision. Nevertheless, the
pore 720may allow oxygen to diffuse through thedHans element 700 body. Continuing
with Fig. 7B, the impermeable, hard lens eleme@®wih a pore 720 may be
encapsulated with hydrogel. The hydrogel may furenlens skirt 740 and fill in the pore
741. As mentioned in concert with an advanced, Istash a pore particularly when
backfilled with hydrogel may provide an improvemehbxygen diffusion amounts to the

region under the lens structure.

Oxygen Absorption And Desorption Within The Body ®Contact Lens With An

Encapsulated Hard Lens Element

Another manner to increase oxygen in the spacedsgtwa contact lens with an
encapsulated hard lens element and the eye sumi@g®e to store an increased level of
oxygen in the body of the lens. The increased Ima} be imparted to the lens by storing
the lens in a pressurized oxygen environment bgfackaging the lens. There may be a
number of material additions to layers in the l#rad may impart the ability to store
oxygen from the pressurized atmosphere. Ideallyrtaterials that store the oxygen will
desorb the oxygen as the level of oxygen in itz drops.

Referring to Fig. 8, a layer of absorptive mate8ad may be embedded within a
contact lens with a hard lens element 810 and eoiggdi skirt 820. In some examples, the
absorptive material 830 may be deposited on tHaseiof the hard lens element 810. In
other examples, it may be embedded within the tyalrskirt layer as a film or as in
entrapped discrete elements. In some exampleapdwptive material 830 may be

synthetic organometallic moieties based upon nbhtxiggen transport molecules or may
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be biological oxygen transport molecules such asdgbobin, hemocyanin, another
porphyrin based species or another metal orgaamdwork molecular species. The
absorptive material 830 may comprise metallic ggesuch as iron, copper, and
zirconium as non-limiting examples. These organaifietspecies may be integrated into
the hydrogel layer and may reversibly desorb oxygenthe hydrogel layer. Other
similar organic molecules may be embedded to peréosimilar function.

In other examples, the absorptive material 830 cweyprise absorptive particles,
such as zeolites that may be charged with oxygke.phrticles may maintain an
equilibrium level of oxygen in their surroundingherefore, when a package containing
the advanced contact lens device is opened foraustease of oxygen may occur, and the
absorptive particle may begin desorbing oxygersome examples, the absorptive
material may include zeolites of various composisoich as sodium, cerium, silicon and
aluminum for example. In other examples the abs@fatdsorptive material may
comprise polymers and doped polymers which abswygem, such as polymers with
unsaturated regions or phenolic regions in the lbaa& Polymers may be doped with
other species such as copper for example in a gi@lyand poly-butadiene structure. A
super saturation of these absorptive particles nigé pressure, high concentration
and/or high partial pressure of oxygen, may rasuit material that releases oxygen in low

levels over time when the oxygen level in the ambdrops.

Materials For Lens Formation And Lens Skirts

Microinjection molding examples may include, foraexple, a poly (4-methylpent-
1-ene) copolymer resin are used to form lenses avittameter of between about 6mm to
10mm and a front surface radius of between abaumGand 10 mm and a rear surface
radius of between about 6 mm and 10 mm and a cemééness of between about 0.050
mm and 1.0 mm. Some examples include an hard lengat with diameter of about 8.9
mm and a front surface radius of about 7.9 mm arghasurface radius of about 7.8 mm
and a center thickness of about 0.200 mm and am théltkness of about 0.050 mm.

The hard lens element 600 illustrated in Figureay ime placed in a mold part
utilized to form an ophthalmic lens. The materifahmld parts may include, for example,

a polyolefin of one or more of: polypropylene, xilyrene, polyethylene, polymethyl
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methacrylate, and modified polyolefins. Other matusy include a ceramic or metallic
material.

A preferred alicyclic co-polymer contains two difat alicyclic polymers. Various
grades of alicyclic co-polymers may have glasssiteon temperatures ranging from
105°C to 160C.

In some examples, the molds of the present invemtiay contain polymers such
as polypropylene, polyethylene, polystyrene, polytylemethacrylate, modified
polyolefins containing an alicyclic moiety in theam chain and cyclic polyolefins. This
blend may be used on either or both mold halvegrevt is preferred that this blend is
used on the back curve and the front curve consigtee alicyclic co-polymers.

In some preferred methods of making molds accortlirte present invention,
injection molding is utilized according to knowrchaiques, however, examples may also
include molds fashioned by other techniques inciggior example: lathing, diamond
turning, or laser cutting.

In some examples, a preferred lens material insladglicone containing
component. A “silicone-containing component” is dhat contains at least one [-Si-O-]
unit in a monomer, macromer or prepolymer. Prefgrdbe total Si and attached O are
present in the silicone-containing component imarount greater than about 20 weight
percent, and more preferably greater than 30 wgigitent of the total molecular weight
of the silicone-containing component. Useful siieecontaining components preferably
comprise polymerizable functional groups such aglaie, methacrylate, acrylamide,
methacrylamide, vinyl, N-vinyl lactam, N-vinylamidand styryl functional groups.

In some examples, the ophthalmic lens skirt, addled an insert-encapsulating
layer, that surrounds the insert or hard lens etémmay be comprised of standard
hydrogel ophthalmic lens formulations. Exemplarytenials with characteristics that may
provide an acceptable match to numerous insertrralstenay include, the Narafilcon
family (including Narafilcon A and Narafilcon B)nd the Etafilcon family (including
Etafilcon A). A more technically inclusive discussifollows on the nature of materials
consistent with the art herein. One ordinarilylgkilin the art may recognize that other

material other than those discussed may also foraceeptable enclosure or partial
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enclosure of the sealed and encapsulated insettshenuld be considered consistent and
included within the scope of the claims.

Suitable silicone containing components includegounds of Formula |

Rl ||Ql ||Ql
R1-Si—0-SiH0-Si-R1
RL| Rl R

where

R' is independently selected from monovalent reagjieeips, monovalent alkyl
groups, or monovalent aryl groups, any of the foneg which may further comprise
functionality selected from hydroxy, amino, oxarkmy, alkyl carboxy, alkoxy, amido,
carbamate, carbonate, halogen or combinationsdhered monovalent siloxane chains
comprising 1-100 Si-O repeat units which may furt@mprise functionality selected
from alkyl, hydroxy, amino, oxa, carboxy, alkyl baky, alkoxy, amido, carbamate,
halogen or combinations thereof;

where b = 0 to 500, where it is understood thattheés other than O, b is a
distribution having a mode equal to a stated value;

wherein at least one'Romprises a monovalent reactive group, and in some
examples between one and 3d@mprise monovalent reactive groups.

As used herein “monovalent reactive groups” aceigs that may undergo free
radical and/or cationic polymerization. Non-limgjiexamples of free radical reactive
groups include (meth)acrylates, styryls, vinylsiwiethers, Ggalkyl(meth)acrylates,
(meth)acrylamides, Galkyl(meth)acrylamides, N-vinyllactams, N-vinylares
C,.1alkenyls, G.i.alkenylphenyls, €;-.alkenylnaphthyls, €salkenylphenylGsalkyls, O-
vinylcarbamates and O-vinylcarbonates. Non-limitaxgmples of cationic reactive
groups include vinyl ethers or epoxide groups andures thereof. In one embodiment
the free radical reactive groups comprises (methlgte, acryloxy, (meth)acrylamide, and
mixtures thereof.

Suitable monovalent alkyl and aryl groups includsubstituted monovalent @

Ciealkyl groups, G-Ci4 aryl groups, such as substituted and unsubstitaegtiyl, ethyl,
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propyl, butyl, 2-hydroxypropyl, propoxypropyl, p@thyleneoxypropyl, combinations
thereof and the like.

In one example, b is zero, oné iR a monovalent reactive group, and at least 3 R
are selected from monovalent alkyl groups having tonl6 carbon atoms, and in another
example from monovalent alkyl groups having oné tarbon atoms. Non-limiting
examples of silicone components of this embodinrenitide 2-methyl-,2-hydroxy-3-[3-
[1,3,3,3-tetramethyl-1-[(trimethylsilyl)oxy]disil@anyl]propoxy]propy! ester (“SIGMA”),
2-hydroxy-3-methacryloxypropyloxypropyl-tris (trirtigylsiloxy)silane,
3-methacryloxypropyltris(trimethylsiloxy)silane (RIS"),
3-methacryloxypropylbis(trimethylsiloxy)methylsilarand
3-methacryloxypropylpentamethyl disiloxane.

In another example, b is 2 to 20, 3 to 15 or ins@xamples 3 to 10; at least one
terminal R comprises a monovalent reactive group and theirémgaR" are selected
from monovalent alkyl groups having 1 to 16 carbtoms, and in another embodiment
from monovalent alkyl groups having 1 to 6 carbtonss. In yet another embodiment, b
is 3 to 15, one terminal’Rromprises a monovalent reactive group, the otireminal R
comprises a monovalent alkyl group having 1 tofd@a atoms and the remaining R
comprise monovalent alkyl group having 1 to 3 caratoms. Non-limiting examples of
silicone components of this embodiment include (oa2yhydroxy-3-
methacryloxypropyl)-propyl ether terminated polyetmylsiloxane (400-1000 MW))
("OH-mPDMS"), monomethacryloxypropyl terminated roembutyl terminated
polydimethylsiloxanes (800-1000 MW), (“mPDMS”).

In another example, b is 5 to 400 or from 10 to,3@@h terminal Rcomprise
monovalent reactive groups and the remainingf independently selected from
monovalent alkyl groups having 1 to 18 carbon atomtsch may have ether linkages
between carbon atoms and may further comprise balog

In one example, where a silicone hydrogel lene®srdd, the lens of the present
invention will be made from a reactive mixture corsing at least about 20 and
preferably between about 20 and 70%wt siliconeaaimg components based on total

weight of reactive monomer components from whighghlymer is made.
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In another embodiment, one to four &®mprises a vinyl carbonate or carbamate

of the formula:

Formula Il

R

O

I I
H,C=C—(CHy)q-O-C—Y

wherein: Y denotes O-, S- or NH-;

R denotes, hydrogen or methyl; dis 1, 2, 3 omdl, @qis O or 1.

The silicone-containing vinyl carbonate or vingrlsamate monomers specifically

include: 1,3-bis[4-(vinyloxycarbonyloxy)but-1-yllimmethyl-disiloxane; 3-

(vinyloxycarbonylthio) propyl-[tris (trimethylsilo®silane]; 3-[tris(trimethylsiloxy)silyl]

propyl allyl carbamate; 3-[tris(trimethylsiloxy)sgl] propyl vinyl carbamate;

trimethylsilylethyl vinyl carbonate; trimethylsilylethyl vinyl carbonate, and

ﬁ CHs

HC==G—0CO(CHg)4—$i—0

CHg

CHg

Si

CHg

O

25

CHs |C|>

CHs

Where biomedical devices with modulus below ab®@ &re desired, only oné' R

shall comprise a monovalent reactive group and aerthan two of the remaining'R

groups will comprise monovalent siloxane groups.

Another class of silicone-containing componentsudes polyurethane macromers

of the following formulae:
Formulae IV-VI
(*D*A*D*G) a*D*D*E 1;

E(*D*G*D*A) , *D*G*D*E Y or;
E(*D*A*D*G) , *D*A*D*E !

wherein:

D denotes an alkyl diradical, an alkyl cycloallydadical, a cycloalkyl diradical, an aryl

diradical or an alkylaryl diradical having 6 to 8@rbon atoms,
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G denotes an alkyl diradical, a cycloalkyl diradliea alkyl cycloalkyl diradical, an aryl
diradical or an alkylaryl diradical having 1 to d@rbon atoms and which may contain
ether, thio or amine linkages in the main chain;

* denotes a urethane or ureido linkage;

a 1S at least 1;

A denotes a divalent polymeric radical of formula:

Rl Rll
R
—(CHy), T SIOTSi—(CH,),—
||?11 ||?11
p

Formula VI

R11 independently denotes an alkyl or fluoro-stibistd alkyl group having 1 to10 carbon
atoms, which may contain ether linkages betweenoreatoms; y is at least 1; and p
provides a moiety weight of 400 to 10,000; eack @ind E1 independently denotes a

polymerizable unsaturated organic radical represkby formula:
Formula VI

R12
RISCH=C—(CHahw—(Xx—@)z—(Ay—Rl4—

wherein: R12 is hydrogen or methyl; R13 is hydrgganalkyl radical having 1 to 6
carbon atoms, or a —CO—Y—R15 radical wherein Y i®—Y—S— or —NH—; R14
is a divalent radical having 1 to 12 carbon ato¥hdenotes —CO— or —OCO—; Z
denotes —O— or —NH—; Ar denotes an aromatic radieaing 6 to 30 carbon atoms;
wis0to6;xisOorl;yis0orl;and zisrdlo

A preferred silicone-containing component is a podyhane macromer
represented by the following formula:

Formula IX

21



10

15

20

0 0
0
)ﬁ( e NHJLO/\/\ (SMe,0)sSiMey” > o)L NH U
o

0]
0 o o °o 9 NE (I I i i
CH,= G~ COCH,CHi~ OCN~ R16~ NCOCH,CH,0CH,CH,0Ch- R16- NCO(CH))r{-Si lSi—(CHz)m OCll\}—Rle—ll\lCOCHZCHZOCHzO-lzoctl\}—Rlﬁ—ll\lCO—CHZO-iz(:OO(,:CHz
CH, H H H H b

CH; CHg H

wherein R16 is a diradical of a diisocyanate aenoval of the isocyanate group,
such as the diradical of isophorone diisocyanatatier suitable silicone containing
macromer is compound of formula X (in which x +sya number in the range of 10 to 30)
formed by the reaction of fluoroether, hydroxy-terated polydimethylsiloxane,

isophorone diisocyanate and isocyanatoethylmettaery

Formula X

NH” > OCH,CR—(OCR),— (OCRCR)y—OCRCH,0

o ) 0
)ﬁ( e NHLO/\/\ (SiMe20)25SiMe2/\/\O)L NH

NH

Other silicone containing components suitable & in this invention include
macromers containing polysiloxane, polyalkylenesgetdiisocyanate, polyfluorinated
hydrocarbon, polyfluorinated ether and polysacdeagroups; polysiloxanes with a polar
fluorinated graft or side group having a hydrogemaattached to a terminal difluoro-
substituted carbon atom; hydrophilic siloxanyl naettylates containing ether and
siloxanyl linkages and crosslinkable monomers dairtg polyether and polysiloxanyl
groups. Any of the foregoing polysiloxanes may deaised as the silicone containing
component in the present invention.

Formulations of the skirt materials as have beetmleae may be configured to
create a skirt layer that has structural strengtinaintain channels of various sizes while
being worn upon a user’s eyes. In some exampleghannels may be molded into the
skirt as it is formed. In other examples, the cledsimay be cut or eroded from the
molded material. The skirt material may also befigoined so that it has an optical index
of refraction that closely matches that of teaidflior an average human user. Thus, the

presence of molding features, which may occur éndptic zone of the aforementioned
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examples of advanced contact lenses may be renderedptically active when they fill
with tear fluid after being placed upon the useyes. As mentioned previously, various
shapes and profiles of the channels may be formedifferent purposes such as
enhancing directional flow of fluids within the aireels.

The methods and apparatus to enhance oxygenatregions proximate to an
electroactive component in a biomedical device bmyesigned and incorporated into
numerous other types of biomedical devices. Thenbdical devices may be, for example,
implantable electronic devices, such as pacemaketsnicro-energy harvesters,
electronic pills for monitoring and/or testing aloigical function, surgical devices with
active components, ophthalmic devices, and the like

Specific examples have been described to illusgateodiments for the
formation, methods of formation, and apparatusoahgtion of biocompatible devices to
enhance levels of oxygen in regions of tissue wdex of the electroactive biomedical
device. These examples are for illustration aednat intended to limit the scope of the
claims in any manner. Accordingly, the descripi®mtended to embrace all

embodiments that may be apparent to those skill¢le art.
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What is claimed is:

1. A contact lens comprising:

a hydrogel skirt, wherein the hydrogel skirt is ded into a shape of the contact
lens, with an arcuate back surface placed proxingeseuser’s cornea during a use of the
contact lens;

an encapsulated hard lens element, wherein thepeuleded hard lens element is
gas impermeable and impermeable to fluid flow tigioits body, wherein the
encapsulated hard lens element is encapsulatethwih hydrogel skirt;

a first region of the hydrogel skirt, wherein thstfregion of the hydrogel skirt is
that portion of the hydrogel skirt that is betweesurface of the encapsulated hard lens
element and a cornea of a user during the useeafdhtact lens; and

a means within the contact lens of enhancing oxygesls within a fluid in

contact with the first region.

2.  The contact lens according to Claim 1, whereinmtigans within the
contact lens of enhancing oxygen levels withinfthiel in contact with the first region
comprises at least a first pore in the hard leesmeht, wherein the pore traverses the body
of the hard lens element.

3.  The contact lens according to Claim 2, whereinpthie traverses a body of
a spacer located within the hard lens element.

4. The contact lens according to Claim 2, whereinpiie is back-filled with

a silicone containing material.
5.  The contact lens according to Claim 4, whereirfitisé pore is one of a

plurality of pores, wherein the plurality of porteaverse the body of the hard lens

element.
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6.  The contact lens according to Claim 5, whereinptlieality of pores are

back-filled with the silicone containing material.

7. The contact lens according to Claim 1, whereinnieans within the
contact lens of enhancing oxygen levels compridagex of absorptive material, wherein

the absorptive material absorbs oxygen gas.

8.  The contact lens according to Claim 7, whereinaibsorptive material

comprises hemoglobin.

9.  The contact lens according to Claim 7, whereinaibeorptive material

comprises hemocyanin.

10. The contact lens according to Claim 7, whereinaibsorptive material

comprises a porphyrin based material.

11. The contact lens according to Claim 7, whereinaibsorptive material

comprises a metal organic framework molecular gseci

12. A method of enhancing oxygen levels at a user'semmwhen the user
wears a contact lens, the method comprising:

forming a pore through a contact lens encapsulzed lens element;

backfilling the pore with a silicone containing pwier; and

providing the contact lens comprising the contanslencapsulated hard lens
element, wherein during the use of the contact lexyggen diffuses through the pore with

the silicone containing polymer to a region of tihaid underneath the contact lens.

13. A method of enhancing oxygen levels at a user'semmwhen the user
wears a contact lens, the method comprising:
forming a layer of oxygen absorptive material withibody of the contact lens;

placing the contact lens in an ambient with higtipbpressure of oxygen; and
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providing the contact lens, wherein during a usthefcontact lens, oxygen

diffuses from the absorptive material to a regibtear fluid underneath the contact lens.
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