
FORMING COPOLYMER FROM BICONTINUOUS MICROEMULSION COMPRISING MONOMERS
OF DIFFERENT HYDROPHILICITY FIELD OF THE INVENTION [0001]The present
invention relates generally to polymers suitable for artificial
cornea or contact lens applications, and particularly to copolymers
formed from bicontinuous microemulsions and methods for forming them.
BACKGROUND OF THE INVENTION [0002]WO 2006/014138 to Chow et aL
(hereinafter "Chow") discloses a polymer for drug delivery, which can
be used in a contact lens or artificial cornea. In this technique,
the polymer may be formed from a bicontinuous microemulsion, which
includes water, a monomer, a surfactant copolymerizable with the
monomer, and a drug. In one example disclosed in Chow, the monomer is
a combination of methyl methacrylate (MMA) and 2-hydroxylethyl
methacrylate (HEMA) monomers. The monomer concentration in the
microemulsion may be adjusted to change the properties of the
resulting product. SUMMARY OF THE INVENTION [0003]It has been
discovered that a polymer can be formed by including in the
microemulsion a combination of first and second monomers. The first
monomer is more hydrophilic than HEMA, and may be N-vinylpyrrolidone
(NVP) or methacrylic acid (MAA). The second monomer is as hydrophilic
as HEMA or is less hydrophilic than HEMA. The second monomer may be
hydrophobic, such as MMA. [0004]For example, a porous polymer may be
formed and the properties of the porous structure may be conveniently
adjusted by adjusting the contents of the microemulsion. A polymer
with improved oxygen permeability and equilibrium  water content may
also be obtained. Such improvement may be obtained while maintaining
the mechanical strength of the polymer at a suitable level.
[0005]Accordingly, in an aspect of the present invention, there is
provided a method of forming a polymer. A bicontinuous microemulsion
comprising water, a surfactant, and a combination of monomers is
provided, where the surfactant and monomers are copolymerizable for
forming a porous copolymer. The combination of monomers comprises a
first monomer more hydrophilic than 2-hydroxyethyl 



methacrylate (HEMA), and a second monomer as hydrophilic as, or less
hydrophilic than, HEMA. The surfactant and monomers in the
bicontinuous microemulsion are polymerized to form the porous
copolymer. The surfactant and monomers and their respective
concentrations in the bicontinuous microemulsion are chosen so that
the copolymer has an equilibrium water content of about 76 wt% or
higher and has at least one of (1) a tensile strength of about 2 MPa
or higher and (2) a Young's modulus of about 100 MPa or higher. The
first monomer may comprise Nvinylpyrrolidone (NVP) or methacrylic
acid (MAA). The second monomer may comprise HEMA or methyl
methacrylate (MMA). The combination of monomers may have a total
concentration of about 38 wt% or less in the microemulsion. The
second monomer may have a concentration of from about 10 to about 25
wt% in the microemulsion. The concentration of water in the
microemulsion may be from about 25 to about 50 wt%. The concentration
of the surfactant in the microemulsion may be from about 10 to about
50 wt%. The microemulsion may comprise a cross-linker, such as
ethylene glycol dimethacrylate (EGDMA). The microemulsion may
comprise a polymerization initiator, such as 2,2-dimethoxy-2- phenyl
acetophenone (DMPA). The surfactant may be a poly(ethylene oxide)-
macromonomer, such as co-methoxy poly(ethylene oxide)40 undecyl
a-methacrylate macromonomer. [0006]In accordance with another aspect
of the present invention, there is provided a copolymer formed
according to the method described in the preceding paragraph.
[0007]In accordance with a further aspect of the present invention,
there is provided a copolymer defining interconnected pores and
comprising polymerized monomers and a surfactant copolymerized with
one or more of the monomers. The monomers comprise a first monomer
more hydrophilic than HEMA; and a second monomer as hydrophilic as,
or less hydrophilic than, HEMA. The surfactant and monomers and their
respective weight ratios to the copolymer are chosen so that the
copolymer has an equilibrium water content of about 76 wt% or higher,
and has at least one of (1) a tensile strength of about 2 MPa or
higher and (2) a Young's modulus of about 100 MPa or higher. The
first monomer may comprise NVP or MAA. The second monomer may
comprise HEMA or MMA. The pores may have a pore diameter of about 10
to about 100 nm. The weight ratio of the first monomer to the
copolymer may be about 0.15 to about 0.2. The weight ratio of the
second monomer to the copolymer may be about 0.15 to about 0.2. The
copolymer may have one or more of the following properties: an oxygen
permeability coefficient of from about 10 to about 30, such as about
26; a light transmission percentage of about 88% or higher, such as
about 95 % or higher; a glucose diffusion permeability coefficient of
about 1 x 10-6to about 4 x 10-6 cm-2/s, or about 2 x 10-6 crn-2/s or
higher; an albumin diffusion permeability coefficient of about 1.4 x
le cm-2/s or higher, or from about 0.1 x 10-6to about 2 x 1 0-6
cm-2/s; a tensile strength of about 2 MPa or higher, or from about 1
to about 7 MPa; a Young's modulus of about 100 MPa or higher, or from
about 90 to about 400 MPa. The copolymer may be formed according to a
method described herein. The surfactant may be a poly(ethylene
oxide)-macromonomer, or co-methoxy poly(ethylene oxide)40 undecyl
a-methacrylate macromonomer. [0008]Other aspects and features of the
present invention will become apparent to those of ordinary skill in
the art upon review of the following description of specific
embodiments of the invention in conjunction with the accompanying



[0012]FIGS. 4 to Bare phase-contrast images of corneal epithelial
cells cultivated on comparison polymers.  DETAILED DESCRIPTION OF
EXEMPLARY EMBODIMENTS [0013]An exemplary embodiment of the present
invention is related to a transparent and porous polymer. The polymer
has physical, chemical, and biological properties that are suitable
for use in artificial cornea or contact lens applications. The
polymer contains a copolymer formed from a first monomer and a second
monomer. The first monomer may be N-vinylpyrrolidone (NVP) or
methacrylic acid (MAA). The second monomer is 2-hydroxylethyl
methacrylate (HEMA). [0014]Where a list of items is provided with an
"or" before the last item herein, any one of the items may be used;
and a possible combination of any two or more of the listed items may
also be used, as long as the combined items are not inherently
incompatible or exclusive. [0015]In some exemplary embodiments, the
copolymer also contains a surfactant component, and the weight ratio
of each of the first and second monomers to the copolymer may be
about 0.15 to about 0.2 on a dry basis, The surfactant may be
polymerizable with the monomers and may be a poly(ethylene
oxide)-macromonomer (PEO-macromonomer), such as co-methoxy
poly(ethylene oxide)40-undecyl a-methacrylate macromonomer, denoted
herein as C1-PEO-C11- MA-40. The chain length of the macromonomer can
be varied. For example, the macromonomer may be in the form of
CH30(CH2CH20)x-(CH2)nV, or may be zwitterionic surfactants such as
S03-(CH2):NCHCHCHN(CH2)nV, where m is an integer ranging from 1 to
20, n is an integer ranging from 6 to 20, x is an integer ranging
from 10 to 110, and V is (methyl)acrylate or another copolymerisable
unsaturated group. [0016]In some exemplary embodiments, the copolymer
may exhibit good light transmission properties, such as a light
transmission percentage of about 95% or higher; refractive index of
about 1.35 to about 1.45; glucose diffusion permeability coefficient
of about 1.4 x 10-6 cm2/s; albumin diffusion permeability coefficient
of about 0.1 to about 2 x10-6cm2/s; equilibrium water content of
about 50 to about 76 %; oxygen permeability coefficient (Dk) of about
10 to about 30; tensile  strength of about 1 to about 7 MPa; and
young's modulus of about 90 to about 400 MPa [0017]In one embodiment,
the copolymer may have an oxygen permeability coefficient of about 26
or higher, such as from about 26 to about 28. Oxygen permeability may
be measured using a Polarographic method, also known as the FATT
method named after Dr. Irving Fatt. This method may be performed with
a Model 2011 Oxygen Permeometer, available from RehderTM, M201T). For
further details, see <http://www.rehder-dev.com/DkEquipment.html> as
of January 3, 2009. [0018]The copolymer may have an equilibrium water
content of about 76 



wt% (weight percent) or higher, such as about 76 or about 77 wt%. The
equilibrium water content (Q) of a copolymer is calculated as
follows: Q=(ws-wd)xl owws,(1) where Ws is the saturation weight and
Wd is the dry weight. The saturation weight may be measured after
immersing the polymer in water for a period of time so that the total
weight will no longer increase significantly upon further immersion.
[0019]The copolymer may also have a light transmission percentage
higher than 88%, such as from about 88 to about 93%; a refractive
index from about 0.9 to about 1.3; a glucose diffusion permeability
coefficient of about 2 x 10-6 cm-2/s or higher, such as from about
2.1 x 10-6 to about 3.2 x 10-6 cm-2/s; an albumin diffusion
permeability coefficient of higher than about 1.4 x 10-7 cm-2/s; such
as about 1.4 x 10-7to about 1.8 x 10-7 cm-2/s; a tensile strength of
about 2 MPa or higher; a Young's modulus of about 100 MPa or higher.
[0020]For medical applications, the copolymer should be safe and
biocompatible with human tissues and cells. For example, for use as
contact lenses, it is desirable that the polymer is permeable to
fluids such as gases (e.g. 02 and CO2), various salts, nutrients,
water and diverse other components of the tear fluid, The presence of
nanopores distributed throughout the polymer facilitates the
transport of gases, molecules, nutrients and minerals through the eye
and the  surroundings. When used in an artificial cornea, the polymer
should have sufficient optical clarity, an appropriate refractive
index, sufficient strength to withstand surgical procedures, and be
non-toxic, non-immunogenicity and non-inflammatory. [0021]As used
herein, the term "transparent" broadly describes the degree of
transparency that is acceptable for an artificial cornea, contact
lens, or like devices. For example, the degree of transmission of
visible light through the copolymer may be equivalent to that of
other materials employed in the manufacture of artificial cornea,
contact lenses or other ophthalmic devices. [0022]In one embodiment,
the copolymer has a polymer matrix defining interconnected pores.
Pores are interconnected when at least some of them are joined or
linked with each other to form one or more continuous networks. The
pores can be filled with a fluid such as water, air, or another
fluid. The fluid may be releasable from the polymer. [0023]The pores
may have a pore diameter of about 30 to 80 nm. The pores may have
round or other cross-sectional shapes and may have different sizes.
As used herein, a pore diameter refers to the average or effective
diameter of the cross-sections of the pores. The effective diameter
of a cross-section that is not circular equals the diameter of a
circular cross-section that has the same cross-sectional area as that
of the non-circular cross-section. In some embodiments, such as when
the copolymer is swellable when the pores are filled with water, the
sizes of the pores may change depending on the water content in the
copolymer. When the copolymer is dried, some or all of the pores may
be filled or partially filled by a gas such as air. The copolymer may
thus behave like a sponge. In alternative embodiments, the pore
diameter may be in the range from about 10 to 100 nm when the
copolymer is in a dry condition wherein the water content of the
polymer is at or near minimum. [0024]The pores may be randomly
distributed. Some of the pores may be 



closed pores, meaning that they are not connected or joined with
other pores or open to the surfaces of the copolymer. It is not
necessary that all of the pores are interconnected since as more
fully discussed below. Depending on use,  copolymers can be prepared
to have more or less interconnected pores as would be understood by a
skilled person. [0025]The copolymer may be formed according to an
exemplary method described herein. [0026]In an exemplary embodiment
of the present invention, the copolymer described herein may be
prepared as follows. A bicontinuous microemulsion containing water, a
surfactant, and a combination of monomers coplymerizable for forming
a porous copolymer is provided. The combination of monomers includes
the first and second monomers. The polymerizable monomers, and the
surfactant, in the bicontinuous microemulsion are polymerized to form
the porous copolymer. [0027]The contents of the microemulsion are
selected so that the microemulsion is bicontinuous. As a result, the
formed copolymer has interconnected pores. [0028]As is understood in
the art, "microemulsion" refers to a thermodynamically stable
dispersion of one liquid phase into another liquid phase. The
microemulsion may be stabilized by an interfacial film of surfactant.
One of the two liquid phases is hydrophilic or lipophobic (such as
water) and the other is hydrophobic or lipophilic (such as oil).
Typically, the droplet or domain diameters in microemulsions are
about 100 nanometers or less, and thus the microemulsions are
transparent. A microemulsion can be continuous or bicontinuous. The
preparation of microemulsions is known in the art. For example, a
mixture of the components may be dispersed to form a microemulsion by
standard techniques such as sonication, vortexing, or other agitation
techniques for creating microdroplets of the different phases within
the mixture. Alternatively, the mixture may be passed through a
filter having pores on the nanometer scale so as to create fine
droplets. [0029]Depending on the proportions of various components
and the hydrophile-lipophile value of the surfactant, the droplets
can be swollen with oil and dispersed in water (referred to as normal
or 01W microemulsion), or swollen with  water but dispersed in oil
(referred to as inverse or W/O microemulsion), or the microemulsion
can be bicontinuous. [0030]In the bicontinuous microemulsion, oil
domains (containing the monomers) and aqueous domains (containing
water) are randomly distributed and respectively interconnected,
extending in all three dimensions. When the oil domains are
polymerized, the presence of the aqueous domains results in
interconnected pores filled with the water that was present in the
aqueous domains. 



[0031]While the monomers mainly remain in the oil domain, the
hydrophilic groups of the monomers may however extend into the water
domain. When the monomer is more hydrophilic, a larger portion of the
monomer may extend into the water domain. This may have the effect of
reducing the pore sizes in the resulting copolymer as some of the
space in the water domain is occupied by a hydrophilic portion of the
polymerized monomer. The higher the hydrophilicity of the monomer,
the more pronounced this effect may be. Further, the internal
surfaces of the pores in the resulting copolymer may also become more
hydrophilic as the surface region is populated with more hydrophilic
groups of the monomer when the copolymer is formed. [0032]The
surfactant typically remains in the interfacial region between the
two different domains, and stabilizes their separation. [0033]The
surfactant may include one or more surfactants. A surfactant may be
copolymerizable with at least one of the monomers. A polymerizable
surfactant is capable of polymerizing with itself or with other
monomeric compounds to form a polymer. The surfactant for the mixture
can be any suitable surfactant that can co-polymerize with at least
one of the monomers in the microemulsion. As can be appreciated, when
the surfactant is copolymerized into the copolymer, there is no need
to separate the surfactant from the copolymer after polymerization.
This can be advantageous as the polymer formation process is
simplified. The surfactant can be anionic, non-ionic or zwitterionic.
Exemplary surfactants include those described above.  [0034]The
choice and weight ratio of the monomers and surfactant for a given
application may depend on the application. Generally, they should be
chosen such that the resulting copolymer is suitable and compatible
with the environment in which the copolymer is to be used and has the
desired properties. As discussed earlier, adjustment and balancing of
the properties of the copolymer is conveniently facilitated by the
presence of both the first and the second monomers, [0035]The water
in the microemulsion can be pure water or a water-based liquid. The
water may optionally contain various additives having specific
properties. Such additives can be selected for achieving one or more
desired properties in the resulting copolymer, and can include one or
more of a drug, a protein, an enzyme, a filler, a dye, an inorganic
electrolyte, a pH adjuster, and the like. [0036]As will be understood
by a skilled person in the art, a nanoporous andtransparent polymer
matrix can be obtained when the components of the microemulsion are
in appropriate ratios and the droplets or domains have appropriate
sizes. As is known to persons skilled in the art, to determine the
appropriate proportions of the components suitable for forming a
bicontinuous microemulsion, a ternary phase diagram for the monomers,
water and the surfactant may be prepared. The region on the diagram
corresponding to single-phase microemulsion may be identified and the
proportions of the components may be so chosen such that they fall
within the identified region. A person skilled in the art will be
able to adjust the proportions according to the diagram in order to
achieve a certain desirable property in the resulting copolymer.
Further, the formation of a bicontinuous microemulsion can be
confirmed using techniques known to persons skilled in the art. For
example, the conductivity of the mixture may increase substantially
when the microemulsion is bicontinuous. The conductivity of the
mixture may be measured using a conductivity meter after titrating a
0.1 M sodium chloride solution into the mixture. [0037]Suitable



[0038]Persons skilled in the art, with the guidance provided in this
disclosure, will be able to adjust the contents of the monomers and
surfactants to achieve a desired effect on the various properties of
the resulting copolymer, for example to improve the mechanical
strength or hydrophilicity of the resulting copolymer. [0039]In one
exemplary embodiment, the combination of monomers may have a total
concentration of about 38 wt% in the microemulsion. The concentration
of HEMA may be about 15 wt%. [0040]The microemulsion may be
polymerized by standard techniques known to a skilled person. For
example, it may be polymerized by heat, the addition of a catalyst,
by irradiation of the microemulsion or by introduction of free
radicals into the microemulsion. The method of polymerization chosen
will be dependent on the nature of the components of the
microemulsion. [0041]Polymerization of the microemulsion may involve
the use of a catalyst. The catalyst may be any catalyst or
polymerization initiator that promotes polymerization of the monomers
and the surfactant. The specific catalyst chosen may depend on the
particular monomers, and polymerizable surfactant used or the method
of polymerization. For example, polymerization can be achieved by
subjecting the microemulsion to ultraviolet (UV) radiation if a
photo-initiator is used as a catalyst. Exemplary photo-initiators
include 2,2-dimethoxy-2-phenyl acetophenone (DMPA) and
dibenzylketone. A redox-initiator may also be used. Exemplary
redox-initiators include ammonium persulphate and N,N,N',N'-
tetramethylethylene diamine (TMEDA). Thermal initiators may also be
used, which may include free radical initiators such as peroxides. A
thermal initiator initiates polymerization as the temperature is
increased. For example, in one embodiment, thermal curing may be
achieved by using Perkadox 16 as the thermal initiator and curing the
material at a temperature of about 70 C for 1 hour. A combination of
photo-initiator, redox-initiator, or thermal initiator may also be
used. In this regard,  including in the microemulsion an initiator
can be advantageous. The polymerization initiator may be about 0.1 to
about 0.4 wt% of the microemulsion. [0042]To promote cross-linking
between polymer molecules in the resulting copolymer, a cross-linker
may be added to the mixture. Suitable cross-linkers include ethylene
glycol dimethacrylate (EGDMA), diethylene glycol dimethacrylate,
diethylene glycol diacrylate, or the like. [0043]The microemulsion
may be formed into a desired end shape and size prior to
polymerization. For example, a sheet material may be formed by
pouring or spreading the mixture into a layer of a desired thickness
or by placing the mixture between glass plates prior to
polymerization. The mixture may also be formed into a desired shape
such as a rod, for example, by pouring the mixture into a mold or
cast prior to polymerizing. [0044]After polymerization, the copolymer
may be rinsed and equilibrated with water to remove un-reacted
monomers and any other un-reacted substances. The rinsed copolymer
can be optionally dried and sterilized in preparation for use in a
medical or clinical application. Both drying and sterilization can be
accomplished in any suitable manner, which is known to person of
skill in the art. In some embodiments, both drying and sterilization
can be effected at a low temperature so as not to adversely affect a
material contained in the copolymer, for example by using
ethyleneoxide gas or UV radiation. 



[0045]The polymerization process may be carried out in one step.
[0046]The resulting copolymer can be used to form artificial corneas
or other ophthalmic devises or articles such as contact lenses. The
artificial corneas can be used for corneal wound healing
applications. The contact lenses formed can be used for vision
correction or eye color modification, or can be diabetic contact
lenses. [0047]The copolymer formed from the bicontinuous
microemulsion defines interconnected pores.  [0048]The weight ratio
of HEMA to the copolymer may be about 0.15 to about 0.2 and the
weight ratio of NVP or MAA to the copolymer may be about 0.15 to
about 2. [0049]In other embodiments, NVP or MAA may be replaced with
one or more other highly hydrophilic monomers. A monomer is
considered to be "highly" hydrophilic herein when it is more
hydrophilic than HEMA. Typically, the more hydrophilic terminal
groups a monomer has, the more hydrophilic the monomer. Thus, a
highly hydrophilic monomer can have more hydrophilic terminal groups
in its base structure than HEMA does. Alternatively, the hydrophilic
groups in a highly hydrophilic monomer may be individually more
hydrophilic than the hydrophilic groups of HEMA. The hydrophilicity
of a material may be measured by its equilibrium water content. As
can be appreciated, NVP and MAA are highly hydrophilic. There are
other materials, such as silicone-based monomers, which are also
highly hydrophilic. NVP and MA may thus be replaced by such other
materials. A highly hydrophilic material may be amphiphilic.
[0050]HEMA may be replaced with anther monomer that is as hydrophilic
as, or less hydrophilic than, HEMA. For example, the second monomer
may be methyl methacrylate (MMA). [0051]In exemplary embodiments of
the present invention, the combination of the first and second
monomers and their concentrations may be conveniently selected so
that the resulting copolymer has the desired properties for a
particular application. [0052]While a selected monomer should be
copolymerizable with another monomer or the surfactant, the monomer
may also be polymerizable with itself. The amount of each monomer
that may be employed to prepare a suitable bicontinuous microemulsion
can be determined by a skilled person depending on the particular
application and in view of the guidance given herein. [0053]In some
embodiments, the second monomers may be selected from 



ethylenically unsaturated monomers including HEMA, MMA,
2-hydroxylethyl  acrylate, monocarboxylic acids, glycidyl
methacrylate (GMA), and silicone-based monomers. Suitable
combinations of these monomers can also be used. [0054]It has been
found that when a suitable amount of a highly hydrophilic monomer,
such as NVP or MAA, is used in combination with a suitable amount of
a less hydrophilic monomer, such as HEMA, to form the copolymer, even
if the total monomer concentration in the bicontinuous microemulsion
is relatively low, such as about 38 w% or less, the resulting
copolymer still has a high enough modulus and tensile strength
suitable for use as an artificial cornea or contact lens. Further,
the resulting copolymer exhibits improved properties such as higher
oxygen permeability and equilibrium water content, reduced bulk water
absorption, enhanced swelling ability and nutrients permeability. The
copolymer is also still compatible with various biological materials.
For example, the copolymer can support attachment and proliferation
of corneal epithelial cells. The resulting copolymer can thus have
balanced properties, i.e., having both acceptable mechanical/optical
properties and acceptable other properties, such as surface
properties, that allow improved fluid transport through or into the
copolymer. [0055]Conveniently, the copolymer according to various
embodiments of the invention can be made compatible with human dermal
fibroblasts cells and mechanically strong and can be advantageously
used to manufacture contact lenses for placement on the eye.
[0056]The copolymer can have various desirable physical, chemical,
and biochemical properties. [0057]In some embodiments, a drug such as
an ophthalmic drug can be incorporated into the copolymer such as
dispersed in the microemulsion for forming the copolymer. The
microemulsion may be polymerized to form a transparent and porous
copolymer wherein the ophthalmic drug is incorporated, either in the
copolymer or the pores, or both. [0058]The copolymer may be used in a
cornea implant. The materials may be transparent, highly flexible,
easy to handle and permeable to nutrients. They may also support the
attachment and proliferation of human corneal epithelial cells
(HCEC), forming confluent stratified epithelial sheets. They may be
biocompatible, and their use as artificial cornea may eliminate the
risk of disease transmission, reduce the inconsistency in tissue
composition associated with biological substrates. The materials may
be custom formed or fabricated to suit specific requirements in
particular applications. The material once implanted may provide an
intact epithelial barrier. [0059]Increasing  the hydrophilicity of a
surface can improve the wettability of the surface. Thus, when the
surface of a contact lens is more hydrophilic, the contact lens may
be more comfortable to wear due to increased wettability. Further,
the surface of a contact lens may be susceptible to deposition of
proteins and lipids from tear fluid during use. Accumulated deposits
can cause eye discomfort or even inflammation. After an extended
period of wearing without cleaning, the deposits can be extensive if
the surface does not meet a higher 



standard of comfort and biocompatibility. An exemplary embodiment of
the present invention may provide a contact lens material that
reduces such deposits. [0060]Exemplary copolymers according to some
embodiments of the present invention may also provide improved oxygen
permeability, equilibrium water content, refractive index, or
glucose/albumin permeability. [0061]To illustrate, the properties of
sample polymers and exemplary processes for forming such polymers are
described below. [0062]EXAMPLES: [0063]EXAMPLE I [0064]Sample
copolymers including comparison polymers were formed as follows.
[0065]For each sample, a precursor mixture was first prepared. The
principle components of the mixtures for different samples are listed
in Table I. The weight percentages listed were calculated based on
the total weights of the listed components only. The mixtures formed
bicontinuous microemulsions.  Table I Contents of Microemulsion
Components (wt%) Sample I II III 



IV V VI PEO-R-MA-40 37.5 35.0 32.5 37.5 37.5 37.5 Water 25.0 30 35.0
25.0 25.0 25.0 



EGDMA 1.0 1.0 1.0 1.0 1.0 1.0 DMPA 0.3 0.3 0.3 0.3 0.3 0.3 MMA 18.75
17.5 



16.25 22.5 ..  HEMA 18.75 17.5 16.25 15.0 15.0 15.0 NVP  - - - 22.5 



- MAA - - - - - 22.5 Total Monomers 37.5 35 32.5 37.5 37.5 37.5  



[0066]These components were mixed by vortex-mixing, respectively for
each sample. [0067]The single-phase region of a microemulsion of C1-
PEO-C11-MA-40, HEMA, MMA, and water was determined by titrating water
to various compositions of the microemulsion, in a screw-capped test
tube. Each sample was vortex-mixed and allowed to equilibrate in a
temperature-controlled environment at 23C. The clear-turbid points
were used to establish the phase boundary of the microemulsion region
in a phase-diagram. A rough demarcation of the bicontinuous region
was further deduced from conductivity measurements using a
conductivity meter after titrating a 0.1M sodium chloride solution
into the mixture. Tests showed that a microemulsion can be formed
when the aqueous content of the mixture is in the range of about 20
wt% to 60 wt% and that the conductivity of the mixture increased
rapidly when the aqueous content increased from below about 20 wt% to
above about 20 wt%. It is believed that the sharp increase in
conductivity at about 20 wt% was due to the formation of numerous
interconnected conducting channels in the microemulsion,
characteristic of a bicontinuous microemulsion.  [0068]The
microemulsion precursors were pre-purged with nitrogen gas to ensure
there was no significant oxygen present, which, as is known, may
inhibit polymerization. The precursor for a sample was placed between
two glass plates or in a polymethacrylate mold. The plates or mold
with the precursor was then placed in a RayonetTM photoreactor
chamber and was subjected to UV-radiation (254 nm) at about 35C to
effect polymerization for about two hours. [0069]After
polymerization, the liquid microemulsion transformed into a solid
polymer having interconnected pores filled with the water initially
present in the microemulsion. No undesirable side products were
observed after polymerization. [0070]The polymerized sample material,
after being removed from the plates or mold, was washed to remove
unpolymerized residue monomer, surfactant, timolol maleate, and etc.
The sample material was washed successively with deionized distilled
water at temperatures between the room temperature to about 60C for
one to two hours. At the end of washing, no substantial amount of
un-reacted monomers and timolol was present in the sample material,
as confirmed by the absence of UV absorption bands between 190 and
350 nm in the washing solution. [0071]The cross-sectional topography
of sample polymeric membranes was conducted using a JEOL 6700TM field
emission gun scanning electron microscope (FEG-SEM). The membranes
were freeze-fractured in liquid nitrogen to expose the
cross-sections. Prior to examination, they were vacuum dried at room
temperature for about 24 hours, and then coated with a thin layer of
gold (using a JEOL ion-sputter JFC-1100Tm). The thermal behavior of
the polymer samples (- 10 mg each) was evaluated for 30-600C (ramp
rate = 10C/min) under dry nitrogen flow using a Perkin Elmer TGA7Tm
thermal gravimetric analyzer. [0072]To measure the equilibrium water
content of the polymer membranes, pre-weighed dry samples were
immersed in deionized water at various temperatures. The samples were
immersed in water for at least 24 hours before the saturation weight
was measured. After the excess surface water was removed with a piece
of filter paper, the weight of each fully swollen (water  saturated)
sample was recorded. The equilibrium water content was calculated
according to Equation (1). 



[0073]The strain, Young's modulus and tensile strength of the sample
membranes were measured using an Instron TM microforce tester
(Instron 4502, USA). Samples of a standard size were used according
to ASTM (American Society for Testing and Materials) 638. The light
transmission rate of the polymer membranes was examined using an
Agilent 5453TM UV-visible spectrophotometer. [0074]Refractive indices
of the sample materials, fully hydrated in phosphate buffered saline
(PBS), were measured on a refractometer. [0075]Oxygen permeabilities
of the materials were measured using Model 201T Permeometer (Rehder
TM , M201T). [0076]Representative measured properties of the samples
formed from the bicontinuous microemulsions are listed in Table II.
Table II Properties of Sample Copolymers Sample I II Ill IV V VI
Oxygen permeability coefficient (Dk) 



16 22 24 14 26 28 Equilibrium water content (%) 64 74 76 60 76 77 %
of light transmission (400-800 nm) 89 91 92 



90 88 93 Refractive index 1.2 1.2 1.3 1.1 0.9 1.3 Glucose diffusion
permeability coefficient (10-6cm2/s) 2.4 3.0 3.6 1.4 2.1 3.2 



Albumin diffusion permeability coefficient (10-7cm2/s) 0.4 1.0 1.6
0.1 1.4 1.8 Tensile strength (MPa) 5.7 4.7 3.8 6.4 2.7 1.9 Young's
modulus (MPa) 280 195 



120 320 165 102  [0077]The sample materials were optically clear with
about 90% transmission of white light, and had refractive indices of
about 0.9 to about 1.3, which were comparable to that of human
corneal stroma (1.38).  [0078]The glucose diffusion permeability
coefficients for the materials were about 2.1x10-6 to about 3.6x10-6
cm2/s, comparable to that of corneal stroma (about 2.5x10-6 Gm2/s).
[0079]The albumin diffusion permeability coefficient was about 0.1xle
to about 1.8x10-7 cm2/s. [0080]The nanostructured materials were
attractive for their higher permeability associated with the
nanoporous channels, allowing for greater interaction between the
graft and the underlying tissue and more rapid diffusion of nutrients
and substances. The sample materials had mechanical properties that
were suitable for withstand stitches inserted around the
implant-to-rim junction. The tensile strengths varied from about 1.9
to about 5.7 MPa, which generally increased with decreasing water
concentration in the microemulsions used to form the samples. The
tensile strength also decreased when the water content in the test
samples was increased to above about 60%. It is expected that a
material with a tensile strength of about 1.9 MPa or higher and a
Young's modulus of about 100 MPa or higher would have sufficient
strength and durability for use in corneal implantation. [0081]As can
be seen from Table II, the sample materials showed different
hydrophilicity and oxygen permeability coefficient (Dk). While these
quantities generally increased with increasing water content in the
formation mixture, Samples V and VI, which included NVP or MAA
respectively, exhibited higher oxygen permeability and equilibrium
water content even though these Samples were formed from a mixture
with a relatively low water content, in comparison with Samples I,
II, III and IV, which included MMA instead of NVP or MAA. [0082]Thus,
replacing MMA with NVP or MAA provided an improved 



polymer product. It is expected that replacing MMA with another
strongly hydrophilic monomer may also provide improved products.
[0083]Thermal analyses showed that the decomposition temperatures
(Td) of the materials ranged from 300C to 350C. A higher thermal
stability may be  desirable, such as to allow the polymer material to
be sterilized during use by autoclaving prior to clinical
applications. [0084]Each sample material formed a three-dimensional
(3D) nanostructured sponge-like hydrogel. It was transparent,
biocompatible and permeable to nutrients, with equilibrium water
content and mechanical properties that were similar to natural
cornea. For example, the sample materials had appropriate
transparency, mechanical strength, oxygen permeability, permeability
to glucose and other nutrients, and cellular compatibility that were
suitable for use as artificial cornea. [0085]In addition to cornea,
the sample material had properties that were also suitable for use as
extended-wear contact lenses, or implantable and replaceable contact
lenses. [0086]EXAMPLE II [0087]Primary HCECs were used to evaluate
epithelial coverage. They were seeded on Samples Ito VI, supplemented
with a serum-free medium containing keratinocyte growth medium
supplemented with 10 ng/mL of human epidermal growth factor (HEGF), 5
pg/mL of insulin, 0.5 ..Lg/mL of hydrocortisone, 8.4 ng/mL of cholera
toxin, 30 ug/mL of bovine pituitary extract, 50 Rg/mL of gentamicin,
and 50 ng/mL of amphotericin B. The cells were incubated at 37C in 5%
CO2. The medium was changed every 2 days. The cells formed a
confluent epithelial sheet on the polymer membranes after 7 days. The
cell cultures were monitored under an inverted phase-contrast
microscope. [0088]Cell viability was determined by staining with FDA.
The cultures were incubated at 37C with 2 tig/mL of FDA in PBS for 15
min. Each sample was washed twice in PBS, and placed in 0.1 mg/mL of
propidium iodide solution for 2 min at room temperature to stain the
non-viable cells. The samples were then washed twice in PBS, and
viewed under a confocal laser microscope (IX70- HLSH100 Fluoview,
Olympus TM).  [0089]The epithelial cells began to migrate from the
membrane on the second day. After 3 days, a confluent sheet of
densely populated epithelial cells was formed. Under identical
culture conditions, the growth rates for primary HCECs were identical
(within 5%) on the sample materials and on control tissue culture
plate surfaces. 



[0090]Morphological analysis of tissue equivalents was performed by
first embedding them in optimal cutting temperature (OCT) freezing
compound (TissueTekTm). 5-pm sections were cut and stained with
hematoxylin and eosin. Immunostaining was performed by incubating
specimens with monoclonal antibody to cytokeratin K19 and Ki67.
Normal mouse immunoglobulin and pancytokerafin (AE-1 and AE-3) were
used as the negative and positive controls, respectively. The cells
were subsequently incubated with secondary antibody (1:200 diluted
biotinylated horse anti-mouse immunoglobulin G) for 1 hour. Expressed
cytokeratin K19 and Ki67 were detected by immunofluorescence by
incubation with fluorescein isothiocyanate (FITC)-conjugated
secondary antibody (goat anti-mouse IgG), followed by mounting.
Immunostained cells were examined under a confocal laser microscope.
[0091]FIGS. Ito 8 show representative phase images of the epithelial
cells cultivated on sample materials, including Sample V (FIG. 1),
Sample VI (FIGS. 2 and 3), Sample IV (FIG. 4), Sample I (FIGS. 5 and
6), and Sample III (FIGS. 7 and 8). [0092]Cells cultivated on Sample
VI formed a confluent sheet of corneal epithelial cells, with some
areas containing more elongated cells. The corneal epithelial cells
shown in FIGS. 2 and 3 were stained positively for K19 and Ki67
respectively. The corneal epithelial cells shown in FIG. 6 were
stained positively for fluorescein diacetate (FDA). The corneal
epithelial cells shown in FIGS. 7 and 8 were also stained positively
for K19 and Ki67 respectively. [0093]The cells on the sample
materials displayed a healthy morphology with areas of stratification
and differentiation. Most of the cells in the epithelial sheet were
found to be viable. The cultured corneal epithelial cells also
demonstrated a positive immunoreactivity for antibodies AE1 and AE3,
and cytokeratin K19 (see  e.g. FIG. 2). A large portion of cells
stained positively for Ki67, indicating cell proliferation (see e.g.
FIG. 3). [0094]The sample materials were used to support human
corneal epithelium cell growth and adhesion. It was found that the
sample materials supported attachment and proliferation of corneal
epithelial cells, as well as stratification. No cell toxicity was
observed. Thus, the materials may be used as a scaffold for
keratoprosthesis. [0095]EXAMPLE Ill [0096]The sample polymer
materials (Samples I, II and III) were implanted into the right eye
of New Zealand white rabbits according to the ARVO (The Association
for Research in Vision and Ophthalmology) Statement for the Use of
Animals in Ophthalmology and Vision Research. Recipient animals were
anesthetized with 4 mL of intramuscular ketamine and xylazine (volume
ratio = 1:7) and topical xylocain. 6-mm circular stromal pockets were
made from the limbus, and a piece of a Sample copolymer material (6
mm-diameter) was inserted into the pocket (n = 3) as artificial
cornea. [0097]Sample artificial cornea materials were designed and
formed from the Sample materials described in EXAMPLE I and were
inserted during a full-thickness penetrating keratoplasty procedure.
It was held in place with sutures and by biointegration with the
native cornea. The biointegration, survival, and possible
complications of the material in the rabbit eyes were investigated.
Sutures were removed one week after surgery. Slit lamp examination of
the rabbit corneas showed re-epithelialization within the first week.
Although a mild haze was initially observed, none of the implants
showed any sign of inflammation or rejection over this period.
Sections through an implant one week after surgery showed a normal



[0098]No adverse reactions were observed in the rabbits. The
artificial cornea remained optically clear. Topography measurements
also showed that the surface of the artificial cornea was smooth and
had a profile similar to a normal eye. It was observed that the
implanted sample polymer promoted regeneration of corneal cells, and
demonstrated stable host-graft integration. [0099]Other features,
benefits and advantages of the present invention not expressly
mentioned above can be understood from this description and the
drawings by those skilled in the art. [00100]Although only exemplary
embodiments of this invention have been described above, those
skilled in the art will readily appreciate that many modifications
are possible therein without materially departing from the novel
teachings and advantages of this invention. [00101]The invention,
rather, is intended to encompass all such modification within its
scope, as defined by the claims.  What is claimed is:  1. A method of
forming a polymer, comprising:  providing a bicontinuous
microemulsion comprising water, a surfactant, and a combination of
monomers, said surfactant and monomers being copolymerizable for
forming a porous copolymer, wherein said combination of monomers
comprises a first monomer more hydrophilic than 2-hydroxyethyl
methacrylate (HEMA), and a second monomer as hydrophilic as, or less
hydrophilic than, HEMA; polymerizing said surfactant and monomers in
said bicontinuous microemulsion to form said porous copolymer,
wherein said surfactant and monomers and their respective
concentrations in said bicontinuous microemulsion are chosen so that
said copolymer has an equilibrium water content of about 76 wt% or
higher and has at least one of (1) a tensile strength of about 2 MPa
or higher and (2) a Young's modulus of about 100 MPa or higher. 



2. The method of claim 1, wherein said first monomer comprises
Nvinylpyrrolidone (NVP) or methacrylic acid (MAA).  3. The method of
claim 1 or claim 2, wherein said second monomer comprises HEMA or
methyl methacrylate (MMA).  4. The method of any one of claims 1 to
3, wherein said combination of monomers has a total concentration of
about 38 wt% or less in said microemulsion.  5. The method of any one
of claims 1 to 4, wherein said second monomer has a concentration of
from about 10 to about 25 wt% in said microemulsion.  6. The method
of any one of claims 1 to 5, wherein the concentration of said water
in said microemulsion is from about 25 to about 50 wt%.  7. The
method of any one of claims 1 to 6, wherein the concentration of said
surfactant in said microemulsion is from about 10 to about 50 wt%.
8. The method of any one of claims 1 to 7, wherein said microemulsion
further comprises a cross-linker.  9. The method of claim 8 wherein
the cross-linker is ethylene glycol dimethacrylate (EGDMA).  10. The
method of any one of claims 1 to 9, wherein said microemulsion
further comprises a polymerization initiator.  11. The method of
claim 10, wherein said initiator is 2,2-dimethoxy-2-phenyl
acetophenone (DMPA).  12. The method of any one of claims 1 to 11,
wherein said surfactant is a poly(ethylene oxide)-macromonomer. 



13. The method of claim 12, wherein said surfactant is co-methoxy
poly(ethylene oxide)40 undecyl cc-methacrylate macromonomer.  14. A
copolymer defining interconnected pores and comprising polymerized
monomers and a surfactant copolymerized with one or more of said
monomers, said monomers comprising a first monomer more hydrophilic
than 2-hydroxyethyl methacrylate (HEMA); and a second monomer as
hydrophilic as, or less hydrophilic than, HEMA, wherein said
surfactant and monomers and their respective weight ratios to said
copolymer are chosen so that said copolymer has an equilibrium water
content of about 76 wt% or higher, and has at least one of (1) a
tensile strength of about 2 MPa or higher and (2) a Young's modulus
of about 100 MPa or higher.  15. The copolymer of claim 14, wherein
said first monomer comprises N- vinylpyrrolidone (NVP) or methacrylic
acid (MAA).  16. The copolymer of claim 14 or claim 15, wherein said
second monomer comprises HEMA or methyl methacrylate (MMA).  17. The
copolymer of any one of claims 14 to 16, wherein said pores have a
pore diameter of about 10 to about 100 nm.   18. The copolymer of any
one of claims 14 to 17, wherein a weight ratio of said first monomer
to said copolymer is about 0.15 to about 0.2.  19. The copolymer of
any one of claims 14 to 18, wherein a weight ratio of said second
monomer to said copolymer is about 0.15 to about 0.2.  20. The
copolymer of any one of claims 14 to 19, wherein said copolymer has
an oxygen permeability cosefficient of from about 10 to about 30. 



21. The copolymer of any one of claims 14 to 19, wherein said
copolymer has an oxygen permeability coefficient of about 26.  22.
The copolymer of any one of claims 14 to 21, wherein said surfactant
is a poly(ethylene oxide)-macromonomer.  23. The copolymer of any one
of claims 14 to 21, wherein said surfactant is comethoxy
poly(ethylene oxide)40 undecyl a-methacrylate macromonomer.  24. The
copolymer of any one of claims 14 to 23, wherein said copolymer has a
light transmission percentage of about 88% or higher.  25. The
copolymer of any one of claims 14 to 23, wherein said copolymer has a
light transmission percentage of about 95 A, or higher.  26. The
copolymer of any one of claims 14 to 25, wherein said copolymer has a
glucose diffusion permeability coefficient of about 2 x 10-6 cm-2/s
or higher  27. The copolymer of any one of claims 14 to 25, wherein
said copolymer has a glucose diffusion permeability coefficient of
about 1 x 10-6to about 4 x 10-6 CM-2/S.  28. The copolymer of any one
of claims 14 to 27, wherein said copolymer has an albumin diffusion
permeability coefficient of about 1.4 x 10-7 cm-2/s or higher.  29.
The copolymer of any one of claims 14 to 27, wherein said copolymer
has an albumin diffusion permeability coefficient of from about 0.1 x
10-6 to about 2 x 10-6 cm-2/s.  30. The copolymer of any one of
claims 14 to 29, wherein said copolymer has a tensile strength of
about 2 MPa or higher.   31. The copolymer of any one of claims 14 to
29, wherein said copolymer has a tensile strength of from about 1 to
about 7 MPa,  32. The copolymer of any one of claims 14 to 31,
wherein said copolymer has a Young's modulus of about 100 MPa or
higher.  33. The copolymer of any one of claims 14 to 31, wherein
said copolymer has a Young's modulus of about 90 to about 400 MPa.
34. The copolymer of any one of claims 14 to 33, formed according to
the method of any one of claims 1 to 13.  35. A copolymer formed
according to the method of any one of claims 1 to 13. 




