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BLEND HYDROGELS AND METHODS OF MAKING

The present invention relates to blend hydrogels that may be suitable for use in
biomedical or other applications.

BACKGROUND

Hydrogels are water-swellable or water-swollen materials whose structure is
typically defined by a crosslinked- or interpenetrating network of hydrophilic
homopolymers or copolymers. The hydrophilic homopolymers or copolymers can be
water-soluble in free form, but in a hydrogel they may be rendered insoluble due to the~
presence of covalent, ionic, or physical crosslinks. In the case of physical crosslinking,
the linkages can take the form of entanglements, crystallites, or hydrogen-bonded
structures. The crosslinks in a hydrogel provide structure and physical integrity to the
polymeric network. ‘

Hydrogels can be classified as amorphous, semicrystalline, hydrogen-bonded
structures, supermolecular structures, or hydrocolloidal aggregates. Numerous
parameters affect the physicalhproperties of a hydrogel, including porosity, pore size,
nature of gel polymer, molecular weight of gel polymer, and crosslinking density. The
crosslinking density influences the hydrogel’s macroscopic properties, such as
volumetric equilibrium swelling ratio, compressive modulus, or mesh size. Pore size
and shape, pore density, and other factors can impact the surface properties, optical
properties, and mechanical properties of a hydrogel.

Hydrogels can attain a wide variety of mechanical properties. In general,
however, hydrogels are observed to be pliable or rubbery, with a lubricious surface.
Hydrogels are generally characterized by a low coefficient of friction owing to the
water content and water-release properties at the surface. Frictional behaviors of
hydrogels do not conform to Amonton’s law, which states that the friction force is
proportional to normal (i.e., orthogonal to the plane of motion) force. Unique load
dependencies are observed for the friction coefficient of hydrogels: as load increases,
friction coefficient decreases. As the hydrogel deforms under load, part of the water is
squeezed out from the bulk gel and serves as a lubricant, leading to boundary

lubrication or hydrodynamic lubrication.
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Hydrogels have been fabricated from a variety of hydrophilic polymers and
copolymers. Poly (vinyl alcohol), poly(ethylene glycol), poly(vinyl pyrrolidone),
polyacrylamide, and poly(hydroxyethyl methacrylate), and copolymers of the
foregoing, are examples of polymers from which hydrogels have been made.

Hydrogels can be neutral or ionic based on the type of charges of any pendent
groups on the polymer chains. Hydrogels may exhibit swelling behavior that is
dependent on and responsive to the external environment. Environmentally or
physiologically responsive hydrogels, sometimes referred to as “intelligent” hydrogels,
can exhibit drastic changes in swelling ratio due to changes in the external pH,
temperature, ionic strength, nature of the swelling agent, and exposure to
electromagnetic radiation. Hydrogels that exhibit pH-dependent swelling behavior
generally contain either acidic or basic pendant groups. In aqueous media of
appropriate pH and ionic strength, the pendent groups can ionize, resulting in fixed
charges on the gel.

Over the past three to four decades, hydrogels have shown promise for
biomedical and pharmaceutical applications, mainly due to their high water content
and rubbery or pliable nature, which can mimic natural tissue. Biocompatible
hydrogels can be engineered to be either degradable or resistant to degradation. An
additional advantage of hydrogels, which has only recently been appreciated, is that
they may provide desirable protection of drugs, peptides, and especially proteins from
the potentially harsh environment in the vicinity of a release site. Thus, such hydrogels
could be used as catriers for the delivery of proteins or peptides by a variety of means,
including oral, rectal, or in situ placement. Transport of eluents either through or from
a hydrogel is affected b3; pore size and shape, pore density, nature of polymer, degree
of hydration, and other factors. Hydrogels can also act as transport barriers, due to a
size exclusion phenomenon. Also relevant in drug delivery applications are pH and
ionic strength sensitivity, as exhibited by hydrogels of some ionic or ionizable
polymers.

Hydrogels have been used and proposed for a wide \}ariety of biomedical and
drug-delivery applications. For example, hydrogels have been utilized in controlled-
release devices to achieve delivery of a drug or protein over time, and hydrogels have

been widely employed in the fabrication of contact lenses. Hydrogels can be made to
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have properties similar to cartilage and are one of the most promising materials for
meniscus and articular cartilage replacement. An overview of considerations for
biological and medical applications of hydrogels can be found in Peppas, et al., Ann.
Rev. Biomed. Eng. 2,9 (2000), which is incorporated by reference in its entirety.

Poly(vinyl alcohol) (“PVA”) is a polymer that has been studied extensively for
potential biomedical applications. PVA hydrogels can be produced, for example, from
aqueous solution via repeated freezing and thawing cycles that increase the order of the
crystals, changing the dissolution properties, mesh size, and diffusion properties of the
polymer. PVA gels that are prepared by freezing and thawing techniques have shown
improved properties over hydrogels prepared by traditional chemical crosslinking
techniques. In particular, increased mechanical strength has been obtained, due to the
existence of localized crystalline regions that serve as physical crosslinks. The
crystalline regions are thought to aid in distributing a given mechanical load or stress.

An overview of developments in PVA hydrogels can be found in Peppas, et al.,
Adv. Polymer Sci. 153, 37 (2000), which is incorporated by reference in its entirety.

One desirable feature of PVA hydrogels for biomedical applications is that the
hydrogels can be superabsorbent. PVA hydrogels can have a moisture content of
upwards of 70% in many cases. In contrast, polyurethane hydrogels commonly
employed in impléntable devices are generally characterized by low moisture content,
on the order of a few percent.

Problems commonly associated with hydrogels that possess superabsorbent
properties include low mechanical strength and low shear strength. Devices made from
PVA hydrogels have been observed to fail due to wear, such as by tearing, abrasion, or
shredding. For implants made from PVA hydrogels, achieving satisfactory fixation to

bone or other tissue has also been an obstacle.

SUMMARY OF THE INVENTION

The present invention provides a water-swellable material comprising a blend
of polymers including at least one hydrophilic polymer and at least one other polymer
or oligomer having hydrophobic and hydrophilic character. The hydrophilic polymer
may be poly(vinyl alcohol), for example. By way of illustration only, other hydrophilic
polymers that may be suitable include poly(hydroxyethyl methacrylate), poly(vinyl
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pyrrolidone), poly(acrylamide), poly(acrylic acid), hydrolyzed poly(acrylonitrile),
poly(ethyleneimine), ethoxylated poly(ethyleneimine), poly(allylamine), and
poly(glycols).

In one embodiment, the present invention provides a water-swellable material
comprising a blend of poly(vinyl alcohol) and a polymer or oligomer having
hydrophobic recurring units and hydrophilic recurring units. The polymer or oligomer
may be poly(ethylene-co-vinyl alcohol), for example. As non-limiting examples, other
suitable polymers or oligomers include diol-terminated poly(hexamethylene phthalate)
and poly(styrene-co-allyl alcohol).

In some embodiments, the water-swellable materials are thermoplastic before
being hydrated, and can be melt processed by using an appropriately chosen diluent or
plasticizer, which may include dimethylsulfoxide.

The invention also provides a hydrogel in hydrated form, comprising a blend of
at least one hydrophilic polymer and at least one polymer or oligomer having
hydrophobic character and hydrophilic character. The hydrogels can be made using the
water-swellable materials described herein, for instance.

In one embodiment, the invention provides a hydrogel in hydrated form,
comprising a blend of polymers including poly(vinyl alcohol) and a polymer or
oligomer having hydrophobic and hydrophilic recurring units. In some embodiments,
the blend hydrogel is characterized by a percent hydration in the range from about 10%
— 90%, and more suitably in the range from about 20% — 85%. As used herein, a
percent hydration represents the proportion of water to overall weight; a percent
hydration of 75% means that the hydrogel is 75% water and 25% solids, for example.

A method for making a water-swellable material is also provided by the present
invention. In one embodiment, the method comprises a) dissolving a blend of polymers
in a suitable polar solvent including at least a minor fraction of water; b) cooling the
solution to a temperature of 0° C or below, to cause at least partial physical
crosslinking of the polymers; and c¢) warming the crosslinked blend to above 20° C, to
provide the water-swellable material. In some embodiments of the method, the polar
solvent is dimethyl sulfoxide. Other suitable solvents may include dimethylformamide,

dimethylacetamide, and tetrahydrofuran.
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In another embodiment, the method comprises a) forming a blend of polymers
in a melt at a temperature above 80°C using a suitable polar solvent including at least a
minor fraction of water; b) compression-molding the melt into a desired shape; c)
cooling the component to a temperature of 0° C or below, to cause at least partial
physical crosslinking of the polymers; and d) warming the crosslinked blend to above
20° C, to provide the water-swellable material. In some embodiments of the method,
the polar solvent is dimethyl sulfoxide. Other suitable solvents may include
dimethylformamide, dimethylacetamide, and tetrahydrofuran.

The water-swellable materials and hydrogels of the present invention may be
suitable for use in a wide variety of applications, including tissue replacement or

augmentation, other biomedical applications, and non-biomedical applications.

BRIEF DESCRIPTION OF THE DRAWING

Figure 1 is a digital image of hydrogel microfibers formed by extrusion.

DETAILED DESCRIPTION

For clarification of definitions for any terms relating to polymers, please refer
to “Glossary of Basic Terms in Polymer Science” as published by the International
Union of Pure and Applied Chemistry (“TUPAC”), Pure Appl. Chem. 68, 2287-2311
(1996). However, any definitions explicitly set forth herein should be regarded as
controlling.

Unless the context indicates otherwise, the terms copolymer, monomer and
similar terms also include mixtures and combinations of such materials. Furthermore,
the term copolymer should be interpreted to include terpolymers, etc. Unless otherwise
specified, all stated percentages and ratios are given by weight.

One approach for improving or customizing hydrogel properties is to use a
blend of polymers in the hydrogel. For example, a blend of polymers can be employed
as a means to change the water retention properties of a hydrogel, to change the
environmental responsiveness of a hydrogel, or to reinforce the network structure of a

hydrogel.
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PVA-based blend hydrogels have been made in which PVA is blended with
another homopolymer or copolymer during manufacture of the hydrogel. For example,
a hydrogel formed from a blend‘ of PVA and acrylic acid (AA) was reported by
Hickey, et al., Polymer 38, 5931(1997). The PVA/AA blend hydrogels were reported
to be sensitive to environmental pH. Hydrogel blends of PVA and poly(vinyl
pyrrolidone) (PVP) have also been made.

Water-Swellable Material

The present invention provides a water-swellable material comprising a blend
of polymers including a hydrophilic polymer and another or a second polymer or
oligomer having hydrophobic and hydrophilic character. In this specification, the term
polymer having hydrophobic and hydrophilic character incudes both polymers and
oligomers. The hydrophilic polymer may be poly(vinyl alcohol) (“PVA?), for example.
By way of illustration only, other hydrophilic polymers that may be suitable include
poly(hydroxyethyl —methacrylate), ‘poly(vinyl pyrrolidone),  poly(acrylamide),
poly(acrylic acid), hydrolyzed poly(acrylonitrile), poly(ethyleneimine), ethoxylated
poly(ethyleneimine), poly(allylamine), poly(glycols) as well as blends or mixtures of -
any of these hydrophilic polymers.

In certain embodiments, the present invention provides a water-swellable
material comprising a crosslinked blend including poly(vinyl alcohol) and a second
polymer having hydrophobic recurring units and hydrophilic recurring units. In some
embodiments, the water-swellable material before being hydrated is a thermoplastic ‘
material.

As used herein to describe the present invention, the term “water-swellable”
indicates that the material is able to take on and retain water within a network of
polymers, and does not imply that a change in volume of the material necessarily
occurs upon hydration.

In certain embodiments, the water-swellable material includes poly(vinyl
alcohol) as one component, and a second polymer having hydrophobic recurring units
and hydrophilic recurring units as another component. The second polymer may be a

copolymer such as poly(ethylene-co-vinyl alcohol), for example.
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The water-swellable material may also include additional polymers, or
conventional additives such as plasticizers, components for inhibiting or reducing
crack formation or propagation, components for inhibiting or reducing creep, or
particulates or other additives for imparting radiopacity to the fnaterial. By way of
example only, an additive for imparting radiopacity can include metal oxides, metal
phosphates, and metal sulfates such as those of barium sulfate, barium titanate,
zirconium oxide, ytterbium fluoride, bariufn phosphate, and ytterbium oxide.

The blend may comprise from about 5%-95% by weight of the hydrophilic
polymer, and about 5%-95% by weight of the second polymer. More suitably, the
blend comprises from about 30%-95% by weight of the hydrophilic polymer, and
about 5%-70% by weight of the second polymer. In some embodiments, the blend
comprises from about 50%-95% by weight of the hydrophilic polymer, and about 5%-
50% by weight of the second polymer.

In another embodiment comprising poly(vinyl alcohol), the blend may comprise
from about 5%-95% by weight of poly(yinyl alcohol), and about 5%-95% by weight of
the second polymer. More suitably, the blend comprises from about 30%-95% by
weight of poly(vinyl alcohol), and about 5%-70% by weight of the second polymer. In
some embodiments, the blend comprises from about 50%-95% by weight of poly(vinyl
alcohol), and about 5%-50% by weight of the second polymer. In one embodiment, the
blend comprises about 50% by weight of poly(vinyl alcohol) and about 50% by weight
of the second polymer. In any of the foregoing embodiments, the water-swellable
material may be a blend of poly(vinyl alcohol) and poly(ethylene-co-vinyl alcohol) as
the second polymer.

In other embodiments, the blend comprises or consists essentially of about 5%-
95% by weight of poly(vinyl alcohol) and about 5%-95% by weight poly(styrene-co-
allyl alcohol) as the second polymer. In still other embodiments, the blend comprises
or consists essentially of about 5%-95% by weight of poly(vinyl alcohol) and about
5%-95% by weight diol-terminated poly(hexamethylene phthalate) as the second
polymer.

Methods of processing to obtain a water-swellable material of desired shape or

size include solution casting, injection molding, or compression molding. In general,
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these methods may be used prior to or after crosslinking by a freeze-thaw method or
other means or steps for crosslinking.

In some embodiments, the water-swellable material in the form of a‘hydrogel is
a thermoplastic and can be melted and re-solidified without losing its water-swellable
character. A lyogel is a term generally used to describe the physical state of a hydrogel
material or article before the solvent used to prepare the material or article is replaced
with Water. In one embodiment, the material is a thermoplastic characterized by a
melting temperature in the range from about 70° C — 200° C. The thermoplastic
quality of the water-swellable material allows for easy processability and end use.
Upon melting, the material becomes flowable and can therefore be extruded, injected,
shaped, or molded.

In certain embodiments at least one component of the blend is PVA. PVA for
commercial use is generally produced by free-radical polymerization of vinyl acetate
to form poly(vinyl acetate), followed by hydrolysis to yield PVA. The hydrolysis
reaction does not go to completion, which leaves pendent acetate groups at some points
along the polymer chain. In practice PVA can therefore be thought of as a copolymer
of vinyl acetate and vinyl alcohol. The extent of the hydrolysis reaction determines the
degree of hydrolysis of the PVA. Commercially available PVA can have a degree of
hydrolysis over 98% in some cases.

The degree of hydrolysis (which indicates the number of remaining pendent
acetate groups) affects the solubility, chemical properties, and crystallizability of PVA.
PVA having a very high degree of hydrolysis (greater than 95%) is actually 'less
soluble in water than PVA having a lower degree of hydrolysis, due to the high degree
of intra-chain hydrogen bonding by the hydroxyl groups. For' PVA having a lower
degree of hydrolysis, the residual acetate groups weaken the intramolecular and
intermolecular hydrogen bonds and enable solvation by water.

Similarly, the presence of residual acetate groups also affects the
crystallizability of PVA. PVA having a high degree of hydrolysis is more difficult to
crystallize than PVA having a lower degree of hydrolysis. Crystalline PVA is reported
to have a glass transition temperature of about 85° C, and melt in the range of 220° to

240° C. The presence of water or other solvents in crystalline PVA reportedly
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depresses the glass transition temperature significantly from that of pure PVA. See
Peppas, et al., Adv. Polymer Sci. 153, 37 (2000).

Commercially available PVA is generally characterized by a fairly wide
molecular weight distribution. A polydispersity index of 2 to 2.5 is common for
commercial PVA, and a polydispersity index of up to 5 is not uncommon. The
molecular weight distribution of PVA affects properties such as crystallizability,
adhesion, mechanical strength, and diffusivity.

For use in the present invention, PVA is desired to have an average molecular
weight above 50 kDa and a degree of hydrolysis above 70%. More commonly, the
PVA has an average molecular weight above 80 kDa and a degree of hydrolysis above
90%. In one embodiment, the PVA is characterized by an average molecular weight in
the range from about 86 kDa to 186 kDa.

A second component of the blend is a polymer having both hydrophobic and
hydrophilic character. Generally the second polymer will include hydrophobic and
hydrophilic recurring units. The polymer can be a copolymer, for example. It may be
possible to vary or adjust the “stiffness” of the water-swellable material, or the
hydrogel that results from hydration of the material, by varying the overall
hydrophobicity or hydrophilicity of the polymer. This may be due to a greater or lesser
number of crosslinking sites.

In some embodiments, the hydrophobic recurring units comprise an aliphatic
hydrocarbon segment. AIiphatic hydrbcarbon recurring units may take the form —
[CH,CH,—] or —[CH,CH(CH;)—], for example. In other embodiments, hydrophobic
recurring units can comprise aliphatic, cyclic, or aromatic hydrocarbon pendent groups
(e.g., pendant phenyl groups), or heterocyclic or heteroaromatic pendent groups. By

way of example only, the hydrophobic region can also comprise or consist of

fluorocarbon segments, segments comprising cyano pendant groups, or segments

comprising imide groups.

In one embodiment, a majority of the hydrophobic recurring units are of the
form
~[CH,CH,—]. As used herein, the term “majority” means at least 50%. In another

embodiment, the hydrophobic recurring units are predominantly of the form —
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[CH,CH,~]. As used herein, the term “predominantly” means a high proportion,
generally at least 90%.

The hydrophilic recurring units of the polymer include recurring units having
hydrophilic groups, such as hydroxyl carboxylic acid or sulfonic acid pendent groups,
hydrophilic heterocyclic groups such as pyrrolidone pendant groups, or alkylene oxide
groups (e.g., (C;-Cg) alkylene oxide groups, more typically (Ci-C;) alkylene oxide
groups, such as —[CH,0-], -[CH,CH,O-], —[CH(CH;)O-], —[CH,CH,CH,O-],
—[CH(CH,)CH,0-], —[CH,CH(CH;)O-]) in the polymer backbone or as pendant
groups.

In one embodiment, a majority of the hydrophilic recurring units comprise
pendant hydroxyl groups. In another embodiment, the hydrophilic recurring units
predominantly comprise pendant hydroxyl groups. In one embodiment, a majority of
the hydrophilic recurring units are of the form —[CH,CH(OH)-]. In another

" embodiment, the hydrophilic recurring units predominantly are of the form —

[CH,CH(OH)-].
A copolymer derived from a hydrophobic monomer and a hydrophilic monomer

may be suitable as the polymer, for example. One suitable copolymer comprises

recurring units of the form —[CH,CH,-] and recurring units of the form -

[CH,CH(OH)-], for example. In one embodiment, the copolymer comprises recurting
units of the form —-[CH,CH,-] and recurring units of the form —[CH,CH(OH)-] in a
ratio in the range from about 1:1 to about 1:3.

One specific example of a suitable copolymer is poly(ethylene-co-vinyl
alcohol), also known as “EVAL” “PEVAL” or “EVOH.” Poly(ethylene-co-vinyl
alcohol) can be formed into a hard, crystalline solid and is used commercially in food
packaging and other applications. All of the commercially available grades of
poly(ethylene-co-vinyl alcohol) are suitable for use in preparing hydrogels.
Commercially available grades are available having an ethylene content, expressed as a
mole-percent, of 26%-29%, 32%, 35%, 44%, and 48%.

Other copolymers having hydrophilic recurring units and hydrophobic recurring units
that may be suitable include poly(ethylene-co-acrylic acid) and poly(ethylene-co-

methacrylic acid). A specific example of a suitable copolymer include poly(styrene-co-

10
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allyl alcohol) (such as poly(styrene-co-allyl alcohol) with an average molecular weight
of ~1600).

A block copolymer having hydrophobic blocks and hydrophilic blocks may also
suitable as the polymer. A suitable block copolymer could be derived from oligomers
or prepolymers having the hydrophobic and hydrophilic segments.

Hydrophobic polymers or oligomers with hydrophilic end groups may also be
suitable as the polymer. A specific example of a suitable oligomer having hydrophilic
end groups is diol-terminated poly(hexamethylene phthalate) (such as a diol-
terminated poly(hexamethylene phthalate) with an average molecular weight of -
~1000). '

By way of illustration only, other polymers with hydrophilic and hydrophobic
character ’ that may suitable include dicarboxy-terminated poly(acrylonitrile-co-
butadiene), poly(3,3’,4,4’-biphenyltetracarboxylic dianhydride-co-1,4-
phenylenediamine) amic acid, poly(3,3’,4,4’-benzophenonetetracarboxylic
dianhydride-co-4,4’-oxydianiline/1,3-phenylenediamine) amic acid, poly(bisphenol A-
co-4-nitrophthalic anhydride-co-1,3-phenylenediamine), polybutadiene
epoxy/hydroxyl functionalized, hydroxyl-terminated polybutadiene, poly(ethylene-co-
1,2-butylene)diol, hydroxyl-terminated poly(hexafluoropropylene oxide), and glycidyl
end-capped poly(bisphenol A-co-epichlorohydrin).

The water-swellable material may optional be a crosslinked blend of the
polymers described above. Crosslinking can be achieved by a variety of means or
steps, including physical crosslinking, chemical crosslinking, electron-beam
irradiation, or gamma irradiation.

Physical crosslinking may be achieved by the freeze-thaw solution-phase
methods described below, for example, or by conventional freeze-thaw techniques
known in the art of PVA hydrogels. Such methods are described in the scientific
literature and patents cited herein, including Peppas, et al., Adv. Polymer Sci. 153, 37
(2000) and the references cited therein. Freeze-thaw methods are thought to cause
hydrogen bonding between the hydrophilic groups of the polymers. One advantage of a
freeze-thaw technique is that it permits the water-swellable material to be
manufactured without the use of potentially toxic solvents or chemical crosslinking

agents, initiators, and the like. Briefly, it is known that repeated cycles of freezing at -

11
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20° C and thawing at 25° C result in the formation of crystalline regions that remain
intact upon being placed in contact with water or biological fluids at 37° C. Similar or
identical parameters for freeze-thaw cycles are suitable in the practice of the present
invention.

In one embodiment of the method, the solution is cooled to a temperature of 0°
C or below, to cause at least partial physical crosslinking of the polymers and produce
a crosslinked blend. In another embodiment of the method, the solution is cooled to a
temperature of 0° C or below for a time period of at least 2 hours, more suitably at least
3 hours, and in some embodiments 12 hours or longer. The crosslinked blend is
subsequently warmed to above 20° C, generally to room temperature (~27° C) to
provide the water-swellable material.

Chemical crosslinking is also'known in the art. Examples of suitable chemical
crosslinking agents include monoaldehydes such as formaldehyde, acetaldehyde, or
glutaraldehyde in the presence of sulfuric or acetic acid or methanol. Other suitable
crosslinking agents include diisoéyanate compounds, which can result in urethane
linkages, or epoxy compounds. Crosslinking achieved using enzymes or salts of
divalent metals (e.g., Zn®") is also known in the field, and is suitable in the practice of
the present invention.

Crosslinking by irradiation using laser, electron-beam or gamma irradiation,
may also be suitably employed in the practice of the present invention. A combination
of means or steps for crosslinking may be utilized in the invention. For example, a
freeze-thaw cycle could be used to provide physical crosslinking, followed by électron-
beam or gamma irradiation to provide more complete crosslinking. As other examples,
chemicél crosslinking could be followed by laser, electron-beam or gamma irradiation,
or a freeze-thaw step could be done after crosslinking by any of chemical, laser,
electron-beam or gamma irradiation. A combination approach may be suitable for
providing additional strength or resilience to the resulting material. By way of example
only, a combina_tion of means or steps for crosslinking may be sufficient to address

problems of creep that might arise when only one means or step is used.
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Blend Hydrogel

The invention also provides a blend hydrogel. A blend hydrogel may be formed
by hydrating the water-swellable materials described above. Hydration can be caused
by contacting the water-swellable material with water, an aqueous solution, or a
biological fluid, for example.

The water-swellable material will generally reach an equilibrium hydration
level if left in contact with water or an aqueous fluid. The hydrogels of the present
invention can achieve a high water content (e.g., about 70% or greater), approaching or
comparable to levels observed for known “superabsorbent” hydrogels. In one
embodiment, the blend hydrogel is characterized by a percent hydration in the range
from about 10%-90%, more suitably in the range from about 20%-85%, and often in
the range from about 50%-70%.

Upon contact with water, the water-swellable material become immiscible and
exhibits a phase separation between “crystalline” and “non-crystalline” regions in
some embodiments. Onset of phase separation is often indicated in a polymeric film or
solid by a transition from a transpareht or colorless state to a translucent or opaque
state often exhibiting a white color.

For many of the water-swellable materials 6f the present invention, the phase
separation has been observed to be specific to the presence of water. Contact with
water swells the water-swellable material, which may increase the free volume and
allow main-chain motion. The swelling allows phase separation and induces the
opaque, white color. It has been observed that dehydration returns the water-swellable
material to its original translucent state. Repeated swelling and dehydration has not
been oioserved to cause any noticeable changes in material behavior.

The hydrogels of the present invention possess a unique set of mechanical
properties. In certain embodiments, the materials exhibit toughness comparable or
superior to other hydrogels including PVA-based hydrogels, while maintaining
flexibility and a low elastic modulus. Examples of these improved properties are
increased tensile strength, increased shear resistance, and improved elasticity.
Furthermore, the properties of the hydrogels can be tailored to meet the requirements

for a specific usage.
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Method of Making a Water-Swellable Material

In another embodiment, the present invention provides a method of making a
water-swellable material. The method comprises the steps of dissolving a blend of
polymers in a suitable polar solvent including at least a minor fraction of water (~0-
30%), cooling the solution to a temperature of 0° C or below, to cause at least partial
physical crosslinking of the polymers, and warming the crosslinked blend to 20° C or
above, to provide the water-swellable material. The method may optionally include a
step to extract the polar solvent or other impurities from the crosslinked blend, by
contacting the crosslinked blend with a second solvent. Additional freeze-thaw cycles
may also be employed in the method. The use of irradiation may also be employed to
provide additional crosslinking.

Another method provided by the present invention comprises melt-processing
the blend of polymers in a suitable polar plasticizer or diluent, which may contain a
fraction of water (~0-30%), in a heated mixing device such as a. twin-screw
compounder. The material may be further processéd in an injection molding machine
or compression molder at an elevated temperature, generally above ~80° C dependent
on plasticizer/diluent and the polymer blend. The molded components are then further
processed to provide crosslinking, such as using irradiation or freeze-thaw methods as
described herein. In the case of gamma irradiation, molded parts are irradiated between
20-100 kGy with a preferred dose of 30-60 kGy.

Suitable polymer blends are described above with respect to the water-swellable
material of the invention. The polar solvent or plasticizer/diluent should be chosen so
that both the hydrophilic polymer component (such as poly(vinyl alcohol)) and the
second polymer are at least partially soluble in the polar solvent. The descriptions of
solvents, and plasticizers/diluents given below should be regarded as interchangeable,
as it is thought that similar components can be used for either purpose.

Suitable polar solvents are known in the field of PVA hydrogels, for example.
Solvents such as glycerine, ethylene glycol, propylene glycol, and ethanol have been
used to make PVA hydrogels, and may be suitable for the practice of the present
invention. Other solvents may include tetrahydrofuran, toluene, dimethylformamide,

dimethylacetamide, acetone, acetonitrile, cyclohexane, cyclopentane, 1,4-dioxane,
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ethyl acetate, glyme, methyl tert-butyl ether, methyl ethyl ketone, pyridine, water, and

chlorobenzene.

A solvent commonly used in the formation of PVA hydrogels is dimethyl
sulfoxide, (“DMSO”). DMSO has been found to be particularly suitable for the
practice of the invention. In one embodiment, the solvent comprises at least about 97%
DMSO, by weight. In an alternative embodiment, the solvent comprises 70 to 80 parts
DMSO: 20 to 30 parts water. In some embodiments, the solvent consists essentially of
DMSO and water.

In most cases, small amounts of a secondary solvent, such as water, aids in the
formation of the hydrogel component. It is believed that at least a minor fraction of
water needs to be present in the solvent in order to inhibit undesired phase separation
and to achieve suitable crosslinking during the crosslinking step. The presence of too
little water can lead to crystallinity with large phase separation prior to crosslinking or
exposure to water, which may be undesirable for some applications. However, the
presence of too much water may lead to an immiscible blend during the processing
steps.

In an alternative embodiment, the solvent can include saline or some other
physiological solution. The use of saline in manufacturing PVA hydrogels is described,
for example, by Hassan, ef al., J. Appl. Poly. Sci. 76, 2075 (2000). PVA hydrogels
made in the presence of saline were ref)orted to exhibit enhanced swelling kinetics and
greater overall water content. As another embodiment, the solvent can include growth
factors, analgesics, antibiotics, stem cells, or osteochondral cells.

To prepare a solution for use in casting, the appropriate polymers (and
optionally any additives) are dissolved in the solvent. Heating the solvent may assist in
dissolution of the polymers. The polymer-to-solvent ratio can vary widely. PVA
hydrogels, by way of illustration, have reportedly been prepared using a polymer
concentration of 2%-50% by weight. In one embodiment of the method, the solution
comprises about 0.5 parts of the polymer blend per one part solvent, by weight.

To prepare a material for compression or injection molding, the appropriate
polymers (and optionally any additives) can be compounded in a heated mixing device
such as a twin-screw compounder with the appropriate diluent/plasticizer. Heating the

mixing device may assist in processing. Suitable temperatures depend on
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diluent/plasticizer and the chosen polymer system. In one embodiment of the method,
the processing temperature ranges from 80° C to 130° C, and more suitably in the range
from 90 to 115° C. The polymer-to-diluent ratio can vary widely. In one embodiment
of the method, the blend material comprises about 0.5 parts of polymer blend per one
part solvent, by weight.

Tn an optional step, the blend is contacted with a second solvent in order to
extract the polar solvent from the interstices or pores of the crosslinked blend.
Extraction of the polar solvent may facilitate the subsequent hydration of the resulting
water-swellable material, and can also serve to remove undesirable components (such
as crosslinking agents or short, non-crosslinked fragments of PVA) from the water-
swellable material.

The second solvent will generally be an organic solvent that is at least slightly
to moderately polar. In practice, it may also be desirable to use a volatile solvent that
can be readily dried or evaporated. Suitable solvents include lower alkyl alcohols (e.g.,
methanol, ethanol, n-propanol, isopropanol, etc.), ethers, or ketones, for instance. A
mixture of solvents may also be employed.

By way of example, it has been determined that ethanol is an adequate solvent
for extracting DMSO from the crosslinked blend, when DMSO is employed as the
polar solvent. Immersing the crosslinked blend in ethanol for a period of time is
sufficient to enable the extraction of the polar solvent. To assure complete extraction, it
may be necessary to remove spent solvent and replenish with the second solvent (or
another suitable solvent) one or more times.

In one embodiment of the invention, the solvent extraction step is done

* simultaneously with a thaw cycle; i.e., the blend is placed in contact with a second

solvent as it is warmed from a freezing temperature. In another embodiment, the blend
may remain in contact with the second solvent during subsequent freeze-thaw cycles.
In a third embodiment, the solvent extraction step is done at room temperature after the

thaw cycle.

In Vivo Delivery of Thermoplastic Water-Swellable Material

As discussed above, the water-swellable material of the present invention is a

thermoplastic in some embodiments, and can be melted and re-solidified while
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retaining its water-swellable character. The thermoplastic quality of the water-
swellable material allows for easy processability. Upon melting, the material becomes
flowable and can be extruded, shaped, or molded to a desired configuration.

It has been observed that in some embodiments the water-swellable material is
also characterized by either low heat capacity or poor thermal conductivity, and can be
manually handled in a heated, flowable state without special precautions. Melt-
processability allows the water-swellable ﬁaterial to be manipulated so that in situ
delivery and shaping can be accomplished. Therefore, the thermoplastic water-
swellable material may be directly injected into the body of a patient, to allow for in
situ formation of a hydrogel material. Such a technique may have practical application
in several minimally invasive surgical procedures, as further described below.

In another embodiment, the invention provides for the use of a thermoplastic
water-swellable material in conjunction with a means or step for heating and a means
or step for in vivo delivery. The means for heating can be any conventional heat source
that would permit the water-swellable material to be heated to a temperature at which it
can flow. An example of a suitable means for heating is a hot gun. The means for
delivery can be any suitable device, such as a delivery tﬁbe or a needle. In some
embodiments, the means for heating and means for delivery can be combined into one
physical device. By way of example, a heated delivery tube could serve to provide both

functions.

In Vivo Use of Blend Hydrogel

The blend hydrogels may be used in a number of biomedical applications
includfng cartilage replacement or augmentation and spinal disc replacement,
augmentation, or rehabilitation. '

The hydrogels of the present invention can be highly hydrated, and exhibit
higher strength and tear resistance compared to typical PVA hydrogels in some
embodiments. The hydrogels can be engineered to exhibit tissue-like structure and
properties. Where the water-swellable material is a thermoplastic, the advantage of in
situ formability can be put to use as described above. For such an application, the
water-swellable material can be hydrated in vivo after delivery and formation, to

provide a hydrogel. For applications where the water-swellable material can be formed
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to shape externally, the water-swellable material can be hydrated either in vivo or ex
vivo/in vitro.

The water-swellable materials and hydrogels-of the present invention can be
made without the use of undesirable components that could cause an adverse reaction
in the bociy, such as solvents, uncrosslinked polymer strands, and crosslinking agents,
or can be processed to remove the undesirable components. Or, the water-swellable
materials and hydrogels can include inhibitors to counteract adverse reactions.

The materials of the present iﬁvention can be used in a variety of applications,
including minimally invasive surgical procedures. By way of example, the hydrogels
can be used to provide artificial articular cartilage as described, e.g., by Noguchi, et al.,
J. Appl. Biomat. 2, 101 (1991). The hydrogels can also be employed as artificial
meniscus or articular bearing components.‘ The hydrogels can also be employed in
temporomandibular joint, in proximal interphalangeal joint, in metacarpophalangeal
joint, in metatarsalphalanx joint, or in hip capsule joint repair.

The water-swellable materials or hydrogels of the present invention can also be
used to replace or rehabilitate the nucleus pulposus of an intervertebral disc.
Degenerativé disc disease in the lumbar spine is marked by a dehydration of the
intervertebral disc and loss of biomechanical function of the spinal unit. A recent
approach has been to replace only the central portion of the disc, called the nucleus
pulpbsus. The approach entails a less invasive posterior surgery, and can be done
rather rapidly. Bao and Higham developed a PVA hydrogel suitable for nucleus
pulposus replacement, as described in U.S. Pat. No. 5,047,055. The hydrogel material,
containing about 70% water, acts similarly to the native nucleus, in that it absorbs and
releases water depending on the applied load.

The hydrogels of the present invention can be similarly employed in the manner
described therein, or in other applications known in the field. The water-swellable
materials of the invention can also be employed in a replacement method. Where the
water-swellable material is a thermoplastic, the advantage of in situ formability can be
put to use as described above. For such an application, the water-swellable material
can be hydrated in vivo after delivery and formation, to provide a hydrogel.

The hydrogels of the invention can also be employed in a spinal disc prosthesis

used to replace a part or all of a natural human spinal disc. By way of example, a spinal
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disc prosthesis may comprise a flexible nucleus, a flexible braided fiber annulus, and
end-plates. The hydrogel may be employed in the flexible nucleus, for example. A
spinal disc prosthesis is described in U.S. Pat. No. 6,733,533 to Lozier.

The ability of hydrogels to release therapeutic drugs or other active agents has
been reported. The hydrogels of the present invention can be suitably employed in vivo
to provide elution of a protein, drug, or other pharmacological agent impregnated in

the hydrogel or provided on the surface of the hydrogel.
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EXAMPLES
Synthesis of Water-Swellable Material

Blend Synthesis Example 1

To a 2000-mL beaker equipped with a mechanical stirrer was added 100 g
poly(vinyl alcohol), 100 g poly(ethylene-co-viny!l alcohol), and 1100 mL of DMSO.
The poly(vinyl alcohol) is 99+% hydrolyzed with an average molecular weight of 124
kDa to 186 kDa and was used as received from Sigma-Aldrich. The poly(ethylene-co-
vinyl alcohol) was used as received from Sigma-Aldrich and contains 44 mole-percent
ethylene. The DMSO was used as received from Sigma-Aldrich and contains <0.4%
water. The solution was heated to 90° C for three hours. ,

After three hours, the solution was poured into 9” x 13” PYREX dishes heated
to 80° C. The solution was allowed to cool slowly to room temperature, and the dish
was then placed into a freezer at -30° C for three hours. The dish was removed from
the freezer.

The resulting material was translucent, flexible, and pliable. To extract the
DMSO, 700 mL reagent-grade alcohol (ethanol) was added to the resulting material.
The material was then allowed to warm slowly to room temperature. The resulting

material remained translucent, flexible, and pliable.

Blend Synthesis Example 2

To a 2000-mL beaker equipped with a mechanical stirrer was added 100 g diol-
terminated poly(hexamethylene phthalate), 100 g poly(vinyl alcohol), and 1100 mL of
DMSO. The poly(vinyl alcohol) is 99+% hydrolyzed, with an a\;erage molecular
weight of 124 kDa to 186 kDa and was used as received from Sigma-Aldrich. The
diol-terminated poly(hexamethylene phthalate), with an average molecular weight of
1000 Da, was used as received from Sigma-Aldrich. The DMSO was used as received
from Sigma-Aldrich and contains <0.4% water. The solution was heated to 90° C for

1% hours.
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After 1% hours, the solution was poured into 9” x 13” PYREX dishes, covered,
and placed in a 60° C oven for 12 hours. The dish was then placed into a freezer at -30°
C for three hours. The dish was removed from the freezer.

The resulting material was translucent, flexible, and pliable. To extract the
DMSO, 700 mL reagent-grade alcohol (ethanol) was added to the resulting material.
The material was then allowed to warm slowly to room temperature. The resulting

material remained translucent, flexible, and pliable.

Blend Synthesis Example 3

To a 2000-mL beaker equipped with a mechanical stirrer was added 100 g
poly(styrene-co-allyl alcohol), 100 g poly(vinyl alcohol), and 1100 mL of DMSO. The
poly(vinyl alcohol) is 99+% hydrolyzed with an average molecular weight of 124 kDa
to 186 kDa and was used as received from Sigma-Aldrich. The poly(styrene-co-allyl
alcohol), with an average molecular weight of 1200 Da, was used as received from
Sigma-Aldrich. The DMSO was used as received from Sigma-Aldrich and contains
<0.4% water. The solution was heated to 90° C for three hours.

After three hours, the solution was poured into 9” x 13” PYREX dishes and
allowed to cool to room temperature. The dish was then placed into a freezer at -30° C
for twenty-four hours. The dish was removed from the freezer.

The resulting material was translucent, flexible, and pliable. To extract the
DMSO, 700 mL reagent-grade alcohol (ethanol) was added to the resulting material.
The material was then allowed to warm slowly to room temperature. The resulting

material remained translucent, flexible, and pliable.

Blend Synthesis Example 4

To a 2000-mL beaker equipped with a mechanical stirrer was added 100 g
poly(ethylene-co-vinyl alcohol), 100 g poly(vinyl alcohol), and 1100 mL of DMSO.
The poly(vinyl alcohol) is 99+% hydrolyzed with an average molecular weight of 124
kDa to 186 kDa and was used as received from Sigma-Aldrich. The poly(ethylene-co-
vinyl alcohol) with an ethylene content of 27 mole-percent was used as received from
Sigma-Aldrich. The DMSO was used as received from Sigma-Aldrich and contains

<0.4% water. The solution was heated to 90° C for three hours.
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After three hours, the solution was poured into 9” x 13” PYREX dishes and
allowed to cool to room temperature. The dish was then placed into a freezer at -30° C
for twelve hours. The dish was removed from the freezer.

The resulting material was translucent, flexible, and pliable. To extract the
DMSO, 700 mL reagent-grade alcohol (ethanol) was added to the resulting material.
The material was then allowed to warm slowly to room temperature. The resulting

material remained translucent, flexible, and pliable.

Blend Synthesis Example 5

To a 2000-mL beaker equipped with a mechanical stirrer was added 100 g
poly(ethylene-co-vinyi alcohol), 200 g poly(vinyl alcohol), 200 mL deionized water,
and 800 mL of DMSO. The poly(vinyl alcohol) is 99+% hydrolyzed with an average
molecular weight of 86 kDa and was used as received from Acros. The poly(ethylene-
co-vinyl alcohol) had an ethylene content of 27 mole-percent and was used as received
from Sigma-Aldrich. The DMSO was used as received from Sigma-Aldrich and
contains <0.4% water. The solution was heated to 90° C for three hours.

After three hours, the solution was poured into 9” x 13” PYREX dishes and a
hip cup mold. The material was allowed to cool to room temperature. The dish was
then placed into a freezer at -30° C for twelve hours. The dish was removed from the
freezer. The material was allowed to warm to room temperature. The resulting material
was translucent, flexible, and pliable. To extract the DMSO, 700 mL methanol was
added to the resulting material. The resulting material remained translucent, flexible,

and pliable.

Blend Synthesis Example 6

To a 1000-mL beaker equipped with a mechanical stirrer was added 10 g
poly(ethylene-co-vinyl aicohol) [44 mole-percent ethylene], 10 g poly(ethylene-co-
vinyl alcohol) [27 mole-percent ethylene], 20 g poly(vinyl alcohol), 3.8 g
NANODENT, and 220 mL of DMSO. The poly(vinyl alcohol) is 99+% hydrolyzed
with an average molecular weight of 86,000 and was used as received from Acros. The
poly(ethylene-co-vinyl alcohol) had an ethylene content of 27 mole-percent and 44

mole-percent, as indicated, and was used as received from Sigma-Aldrich. The DMSO
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was used as received from Sigma-Aldrich and contains <0.4% water. The
NANODENT is a radiopacifying agent, and was used as received from NanoSolutions.
The solution was heated to 90° C for three hours.

After three hours, the solution was poured into 9” x 13” PYREX dishes and a
hip cup mold. The material was allowed to cool to room temperature. The dish was
then placed into a freezer at -30° C for twelve hours. The dish was removed from the
freezer.

The material was allowed to warm to room temperature. The resulting material
was translucent, flexible, and pliable. To extract the DMSO, 700 mL propanol was
added to the resulting material. The resulting material remained translucent, ﬂexible,

and pliable.

Blend Synthesis Example 7

To prepare material for a compression molder/injection molder, a HAAKE
Polylab system equipped with a RheoMix was heated to 115° C. To the system was
added 45 mL DMSO, 17.5 g of poly(ethylene-co-vinyl alcohol), and 17.5 g of
poly(vinyl alcohol). The poly(vinyl alcohol) is 99+% hydrolyzed with an average
molecular weight of 146 kDa to 186 kDa and was used as received from Sigma-
Aldrich. The poly(ethylene-co-vinyl alcohol) had an ethylene content of 44 mole-
percent and was used as received from Sigma-Aldrich. The DMSO was used as
received from Sigma-Aldrich and contains <0.4% water.

The blend was allowed to mix for 10 minutes. The blend was removed from the
mixer, allowed to cool to room temperature, and chopped. The resultant material was

translucent and pliable.

Blend Synthesis Example 8

A blend was prepared as in Blend Synthesis Example 7, except that the
poly(ethylene-co-vinyl alcohol) had an ethylene content of 27 mole-percent. l
The blend was allowed to mix for 10 minutes. The blend was removed from the
mixer, allowed to cool to room temperature, and chopped. The resultant material was

translucent and pliable.
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Blend Synthesis Example 9

To a 2000-mL beaker equipped with a mechanical stirrer was added 100 g
poly(ethylene-co-vinyl alcohol) and 700 mL of DMSO. The poly(vinyl alcohol) is
99+% hydrolyzed with an average molecular weight of 146 kDa to 186 kDa and was
used as received from Sigma Aldrich. The poly(ethylene-co-vinyl alcohol) had an
ethylene content of 44 mole-percent and was used as received from Sigma-Aldrich.
The DMSO was used as received from Sigma-Aldrich and contains <0.4% water. The
solution was heated to 90° C for 12 hours.

Then, 100g of poly(vinyl alcohol), 200 mL DMSO, and 5 g of p-toluene
sulfonic acid monhydrate was added the solution as a pH modifier. The p-toluene
sulfonic acid monohydrate was 98.5% pure ACS reagent-grade and was used as
received from Sigma-Aldrich. The solution was heated to 90° C for three hours.

After three hours, the solution was poured into 5” polyethylene bowls and
cooled to
-55° C using a methanol/liquid nitrogen slush bath for approximately 30 minutes. A

white frozen material resulted.

Blend Synthesis Example 10

To a 2000-mL beaker equipped with a mechanical stirrer was added 150 g
poly(ethylene-co-vinyl alcohol), 50 g poly(vinyl alcohol), 200 mL deionized water,
and 800 mL of DMSO. The poly(vinyl alcohol) is 99+% hydrolyzed with an average
molecular weight of 146,000 to 186,000 and was used as received froﬁl Sigma-
Aldrich. The poly(ethylene-co-vinyl alcohol) had an ethylene content of 44 mole-
percent and was used as received from Sigma-Aldrich. The DMSO was used as
received from Sigma-Aldrich and contains <0.4% water. The solution was heated to
90° C for three hours.

After three hours, the solution was poured into 9” x 13” PYREX dishes and a

hip cup mold. The material was allowed to cool to room temperature. The dish was
then placed into a freezer at -30° C for twelve hours. The dish was removed from the
freezer.

The material was allowed to warm to room temperature. The resulting material

was translucent, flexible, and pliable. To extract the DMSO, 700 ml. methanol was
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added to the resulting material. The resulting material remained translucent, flexible,

and pliable.

Blend Synthesis Example 11

To a 1000-mL beaker equipped with a mechanical stirrer was added 20 g
poly(vinyl alcohol), 175 mL dimethyl sulfoxide, and 10 mL water. The solution was
heated to 80°C for 2 hours. To the solution was added 20 g poly(trimellitic anhydride
chloride—cé-4,4’-methylene—dianiline) and stirred for 1 hour at 120°C. The poly(vinyl
alcohol) was 99+% hydrolyzed with an average molecular weight of 146,000 to
186,000 and was used as received from Sigma-Aldrich. The poly(trimellitic anhydride
chloride-co-4,4’-methylene-dianiline) was used as received from Sigma-Aldrich and
contained < 1.0% of 4,4’-methylenedianiline. The DMSO was used as received from
Sigma-Aldrich and contains <0.4% water. The solution was heated to 90° C for three
hours.

The solution was poured between two 8°X8”X.0.05” glass plates. The material
was allowed to cool to room temperature. The dish was then placed into a freezer at -
30° C for twelve hours. The dish was removed from the freezer.

The material was allowed to warm to room temperature. The resulting material
was translucent, flexible, and pliable. To extract the DMSO, 700 mL methanol was
added to the resulting material. The resulting material remained translucent, flexible,

and pliable.

Blend Synthesis Example 12

To a Jaygo 1 gallon sigma mixer/extruder fitted with a 3 mm fiber die was |
added 625.89 g poly(ethylene-co-vinyl alcohol), 100 mL of water, 1350 g dimethyl
sulfoxide, and 626.79 g poly(vinyl alcohol). The materials were mixed at 240°F for 70
minutes. The poly(vinyl alcohol) is 99+% hydrolyzed with an average molecular
weight of 146,000 to 186,000 and was used as received from Sigma-Aldrich. The
poly(ethylene-co-vinyl alcohol) had an ethylene content of 44 mole-percent and was
used as received from Sigma-Aldrich. The DMSO was used as received from Sigma-

Aldrich and contains <0.4% water.
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After 70 minutes, the sample was extruded through a 3 mm fiber die with a
draw rate of 4 X and into a 50% alcohol/50% water cooling bath for a residence time
of 1-3 seconds. The fiber was allowed to cool and cut into fine pellets using a fiber

chopper. The resulting material remained translucent, flexible, and pliable.

Blend Synthesis Example 13

To a Jaygo 1 gallon sigma mixer/extruder fitted with a 3 mm fiber die was
added 626.66 g poly(ethylene-co-vinyl alcohol), 128.2 mL of water, 1438.2 g dimethyl
sulfoxide, and 625.73 g poly(viny! alcohol). The materials were mixed at 228°F for 90
minutes. The poly(vinyl alcohol) is 99+% hydrolyzed with an average molecular
weight of 146,000 to 186,000 and was used as received from Sigma-Aldrich. The
poly(ethylene-co-vinyl alcohol) had an ethylene content of 32 mole-percent and was
used as received from Sigma-Aldrich. The DMSO was used as received from Sigma-
Aldrich and contains <0.4% water. ‘

After 90 minutes, the sample was extruded through a 3 mm fiber die with a

- draw rate of 4 X and into a 50% alcohol/50% water cooling bath for a residence time

of 1-3 seconds. The fiber was allowed to cool and cut into fine pellets using a fiber

chopper. The resulting material remained translucent, flexible, and pliable.

Blend Synthesis Example 14

To Jaygo 1 gallon sigma mixer/extruder fitted with a 3 mm fiber die was added
402.44 g poly(ethylene-co-vinyl alcohol), 97.84 mL of water, 1400 g diethyl sulfoxide,
and 850.02 g poly(vinyl alcohol). The materials were mixed at 228°F for 50 minutes.
The poly(vinyl alcohol) is 99+% hydrolyzed with an average molecular weight of
146,000 to 186,000 and was used as received from Sigma-Aldrich. The poly(ethylene-
co-vinyl alcohol) had an ethylene content of 32 mole-percent and was used as received
from Sigma-Aldrich. The DMSO was used as received from Sigma-Aldrich and
contains <0.4% water. |

After 50 minutes, the sample was extruded through a 3 mm fiber die with a
draw rate of 4 X and into a 50% alcohol/50% water cooling bath for a residence time
of 1-3 seconds. The fiber was allowed to cool and cut into fine pellets using a fiber

chopper. The resulting material remained translucent, flexible, and pliable.
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Hydrogels and Mechanical Properties Thereof

The water-swellable materials obtained from Blend Synthesis Examples 1-6, 9,
10, and 11 were immersed in water. For the water-swellable material from Blend
Synthesis Example 9, the frozen material was immersed in water while still cold, while
the others were immersed at room temperature. In each case, the material took on
water and became a white, opaque, flexible hydrogel.

The water-swellable materials obtained from Blend Synthesis Examples 12-14
were processed on a Battenfeld BA 100 CD injection molder with nozzle temperatures
between 240°F - 280°F and the mold at room temperature. Samples from injection
molding were immersed in alcohol for a minimum of 20 minutes followed by
immersion in water. In each case, the material took on water and became a white,
opaque, flexible hydrogel. |

The concentration of water in the resultant hydrogels were determined by
thermogravimetric analysis on a TA Instruments 2950 TGA instrument. For example,
the hydrogel obtained using material from Blend Synthesis Example 1 was 15%
solids/85% water by weight. |

Mechanical performance properties for selected hydrogels were measured as
ASTM D638 Type IV specimens using conventional techniques on a Model 3345
instrument from Instron Corporation. Measured values are reported in Table 1 and 2.
The mechanical performance properties demonstrated that the listed hydrogels have
desired mechanical properties for many applications. For example, Tables 1 and 2 list
hydrogels with desired stress at peak values greater than 200 psi, while other listed
hydrogels have stress at peak values greater than 500 psi.
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Table 1
Mechanical properties for selected solution cast hydrogels (tensile).
Blend Blend Blend Blend Blend Blend
Synthesis | Synthesis | Synthesis | Synthesis Synthesis Synthesis
Example 1| Example Example Example Example Example 11
. 2 3 6 10
(Str?)ss at Pealk 5771 61.14 218.3 329.64 585 888.3
psi
Percent Strain 342.2 17220 | 686.7 591.5 517.16 2358.83
at Peak
(Stré)ss at Break 553.4 57.0 218.31 316.0 - 871.26
Psi
Percent Strain 345.5 175.8 686.7 591.5 - 2363.8
at Break
Stress at 0.2% 385.85 15 199 - - —
Yield (psi) .
Percent Strain 200.11 11 670 - - -
at 0.2% Yield
Young’s 0.305 0.58 .161 0.186 0.251 62.05
Modulus (ksi) : :
Energy at 19.515 0.174 34.19 43.80 - 15.11
Yield (Ibf-in)
Energy at 64.012 8.37 37.33 43.80 - 15.43
Break (Ibf-in)
5 Table 2
Mechanical properties for selected injection molded hydrogels (tensile).
Blend Blend Blend
Synthesis Synthesis Synthesis
Example Example Example
12 13 14
Stress at Peak (psi) 519.39 831.00 1161.98
Percent Strain at Peak 223.45 555.33 791.11
Stress at Break (psi) 497.22 717.06 1026.21
Percent Strain at Break 233.67 571.33 808.89
Young’s Modulus (ksi) 711.20 344.92 354.57
Energy at Yield (Ibf-in) 2.305 9.19 13.68
Energy at Break (lbf-in) 2.456 9.59 20.15

Irradiation can be used as a means of cross-linking the samples. Two sets of
injection molded tensile specimens from Blend 14 were gamma irradiated at a dose

10 between 26.3-34.0 kGy. The strengths of the irradiated samples are shown in Table 3.
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Table 3
Mechanical properties for selected irradiated hydrogels (tensile).
Blend Blend
Synthesis Synthesis
Example Example
14 14
Injection Modling Temperature, 255 260
nozzle (°F)
Tensile Strength (psi) 961.70 1121.50
Initial Elastic Modulus (psi) 353.96 316.48
Strain at Break (%) 566.88 1337.50
Toughness (%) 3508.81 9837.50
Water Content (%) : 45.5 45.0
Characterization

Hydrogels prepared using material from Blend Synthesis Examples 1 and 10
were tested on a MATCO load frame equipped with a standard shoulder head. The
hydrogels were tested for shear under a loading of 175 1bs.

The hydrogel from Blend Synthesis 1 was tested for a simulated 1 year and 2
mm displacement, and showed no sign of shearing. Some creep was observed.

The hydrogel from Blend 10 was tested for a simulated 7.5 years and a 1 mm
displacement, and also showed no signs of shearing. Some creep was observed.

Rheological tests ‘were performed on a TA Instruments AR-1000 rheometer
using a parallel plate geometry and swollen hydrogel disks with a diameter of 25 mm
and a thickness of 1.5 mm. All tests were performed at room temperature unless
otherwise indicated. A normal force of 1-2 N was applied. First a strain sweep test was
conducted to find the linear region (0.01-0.03%) and then a frequency scan (1-50Hz)
was performed with a strain of 0.01%. Blend Synthesis 1 has a higher shear modulus
(G*) than that of the nucleus pulposus but lower than that of the articular cartilage.
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Table 4
Comparison of the shear viscoelastic properties between Blend Synthesis 1 and
Human nucleus pulposus

Frequency G* Tan
Material (rad/s / (Pa) delta
Hz) (degree)
Blend Synthesis 1 10/1.58 149- 5.6
340
Nucleus pulposus 10/1.58 11 24
Articular cartilage : 10/1.58 600- 13
1000

Crystallinity and phase separation were analyzed on a TA Instruments DSC
Q1000 instrument utilizing pressure pans and a heating rate of 10°C/min. Analysis
shows that the blends homogeneous with only one glass transition peak and no
crystallinity peaks. After hydration, the blends show crystallinity peaks. For example,
blend synthesis 1 has a Tg of 48°C in the dry state and no apparent crystallinity peaks.
In the hydrated state, Blend Synthesis 1 has a melt peak at 98°C with an exotherm area
representing 2.03% crysfallinity. The melting point of 98°C corresponds to the
melting point of the polyethylene.

Use of Thermoplastic Material

The water-swellable material obtained following the procedure set forth in
Blend Synthesis Example 1 was shaped and placed into an ADHESIVE TECH Model
229 Low Temp Glue Gun. The working temperature of the glue gun was 127° C. The
material was extruded from the gun to a variety of substrates and environments,
including onto paper, into open air, and into water (room temperature).

It was observed that the material, although extruded at a temperature over 100°
C, could be handled manually without special precautions. The material cooled quickly
to near room temperature.

While still hot immediately following extrusion, the material is translucent and
colorless, and the shape can be modified using, for example, a spatula as a means to
spread the material. The extruded material can be subsequently hydrated by contact

with or immersion in water or an aqueous solution. When the material is hydrated, it

30



10

15

WO 2006/091706 PCT/US2006/006356

gradually turns from translucent to opaque white. The development of the white color

is thought to indicate the formation of crystalline regions.

Splittable Microfibers

The water-swellable material obtained from blends 12-14 spontaneously formed
splittable microfibers during the extrusion process. A digital image of these
microfibers is provided in Fig. 1. The strands were 2-4 mm in diameter composed of
individual fibers with a diameter of 2 — 9 nm as determined by scanning electron
microscopy. The individual fiber strands could be separated using mechanical or
thermal treatments. Furthermore, the strands could be processed utilizing alcohol
treatment followed by water exchange to create the hydrogel microfibers.

The invention is further set forth in the claims listed below. This invention may
take on various modifications and alterations without departing from the spirit and
écope thereof. In describing embodiments of the invention, specific terminology is
used for the sake of clarity. The invention, however, is not intended to be limited to the
specific terms so selected, and it is to be understood that each term so selected includes

all technical equivalents that operate similarly.
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CLAIMS

. A water-swellable material comprising a non-adhesive blend of

a) at least one hydrophilic polymer; and

b) at least one polymer or oligomer having hydrophobic and hydrophilic
recurring units, wherein the blend phase separates and is immiscible in the presence

of water.

. The water-swellable material of claim 1, wherein the hydrophilic polymer
comprises poly(vinyl alcohol), poly(hydroxyethyl methacrylate), poly(vinyl
pyrrolidone), poly(ethyleneimine), ethoxylated poly(ethyleneimine),
poly(allylamine), poly(acrylamide), poly(acrylic acid), hydrolyzed
poly(acrylonitrile), or poly(glycol).

. The water-swellable material of claim 1, wherein the polymer or oligomer having
hydrophobic and hydrophilic recurring units comprises a copolymer of ethylene
and vinyl alcohol, a copolymer of styrene and allyl alcohol, or diol-terminated

poly(hexamethylene phthalate).

. The water-swellable material of claim 1, wherein the blend comprises about 5%—
95% by weight of poly(vinyl alcohol) and about 5%—95% by weight of the

polymer or oligomer having hydrophobic and hydrophilic recurring units.

. The water-swellable material of claim 1, wherein a majority of the hydrophilic

recurring units comprise pendant hydroxy groups.

. The water-swellable material of claim 1, wherein the polymer or oligomer is a
copolymer having hydrophobic recurring units of the form -{CH,CH,—] and
hydrophilic recurring units of the form ~[CH,CH(OH)-].

. The water-swellable material of claim 1, wherein the addition of a plasticizer

enables the material to be processed as a thermoplastic.

. The water swellable material of claim 7, wherein the plasticizer further comprises
glycerine, ethylene glycol, propylene glycol, ethanol, tetrahydrofuran, toluene,

poly(ethylene glycol), dimethylforamide, dimethylacetamide, acetone, acetonitrile,
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cyclohexane, cyclopentane, 1,4-dioxane, ethyl acetate, glyme, methyl-tert-butyl

ether, methyl ethyl ketone, pyridine, dimethylsulfoxide, or water.

9. The water-swellable material of claim 7, wherein the material is a thermoplastic

having a melting temperature in the range from about 70° - 200°C.

10. A hydrogel in hydrated form comprising a non-adhesive, phase separated blend of
polymers comprising poly(vinyl alcohol) and a polymer having hydrophobic and

hydrophilic recurring units.

11. The hydrogel of claim10, wherein the hydrogel has a percent hydration in the range
from about 10%—90%.

12. The hydrogel of claim 10, wherein the hydrogel has a percent strain at break of
between 170—700.

13. The hydrogel of claim 10, wherein the hydrogel has a stress at peak value of greater
than 200 psi.

14. A method for making a water-swellable material, comprising:

a) dissolving a blend of polymers comprising poly(vinyl alcohol) and a
polymer having hydrophobic and hydrophilic recurring units in a suitable polar solvent
including at least a minor fraction of water to produce a miscible blend; and

b) at least partially physically crosslinking the miscible blend to provide the

water-swellable material.
15. The method of claim 14, wherein the solvent comprises dimethyl sulfoxide.

16. The method of claim 14, wherein the solvent comprises at least about 80% by

weight dimethyl sulfoxide.

17. The method of claim 14, wherein the solvent consists essentially of dimethyl

sulfoxide and water.

18. The method of claim 14, wherein the solution comprises about 0.5 parts by weight

of the polymer blend per one part by weight solvent.
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19. The method of claim 14, further comprising the step of contacting the blend of
polymers with a second solvent to extract the polar solvent from the water-

swellable material.
20. The method of claim 19, wherein the second solvent is ethanol.

21. The method of claim 14 wherein the crosslinking of the miscible blend is a freeze-

thaw or solvent exchange process.

22. A method of using a thermoplastic water-swellable material to produce a hydrogel,

the method comprising: .
a) heating the thermoplastic material to a flow temperature to provide a
flowable material;
b) cooling the flowable material to solidify the thermoplastic material; and
¢) contacting the thermoplastic material with water or an aqueous solution

to produce a hydrogel.

23. The method of claim 22, further comprising the step of shaping or molding the

thermoplastic material.

24, The method of claim 22, wherein the method further comprises the step of

extruding or injecting the thermoplastic material into a patient’s body.

25. The method of claim 22, wherein the aqueous solution comprises a biological fluid,
an antibiotic, an analgesic, stem cells, antioxidant, hylauronic acid, salts, anti-

inflammatory drugs, or a growth factor.

26. The water-swellable material of claim 1 wherein the blend is crosslinked.
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