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POLYURETHANE-GRAFTED HYDROGELS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a divisional of U.S. application
Ser. No. 13/905,028, filed on May 29, 2013, entitled “Poly-
urethane-Grafted Hydrogels” and issued as U.S. Pat. No.
8,853,294, which is a continuation of U.S. application Ser.
No. 12/536,233, filed on Aug. 5, 2009, entitled “Polyure-
thane-Grafted Hydrogels” and issued as U.S. Pat. No. 8,497,
023, which claims priority under 35 U.S.C §119 to U.S.
Provisional Patent Application No. 61/086,442, filed Aug. 5,
2008, and entitled “Polyurethane-Grafted Hydrogels,” which
are all incorporated by reference in their entirety.

INCORPORATION BY REFERENCE

[0002] All publications and patent applications mentioned
in this specification are herein incorporated by reference to
the same extent as if each individual publication or patent
application was specifically and individually indicated to be
incorporated by reference.

FIELD OF THE INVENTION

[0003] The present invention relates generally to polymers,
and more specifically to methods by which hydrogel and
polyurethane polymers are grafted together to form two-lay-
ered structures, and by which they are attached to bone, in
ways that are useful for medical and commercial devices. The
invention also includes materials and articles formed by this
method.

BACKGROUND OF THE INVENTION

[0004] Some polymer networks take up water and swell.
These swollen hydrogels have been created from a variety of
starting materials and have been used for a variety of appli-
cations. The utility of prior hydrogels for their proposed
applications is limited by the properties of these composi-
tions, however. In addition, the starting materials and pro-
cesses of making and using such prior compositions limit not
only the resulting properties of the polymers but also the
commercial viability of the manufacturing processes and
articles made in such processes. Also, the mechanical prop-
erties of the prior polymers are often limited by the mechani-
cal properties of the component polymers used, which in the
case of most intrinsically hydrophilic, water-swellable poly-
mers, are usually quite low.

[0005] Hydrogels have been combined with polyurethanes
to form articles with certain useful properties. Hydrogel
materials have been reinforced with polyurethanes and other
materials to provide a more robust backing material. Also, a
hydrogel coating or overlayer can be added to a hydrophobic
polymer article to improve the article’s biocompatibility.
Prior hydrogel/polyurethane combinations have not provided
the best combination of strength and swellability, however. In
addition, prior methods of making hydrogel/polyurethane
combinations have used expensive and/or toxic processes.
[0006] Forexample, Hoffman etal. U.S. Pat. No. 3,826,678
describes a process for coating an inert polymeric substrate
with a reactable hydrogel polymer and then attaching a bio-
logically active molecule in order to make a biocompatible
material with a biofunctional surface. Hoffman used “radia-
tion grafting” to attach the hydrogel to the polyurethane and
used the reactable hydrogel to attach the biologically active
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molecules. Hoffman’s “radiation grafting” refers to applica-
tion of expensive high energy to a polymer, a treatment that
causes both non-specific formation of bonds and non-specific
breaking of bonds. The bonds made are non-specific bonds
between the two polymers anywhere along the backbone of
the chains, as well as non-specific bonds (“crosslinking”)
within each polymer. Conditions for using “radiation graft-
ing” were chosen by Hoffman such that more favorable than
unfavorable reactions occur.

[0007] Hoffman used “radiation grafting” on a preformed
material, such as a polyurethane, that had been contacted with
a preformed hydrogel or with hydrogel monomers, and then
subjected the materials to the high energy radiation (e.g.,
gamma irradiation or X-rays). The result was crosslinked
hydrogel pieces non-specifically grafted to crosslinked poly-
urethane pieces. Next, the biologically active materials were
attached using a specific link that bonded the biomaterial to
the hydrogel. In this way, the biological materials were never
subject to the fragmentation effects of the radiation treatment,
and a bioactive material was made.

[0008] Yangetal. (J. Biomed Mater Res 45:133-139, 1999)
describe a process for forming a graft material having both
polyurethane and hydrogel. Yang formed a mixture of poly-
urethane, acrylic acid, and photoinitiator, and treated it with
UV light in the absence of a degassing step to create an
homogeneous and unlayered acrylic acid/polyurethane poly-
mer grafted throughout its composition.

[0009] Park and Nho (Radiation Physics and Chemistry; 67
(2003): 361-365) describe making a wound dressing formed
from polyurethane and hydrogel layers. First, polyurethane
was dissolved in solvent and dried to form a polyurethane
layer. Then a mixture of polyvinyl alcohol/poly-N-vinylpyr-
rolidone, chitosan and glycerin in water was poured onto the
already formed polyurethane layer. The material was option-
ally treated with freeze-thaw cycles. Conditions were chosen
to favor cross-linking reactions in the hydrogel over material
degradation during irradiation treatment, and the material
was subject to gamma irradiation to form a hydrogel. The
result was a hydrogel adjacent a polyurethane; Park et al. do
not describe the nature of any interaction between the poly-
urethane layer and the hydrogel layer.

[0010] Wang et al. (U.S. Patent Publication 2002/
00524480) describe a process for forming a material having a
modified surface that can be used to tether other compounds
at the surface while maintaining the bulk properties of the
material. Wang started with a formed hydrophobic polymer,
such as an acylic or polyurethane, and introduced a functional
monomer such as acylate or vinyl monomer, and an initiator
just at the polymer surface, such as by limited swelling of the
polymer in a solvent. The functional monomer was treated,
such as with UV irradiation, to form a second polymer. A
surface modification agent, such as heparin, may be attached
to the second polymer. The result was an Interpenetrating
Polymer Network (IPN) at the surface between the polymer-
ized formed polymer, with only indirect interactions between
the first and second polymers, and possibly modified with a
modification agent covalently attached to the second poly-
mer.

[0011] Gao etal. (Chinese Journal of Polymer Science Vol.
19, No. 5, (2001), 493-498) describe improvements to mate-
rials for use in improving long-term implants that become
integrated into the body, such as devices put into blood ves-
sels and in artificial hearts. Gao describes two methods to
create on a segmented polyurethane a hydrophilic surface
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containing functional groups that will adhere cells and sup-
port growth. In both methods, the segmented polyurethane
was activated by a high concentration of toxic hydrogen per-
oxide (30%) and UV light to generate reactive groups.
[0012] Inthe “Solution Grafting Method,” of Gao, the acti-
vated segmented polyurethane was immersed in a solution of
hydrophilic monomers, such as 2-(dimethylamino)ethyl
methacrylate, 2-hydroxyethyl acrylate or acrylamide, and
ammonium iron (II) sulfate hexahydrate, and the monomers
grafted onto the segmented polyurethane by treatment with
UV light. The iron compound prevents any unwanted poly-
merization of the monomers in solution.

[0013] In the “Pre-Absorbing Grafting Method” of Gao,
the activated segmented polyurethane membrane was
immersed in a solution of hydrophilic monomers, removed,
placed under nitrogen, and the hydrophilic monomers grafted
onto the reactive groups of the segmented polyurethane by
treatment with UV light. The membrane was rinsed with hot
water for 48 hours to remove homopolymers. The result was
a very thin layer of hydrophilic polymer coating on the sur-
face of the polyurethane. SEM images of materials made
using the “Solution Grafting Method” versus those made
using “Pre-Absorbing Grafting Method” show significant
differences in appearance in materials made using the difter-
ent methods.

SUMMARY OF THE INVENTION

[0014] The present invention improves upon prior articles
made from a combination of a hydrogel and a polyurethane
and methods of making such articles. The mechanical prop-
erties desired for certain medical applications is often outside
the range of possibility of many hydrophilic starting materi-
als. Hence, one aspect of this invention takes advantage of the
high mechanical strength of hydrophobic starting materials
and combines those materials with hydrogels as a useful way
to achieve the goal of high mechanical strength in addition to
other desirable properties provided by the hydrogels without
the cost and issues associated with the use of highly special-
ized equipment (e.g., °°Co radiation source) or damage to
and/or ambiguity about the composition of the formed mate-
rial due to lack of specificity in the treatment to effect bonding
(e.g., gamma irradiation).

[0015] For purposes of this application, an “interpenetrat-
ing polymer network” or “IPN” is a material comprising two
or more polymer networks which are at least partially inter-
laced on a molecular scale, but not covalently bonded to each
other, and cannot be separated unless chemical bonds are
broken.

[0016] A “polymer” is a substance comprising macromol-
ecules (comprising repeated units of monomers), including
homopolymers and copolymers.

[0017] A “copolymer” is a polymer derived from two or
more species of monomer.

[0018] A “homopolymer” is a polymer derived from a
single monomeric species.

[0019] A “graft polymer” is a polymer of that has side
chains (“graft macromolecules™) containing different atoms
from those in the main chain. This definition includes side
chains that are polymers.

[0020] A “graft copolymer” is a graft polymer in which
adjacent blocks in the main (or in the side) chains comprise
different species of monomer.

[0021] One aspect of the invention provides an article hav-
ing a hydrogel layer chemically grafted to an end-function-
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alized polyurethane layer. In some embodiments, the hydro-
gel and polyurethane are interfacially grafted. In some
embodiments, the polyurethane layer may be selected from a
group consisting of polycarbonate urethane, polycarbonate
urethane urea, polyester urethane, polyether urethane, poly-
urethane urea, or a silicone derivative of these.

[0022] Thepolyurethane may have hard segments, soft seg-
ments, chain extenders, and end groups. In some embodi-
ments the hard segments are selected from the group 1,5
naphthalene diisocyanate (NDI), isophorone isocyanate
(IPDI), 3,3-bitoluene diisocyanate (TODI), methylene bis(p-
cyclohexyl isocyanate) (H12MDI), cyclohexyl diiscocyanate
(CHDI), 2,6 tolulene diisocyanate or 2.4 toluene diisocyanate
(TDI), hexamethyl diisocyanate (HMDI), and methylene bis
(p-phenyl isocyanate) (MDI).

[0023] Insomeembodiments the soft segments of the poly-
urethane may be selected from the group hydroxy terminated
butadiene, hydroxyl terminated polyisobutylene, hydroxybu-
tyl terminated polydimethylsiloxane (PDMS), poly (1,6
hexyl 1,2-ethyl carbonate), hydrogenated polybutadiene,
polycaprolactone, polyethylene adipate, polyethylene oxide
(PEO), polyhexamethylene carbonate glycol, polypropylene
oxide (PPO), polytetramethylene adipate, and poly(tetram-
ethylene oxide) (PTMO).

[0024] In some embodiments, the chain extenders of the
polyurethane may be selected from the group 1,4 butanediol,
ethylene diamine, 4,4' methylene bis(2-chloroaniline)
(MOCA), ethylene glycol, and hexane diol.

[0025] Insome embodiments, the polyurethane endgroups
may be selected from the group acylamide, acrylate, allyl
ether, methacrylate, or vinyl.

[0026] In some embodiments the hydrogel layer may be
end-linked macromeric subunits, e.g. PEG or a biomolecule,
or polymerized monomeric subunits. In some embodiments,
the biomolecule may be, e.g., collagen, one or more growth
factors, steroids, bisphosphonates, or combinations or deriva-
tives thereof. In some embodiments the biomolecules may be
selected from the group any Bone Morphogenetic Protein,
any Fibroblast Growth Factor, any Transforming Growth Fac-
tor, or any Osteogenic Protein.

[0027] Insome embodiments the hydrogel layer may be a
homopolymer. In some embodiments the hydrogel may be
polymerized monomeric subunits. In some embodiments, the
hydrogel layer may be a copolymer. The copolymer may have
a polymerized subunit, such as a subunit selected from the
group consisting of acrylamide, hydroxyethyl acrylamide,
N-isopropyl acrylamide, 2-hydroxyethyl methacrylate, and
2-hydroxyethyl acrylate. In some embodiments, the hydrogel
network may contain at least 50%, at least 75%, or at least
90% by dry weight of telechelic macromonomer.

[0028] Insomeembodiments the hydrogel layer may be an
IPN with a first and second network. In some embodiments
the first IPN network may be end-linked macromeric sub-
units. In some embodiments, the polymerized macromeric
subunits may be selected from the group consisting of PEG,
poly(N-vinyl pyrrolidone), polydimethylsiloxane, poly(vinyl
alcohol), polysaccharide, and a biomolecule. In some
embodiments the polymerized macromeric subunits may
have end group or side group functionalities selected from the
group consisting of acrylamide, acrylate, allyl, methacryla-
mide, methacrylate, N-vinyl sulfone, and vinyl.

[0029] Insome embodiments the second IPN network may
be polymerized subunits (monomers). In some embodiments,
the subunits may be hydrophilic. The hydrophilic subunit



US 2015/0025161 Al

may be ionizable. The ionizable subunit may be anionic. The
anionic subunits may include carboxylic acid and/or sulfonic
acid groups. In some embodiments, the second network may
be polyacrylic acid. In some embodiments, the ionizable sub-
unit may be cationic. In some embodiments, the hydrophilic
subunit may be non-ionic. The non-ionic subunit may be
selected from the group consisting of acrylamide, methacry-
lamide, N-hydroxyethyl acrylamide, N-isopropylacryla-
mide, methyl methacrylate, N-vinyl pyrrolidone, 2-hydroxy-
ethyl methacrylate, 2-hydroxyethyl acrylate, and/or
derivatives of these.

[0030] In some embodiments both networks of the IPN
may be grafted to the polyurethane.

[0031] Insome embodiments, a second polyurethane may
be attached to the first polyurethane. In some embodiments,
the second polyurethane may have functionalized end groups.
In some embodiments, the second polyurethane may include
salt such as salt with crystals of size that varies from 10 pm to
1000 pm. In some embodiments, the second polyurethane
may be porous, with the pore size varying, e.g.; from 10 um to
1000 pm. In some embodiments, the second polyurethane
may contain foaming agents to create open cell porosity, with
the pore size varying, e.g.; from 10 pm to 1000 um.

[0032] Insomeembodiments the second polyurethane may
include a biomolecule. In some embodiments, the biomol-
ecule may be selected from the group consisting of collagen,
bone morphogenetic protein, bisphosphonate, and an osteo-
genic protein. In some embodiments, the second polyure-
thane may include a bone component, i.e., a material nor-
mally found in natural bone. The bone component may be one
or more of carbonated apatite, hydroxyapatite, alpha trical-
cium phosphate, beta tricalcium phosphate, and other cal-
cium phosphates.

[0033] In some embodiments, the second polyurethane
may include entrapped fillers.

[0034] In some embodiments, the second polyurethane
may include an antioxidant. The antioxidant may be selected
from the group consisting of ascorbic acid, beta carotene,
glutathione, Irganox®, lipoic acid, retinol, santowhite, uric
acid, ubiquinol, and Vitamin E.

[0035] Another aspect of the invention provides an article
having a first polyurethane, and a second polyurethane
attached to the first polyurethane, the second polyurethane
having a putty-like hardness. In some embodiments, the sec-
ond polyurethane has reactive end groups. In some embodi-
ments the second polyurethane may include salt. In some
embodiments, the second polyurethane may be porous.

[0036] In some embodiments, the composition of the first
and second polyurethane may include entrapped fillers.

[0037] In some embodiments, the composition of the first
and second polyurethane may include an antioxidant. The
antioxidant may be selected from the group consisting of
ascorbic acid, Vitamin E, Irganox, santowhite, glutathione,
uric acid, lipoic acid, beta carotene, retinol, and ubiquinol.

[0038] Another aspect of the invention provides a process
for grafting a polyurethane to a hydrogel including the fol-
lowing steps: freezing a first solution containing either reac-
tive hydrogel precursors or end-functionalized polyurethane
precursors; applying a second solution containing either end-
functionalized polyurethane precursors or reactive hydrogel
precursors to the first solution; and polymerizing and
crosslinking the solutions to form a laminated graft polymer
having a polyurethane and a hydrogel.

Jan. 22, 2015

[0039] Another aspect of the invention provides a process
for grafting a polyurethane to a hydrogel including the fol-
lowing steps: casting a layer from a solution containing end-
functionalized polyurethane precursors; applying a second
solution containing reactive hydrogel precursors, the second
solution containing a solvent for the polyurethane layer; and
polymerizing and crosslinking the solutions to form a lami-
nated graft polymer having a polyurethane and a hydrogel.
[0040] In some embodiments the polymerizing step uses
UV light or heat.

[0041] Insome embodiments, the method may include the
steps of immersing at least part of the laminated graft polymer
in a third solution; the third solution having hydrogel precur-
sors different from the precursors in the first or second solu-
tions; swelling the graft polymer; and polymerizing the third
solution to create a graft polymer having a polyurethane and
an IPN, whereby the IPN has a second hydrogel network
intertwined with a first hydrogel network. In some embodi-
ments the third solution may be a partial solvent for the first
hydrogel, and is able to swell the first hydrogel network.
[0042] In some embodiments, the solution containing the
hydrogel precursors may have telechelic molecules. In vari-
ous embodiments, the telechelic molecules may be poly(eth-
ylene) glycol with one or more endgroups selected from the
group consisting of acrylate, methacrylate, acrylamide, vinyl,
or allyl ether.

[0043] In some embodiments, the polyurethane solution
may have one or more materials selected from the group
consisting of vinyl terminated polyurethane, polycarbonate
urethane, polyether urethane, polycarbonate urethane urea,
polyester urethane, polyurethane urea and silicone deriva-
tives of these.

[0044] Another aspect of the invention provides a process
for making a material that can be attached to bone, including
the following steps: applying a solution that contains a poly-
urethane precursor having reactive endgroups, and further
containing solvent, photoinitiator and crosslinker to a first
polyurethane that is grafted to a hydrogel; polymerizing the
polyurethane precursor; and treating with heat and convec-
tion to remove the solvent to yield a second unreacted telech-
elic polyurethane surface coated on a polyurethane grafted
hydrogel.

[0045] In some embodiments, the second polyurethane
may be polycarbonate urethane and in others polyether ure-
thane.

[0046] In some embodiments, the reactive endgroups may
be selected from the group consisting of acrylamide, acrylate,
allyl ether, methacrylate, and vinyl. In some embodiments,
the solvent may be selected from the group consisting of
dimethylacetamide, dimethy! sulfoxide, and tetrahydrofuran.

[0047] In some embodiments, the applying step includes
applying a salt.
[0048] Another aspect of the invention provides a process

forattaching an article to a bone, the article including a porous
polyurethane having a photointiator and a crosslinker, the
method including the steps of placing the porous polyure-
thane in apposition to the bone; and polymerizing the second
polyurethane to attach the article to the bone. In some
embodiments, the porous polyurethane contacts and flows
into the bone. The article may also include a second polyure-
thane attached to the porous polyurethane and optionally a
hydrogel. In some embodiments, the polymerizing step may
include exposing the polyurethane to UV light, heat, or a
chemical initiator.
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[0049] The polyurethane-grafted hydrogels of the present
invention have numerous applications in medicine and indus-
try. In orthopaedics, there is a great need for cartilage replace-
ment materials that emulate the properties of natural carti-
lage. The invention may also be useful in other areas of
orthopaedics (in any joint), such as the spine, a disc or facet
replacement, or as a bursal replacement. Other applications of
the polyurethane-grafted hydrogels are possible, in fields
including but not limited to wound care (e.g. as a wound
dressing), plastic surgery, urology (e.g. catheters), or cardi-
ology (e.g. as a stent, catheter, or valve material).

[0050] The polyurethane-grafted hydrogels are useful as
devices in the form of plugs, patches, caps, or cups to repair
defects in joint surfaces. A device is comprised of a hydrogel
bearing side and a porous polyurethane bone-interface side
which are chemically bonded to each other. The hydrogel side
provides a lubricious, “cartilage-like” bearing surface while
the polyurethane side provides structural reinforcement and
facilitates bone adhesion and ingrowth. The bone interface
side of the polyurethane-grafted hydrogel is adhered to bone
through any of the above mentioned approaches.

BRIEF DESCRIPTION OF THE DRAWINGS

[0051] The novel features of the invention are set forth with
particularity in the claims that follow. A better understanding
of'the features and advantages of the present invention will be
obtained by reference to the following detailed description
that sets forth illustrative embodiments, in which the prin-
ciples of the invention are utilized, and the accompanying
drawings of which:

[0052] FIGS. 1A-C illustrate a process by which hydrogels
and polyurethanes are grafted according to one aspect of this
invention.

[0053] FIGS. 2A-B illustrate one example of a polyethyl-
ene glycol (PEG)-dimethacrylate hydrogel grafted to a meth-
acrylate functionalized polyurethane to yield a polyurethane
grafted PEG hydrogel.

[0054] FIGS. 3A-C illustrate how an IPN is formed and
grafted to a polyurethane.

[0055] FIGS. 4A-Billustrate how a double polymer graft is
formed between polyurethane and a hydrogel IPN.

[0056] FIGS.5A-Cillustrate how a telechelic polyurethane
adhesive is deposited on a polyurethane backing layer.
[0057] FIGS. 6A-B shows examples of the polyurethane
backing material and polyurethane adhesive.

[0058] FIGS. 7A-D illustrate how the adhesive polyure-
thane attaches a material to bone according to one aspect of
this invention

[0059] FIGS. 8A-B illustrate how the graft copolymer
attaches to bone.

[0060] FIGS. 9A-C illustrate how an osteochondral graft
implant formed from a polymer graft of this invention can be
used to replace or augment cartilage within a joint.

[0061] FIG. 10 is a shows a photomicrograph of a cross-
section of the polyurethane-grafted hydrogel of a material
made according to one aspect of this invention.

[0062] FIG. 11 shows the results of testing the static mate-
rial properties of a material of the current invention.

[0063] FIG. 12 shows the results of lap shear testing to
determine the strength of material made according to the
current invention.
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DETAILED DESCRIPTION OF THE INVENTION

[0064] In one embodiment, a polyurethane is interfacially
grafted to a hydrogel to create a layered strong, lubricious
polymer graft material. To form the polyurethane grafted
hydrogel, monomers or macromonomers of a hydrogel pre-
cursor are dissolved with photoinitiator and, optionally, a
crosslinker, in an organic solvent or buffer. In some embodi-
ments, monomers or macromonomers of a second hydrogel
precursor that will form a copolymer are also dissolved. In
some embodiments, biomolecules may be added. Monomers
or macromonomers of a polyurethane precursor are also dis-
solved along with photoinitator, and optionally a crosslinker,
in an organic solvent or buffer; the organic solvent or buffer
can be the same or different composition as the one in which
the hydrogel precursors are dissolved. Additional materials
that will give the materials additional properties (“additives™)
can be added to either or both solutions. The additives can be
the same or different in the two solutions.

[0065] Any type of organic solvent can be used to create the
solutions of the monomers and macromonomers, such as
dimethylacetamide, dimethyl sulfoxide, tetrahydrofuran, or
chloroform.

[0066] Any type of photoinitiator can also be used. This
includes, but is not limited to, 2-hydroxy-2-methyl-pro-
piophenone and 2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-
2-methyl-1-propanone.

[0067] Any type of compatible cross-linkers may be used to
crosslink the second network in the presence of any of the
aforementioned first networks such as, for example, ethylene
glycol dimethacrylate, ethylene glycol diacrylate, diethylene
glycol dimethacrylate (or diacrylate), triethylene glycol
dimethacrylate (or diacrylate), tetraethylene glycol
dimethacrylate (or diacrylate), polyethylene glycol
dimethacrylate, or polyethylene glycol diacrylate, methylene
bisacrylamide, N,N'-(1,2-dihydroxyethylene) bisacrylamide,
derivatives, or combinations thereof.

[0068] Any monomer or macromonomer may be used to
form the polyurethane layer. In some embodiments, the poly-
urethane has reactive ends. Either one or both ends of the
polyurethane may be functionalized. Examples of materials
that can be used are polymers having surface active end-
groups. See, e.g., Ward et al, U.S. Pat. No. 5,589,563.
[0069] Insomeembodiments, biomolecules (e.g., collagen,
growth factors (any Bone Morphogenetic Proteins (BMPs)),
Fibroblast Growth Factors (FGFs), Transforming Growth
Factors (e.g., TGFp), Osteogenic Proteins (e.g., OP-1 or
osteopontin), steroids (e.g., dexamethasone), and bisphos-
phonates may be incorporated either as an additive or by
covalent linkages, combinations, and/or derivatives thereof.
Bone components may also be incorporated into the device,
such as hydroxyapatite, carbonated apatite, alpha tricalcium
phosphate, beta tricalcium phosphate, combinations, and/or
derivatives thereof. The pore size useful for this application
ranges between about 10 micrometers to 1000 micrometers.
[0070] Inoneembodiment, the hydrogel precursor solution
containing initiator is cast over a mold and flash-frozen in, for
example, a liquid nitrogen bath. The polyurethane precursor
solution containing initiator is then cast over the surface of the
solidified hydrogel precursor solution. The polyurethane pre-
cursor solution can be, for example, at room temperature or
below. Freezing the first set of precursors before adding the
second set prevents major mixing of the two sets of precur-
sors. Polymerization and cross linking is then initiated by UV
or heat.
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[0071] Inanother embodiment, the polyurethane precursor
solution containing initiator is cast over a mold and flash-
frozen in, for example, a liquid nitrogen bath. The hydrogel
precursor solution containing initiator is then cast over the
surface of the solidified polyurethane precursor solution. The
hydrogel precursor solution can be, for example, at room
temperature or below. Polymerization and cross linking is
then initiated by UV or heat.

[0072] Inanother embodiment, the polyurethane precursor
solution, (e.g., in dimethylacetamide or tetrahydrofuran), is
castover amold and dried (e.g., at room temperature), to form
alayer. The hydrogel precursor solution, containing at least in
part a solvent for the polyurethane layer (e.g., dimethylaceta-
mide or tetrahydrofuran), is applied on the surface of the
polyurethane layer. Polymerization and cross linking is initi-
ated by UV or heat.

[0073] FIGS. 1A-C shows a graft polymer having a poly-
urethane polymer grafted to a hydrogel polymer, and the
method of making, according to the current invention.
[0074] FIG. 1A shows two layers of polymer precursors
before polymerization. One precursor layer is frozen (e.g.,
using a liquid nitrogen bath) or otherwise solidified (e.g., by
drying) and then a second precursor layer is added to the
solidified layer. The figure shows one layer of telechelic
hydrogel precursors 2 with functional endgroups 4 and 6. The
telechelic ends can be the same or different structures. The
figure shows a second layer of telechelic polyurethane pre-
cursors 8 with hard segments 10 and soft segments 12. The
functional groups, 14 and 16, on the ends of the polyurethane
precursor can be the same or different structures. The “bot-
tom” (solidified) layer comprises either set of precursors, and
the “top” layer comprises the other set. In one embodiment
the telechelic polyurethane precursors 8 may be frozen. In an
alternate embodiment, the hydrogel precursors 2 may be fro-
zen. The layered solutions are covered with a glass plate and
polymerized through free radical polymerization, using, for
example, exposure to UV light 26. Exposure to UV light is
thought to have two effects: (1) it initiates polymerization and
crosslinking of the two precursor solutions, and (2) it melts at
least some of the frozen hydrogel or telechelic polyurethane
precursor layer, providing chain mobility at the interface
between the two layers, and allowing grafting of the hydrogel
to the polyurethane at the interface between the two layers.
The process of polymerization may generate additional heat
that melts the bulk of the frozen layer, allowing the layer to
polymerize and crosslink.

[0075] Polymerization leads to the formation of a polyure-
thane grafted hydrogel material 24, as shown in FIG. 1B. The
hydrogel polymer 18 is covalently bound by a graft 22 to the
polyurethane polymer 20. The hard segments of the polyure-
thane polymer 20 assemble to form hard phases 26, as shown
in the graft polymer 29 in FIG. 1C. The soft segments
assemble in soft phases 28. The use of an end-functionalized
polyurethane precursor enables the hydrogel layer to graft to
the polyurethane layer using relatively inexpensive UV poly-
merization while minimizing the amount of initiator (such as
hydrogen peroxide) used to facilitate grafting.

[0076] Any monomer or macromonomer or biomacromol-
ecule may be used to form the hydrogel polymer network. For
convenience, the hydrogel polymer network will be referred
to as the “first” network and the polyurethane polymer net-
work as the “second” network; but it should be understood
that either solution can be solidified (e.g., frozen or dried)
first.
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[0077] Inone embodiment, preformed polyethylene glycol
(PEG) macromonomers can be used as the basis of the hydro-
gel polymer network. PEG is biocompatible, soluble in aque-
ous solution, and can be synthesized to give a wide range of
molecular weights and chemical structures. The hydroxyl
end-groups of the bifunctional glycol can be modified into
crosslinkable/polymerizeable end-groups to form telechelic
PEG molecules with vinyl endgroups such as acrylate, meth-
acrylate, acrylamide, methyacrylamide, vinyl, or allyl ether.
[0078] FIGS. 2A-B show a particular example of a graft
polymer having a polyurethane polymer grafted to a hydrogel
polymer. FIG. 2A shows a poly(ethylene glycol) 100 having
reactive dimethylacrylate endgroups 104 being polymerized
and crosslinked in the presence of a polyurethane 102 having
reactive methacrylate endgroups 106. The resultis a polyure-
thane-grafted PEG hydrogel 111 having a network hydrogel
polymer 110 attached via a covalent linkage 114 to a func-
tionalized polyurethane 112. The solvent used can be water or
an organic solvent, (e.g., dimethylacetamide or tetrahydrofu-
ran).

[0079] In addition to the poly(ethylene glycol), other mac-
romonomers such as polycarbonate, poly(N-vinyl pyrroli-
done), polydimethylsiloxane, poly(vinyl alcohol), polysac-
chrarides (e.g., dextran), biomacromolecules (e.g., collagen)
and derivatives or combinations thereof can also be chemi-
cally modified with endgroup or side-group functionalities
such as acrylates, methacrylates, allyl ethers, vinyls, acryla-
mides, and methacrylamides and used to form the hydrogel
polymer network.

[0080] The first network can also be copolymerize with any
number of other polymers including but not limited to those
based on acrylamide, hydroxyethyl acrylamide, N-isopropy-
lacrylamide, 2-hydroxyethyl methacrylate, 2-hydroxyethyl
acrylate or derivatives thereothe polymerized subunit may be
a derivative of an acrylate, methacrylate, vinyl, allyl ether, or
acrylamide monomer.

[0081] Preferably, the dry weight of the first polymer net-
work is at least 50%, more preferably at least 75% by weight,
and most preferably at least 95% telechelic macromonomer.
[0082] The polyurethane polymer of the second network
can be a commercially available material or it can be a new
material, including but not limited to a polycarbonate ure-
thane, polycarbonate urethane urea, polyether urethane, seg-
mented polyurethane urea, silicone polycarbonate urethane,
or silicone polyether urethane. The molecular weight of the
second polymer layer is high enough to provide structural
stability to the material. The polyurethane precursor can be
vinyl-terminated (on one or both ends) polyurethane, poly-
carbonate urethane, polycarbonate urethane ureas, polyester
urethane, polyether urethane, polyurethane urea, as well as
silicone derivatives of these or combinations thereof.

[0083] Any type of chemistries and stoichiometries can be
used to create the polyurethane polymer. Isocyanates that are
used to generate the hard segment include 1,5 naphthalene
diisocyanate (NDI), isophorone isocyanate (IPDI), 3,3-bi-
toluene diisocyanate (TODI), methylene bis(p-cyclohexyl
isocyanate) (H12MDI), cyclohexyl diiscocyanate (CHDI),
2,6 tolylene diisocyanate or 2,4 toluene diisocyanate (TDI),
hexamethyl diisocyanate, or methylene bis(p-phenyl isocy-
anate).

[0084] Chemicals that may be used to generated the soft
segment include hydroxy terminated butadiene, hydroxyl ter-
minate polyisobutylene, hydroxybutyl terminated polydim-
ethylsiloxane (PDMS), poly (1,6 hexyl 1,2-ethyl carbonate,
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and hydrogenated polybutadiene, polycaprolactone, polyeth-
ylene adipate, polyethylene oxide (PEO), polyhexamethyl-
ene carbonate glycol, polypropylene oxide (PPO), polytet-
ramethylene adipate, and poly(tetramethylene oxide)
(PTMO).

[0085] Chemicals used as chain extenders include 1,4
butanediol, ethylene diamine, 4,4'methylene bis(2-chloroa-
niline) (MOCA), ethylene glycol, and hexane diol.

[0086] The groups that are used to functionalize the poly-
urethane macromonomers can be chosen from the same
group listed above to functionalize the hydrogel macromon-
ers (e.g., acrylamides, acrylates, allyl ethers, methacryla-
mides, methacrylates, and vinyls). The functional groups can
be on one or both ends, and they can be the same groups or
different groups.

[0087] Free radical polymerization of the above process
may be initiated by other means, such as thermal-initiation
and other chemistries not involving the use of ultraviolet
light.

[0088] Any number of additives can be incorporated into
the materials on either the hydrogel side or the polyurethane
side. These additives can be included as entrapped fillers or as
covalently attached molecules or particles. For instance, anti-
oxidants can be covalently linked into the hydrogel by meth-
acryloxy-functionalization of the anti-oxidant. In one
example, a methacrylate group can be regioselectively
attached to the primary hydroxyl group of L-ascorbic acid
(Vitamin C) by reaction of 2,2,2 trifluoromethyl methacrylate
with an immobilized lipase enzyme from Candida Antarctica
at 60 degrees Celsius in dioxane in the presence of a poly-
merization inhibitor (e.g. hydroquinone or di-tert-butyl
methyl phenol). Other anti-oxidants can be added, including
but not limited to beta carotene, glutathione, Irganox®, lipoic
acid, retinol, santowhite, ubiquinol, uric acid, or Vitamin E).
[0089] Inanother embodiment, a second hydrogel network
can be added to the first hydrogel network by swelling the
hydrogel grafted polyurethane or the first hydrogel network
portion of the hydrogel grafted polyurethane in a second
solution containing hydrogel precursors with initiator. The
second solution may act as a partial solvent for the hydrogel
network to swell it without dissolving. The precursors of the
second hydrogel network are polymerized inside the first
hydrogel network. The result is an interpenetrating polymer
network (IPN) grafted to a polyurethane.

[0090] FIGS. 3A-C show an embodiment of a graft poly-
mer having a polyurethane grafted interpenetrating polymer
network hydrogel.

[0091] FIG. 3A shows a polyurethane grafted hydrogel 24
having a polyurethane polymer 20 grafted to a single hydro-
gel network 18 via graft linkage 22. The polyurethane poly-
mer 20 has hard phases 26 and soft phases 28. The polymer
graft is swollen in a solution of a second hydrogel precursor
30 as shown in FIG. 3B, along with optional crosslinker and
photoinitiator (not shown). The second hydrogel precursor 30
is polymerized, as by UV light 36, to form a second hydrogel
network 34 interpenetrated within a first hydrogel network 18
as shown in FIG. 3C. The final result is a polyurethane-
grafted interpenetrating polymer network hydrogel 32.
[0092] Inanother embodiment, a second hydrogel network
can be added to the first hydrogel network. The hydrogel
grafted polyurethane is swollen in a second solution contain-
ing hydrogel precursors with optional crosslinker and photo-
initiator. The second solution may act as a partial solvent for
the hydrogel network. Then the precursors of the second
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hydrogel network are polymerized and crosslinked inside the
first hydrogel network to yield a polymer graft, with both
hydrogels of the interpenetrating polymer network grafted to
polyurethane. The polyurethane second network that is
grafted to the first hydrogel network has available reactive
groups, such as excess isocyanate.

[0093] FIGS. 4 A-B show an example of a double graft
polymer having a polyurethane polymer grafted to two net-
works of a hydrogel IPN. FIG. 4A shows a first hydrogel
network 124 crosslinked 136 to a polyurethane 130 which has
excess functional groups 132 such as isocyanate. The first
hydrogel network 124 is entangled with a second hydrogel
network 126 forming a hydrogel IPN. The second hydrogel
network 126 has functional groups 128 such as carboxylate.
The functional group 128 of the second hydrogel network
interacts with the reactive group 132 of the polyurethane to
form a bond 134, and yield a double polymer graft 122, as
shown in FIG. 4.

[0094] Inoneembodiment, the hydrophilic precursor in the
second hydrogel network is ionizable and anionic (capable of
being negatively charged) to yield an ionizable second hydro-
gel network.

[0095] The ionizable second hydrogel polymer network
can be poly(acrylic acid) (PAA) hydrogel formed from an
aqueous solution of acrylic acid monomers. Other ionizable
monomers include ones that contain negatively charged car-
boxylic acid or sulfonic acid groups, such as 2-acrylamido-
2-methylpropanesulfonic acid, methacrylic acid, hyaluronic
acid, heparin sulfate, chondroitin sulfate, and derivatives, or
combinations thereof.

[0096] The second hydrogel network monomer may also be
positively charged or cationic.

[0097] The hydrophilic precursor for the second hydrogel
polymer network may also be non-ionic, such as acrylamide,
methacrylamide, N-hydroxyethyl acrylamide, N-isopropy-
lacrylamide, methylmethacrylate, N-vinyl pyrrolidone, 2-hy-
droxyethyl methacrylate, 2-hydroxyethyl acrylate or deriva-
tives thereof. In other embodiments, these can be
copolymerized with ionizable monomers, or with less hydro-
philic species such as methylmethacrylate or other more
hydrophobic monomers or macromonomers. Crosslinked lin-
ear polymer chains (i.e., macromolecules) based on these
monomers may also be used in the second network, as well as
biomacromolecules such as proteins and polypeptides (e.g.,
collagen, hyaluronic acid, or chitosan).

[0098] Other aspects of this invention are methods for
bonding polyurethane to bone. In one embodiment, a telech-
elic polyurethane with photoreactive endgroups in an organic
solvent with photoinitiator and crosslinker is coated onto a
polyurethane. The solvent is removed under heat (e.g., 35
degrees Celsius) and convection for about 24-72 hours to
yield a putty-like layer of end-linkable polyurethane layered
on top of a preexisting polyurethane. Coating an existing
polyurethane layer in this fashion effectively bonds the two
materials together through packing of the hard segments of
the two polyurethanes, effectively creating a single body. The
putty is then pressed into a prepared surface of bone and the
polyurethane exposed to a stimulus, such as UV light, to
induce polymerization and crosslinking. This leads to
mechanical interlocking of the polyurethane within the pores
of the bone.

[0099] In some embodiments, the polyurethane is polycar-
bonate urethane or polyether urethane.
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[0100] Insomeembodiments, the photoreactive endgroups
on the polyurethane may be acrylamide, acrylate, allyl ether,
methacrylate, or vinyl.

[0101] In some embodiments, the organic solvent may be
dimethylacetamide, dimethyl sulfoxide, or tetrahydrofuran
or combinations of these.

[0102] In some embodiments, the polyurethane may com-
prise a copolymer comprising linking monomers. The linking
monomers may include acrylamide, dimethyl acrylamide,
HEMA, triethylene glycol dimethacrylate, methyl methacry-
late, and hydroxy ethyl acrylate (HEA). The linking mono-
mers may improve the strength of the putty.

[0103] In another embodiment, salts are incorporated into
the bone contacting layer. Any type of salt may be used. After
incorporation of the putty into the bone and over time, the
salts may be dissolved (e.g., NaCl) by body fluids or resorbed
(e.g., tricalcium phosphate or carbonated apatite) by the body.
[0104] In some embodiments, the polyurethane may be
attached to a hydrogel, such as described above.

[0105] In other embodiments, thermal, chemical-initiated
or other methods of causing polymerization are used may be
used to polymerize and crosslink the putty that has been
pressed into a prepared surface of bone.

[0106] FIGS. SA-C show how a telechelic adhesive poly-
urethane is deposited onto a first polyurethane. The adhesive
polyurethane can be osteoconductive and/or porous.

[0107] FIG. 5A shows an adhesive telechelic polyurethane
precursor 38 having hard segments 40, a soft segment 42, and
functional endgroups 44 and 46. The endgroups 44 and 46 of
the telechelic polyurethane can be the same or different struc-
tures. The telechelic polyurethane precursor can be a mac-
romonomer with functional endgroups having any number of
repeats “n” of the hard and soft segments as shown. For the
purpose of illustration, the drawings in FIG. 5B and C show
the simplest case in which the polyurethane precursor 38 is a
single monomer with no repeats (n=1), but in practice the
polyurethane precursor may have any number of repeating
units (n>1). FIG. 5A also shows a material 50 with a poly-
urethane backing layer 52, and optionally a hydrogel layer 54
bonded to the polyurethane backing layer. The material 50
can be in the shape of a device such as for orthopedic use. In
the presence of solvent 66, the polyurethane precursors 38
can be coated onto the surface of the material 50 to form an
unreacted putty layer 70 on the polyurethane 52 with the putty
layer and the backing layer held together by crystallization of
the hard segments to create a single body 68, as shown in FI1G.
5B. The putty layeris cured by treatment with UV light 74 and
removal of solvent 76, to form a reacted adhesive 80 as shown
in FIG. 5C. Optionally, salt 78 can be included in the reacted
adhesive. The salt causes the material to be osteoconductive,
or, after its removal, to form pores which allows for ingrowth
of new bone.

[0108] In other embodiments, a foaming agent may be
added to the polyurethane precursor solution or the second
polyurethane to create open cell porosity. The porosity may
vary in size, e.g., from about 10 um to about 1000 pum.
[0109] In other embodiments, the solvent is removed prior
to the UV curing step. In another embodiment, the solvent is
removed after the UV curing step.

[0110] In other embodiments, thermal, chemical-initiated
or other methods of effecting polymerization are used to coat
the second polyurethane onto the first polyurethane-backed
hydrogel following the process above.
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[0111] In some embodiments, the reactive group of the
second, telechelic polyurethane can be an acrylamide, acry-
late, allyl ether, methacrylate, or vinyl group.

[0112] FIG. 6A-B show examples of materials that can be
used in the present invention. FIG. 6 A shows the structure of
Bionate® polycarbonate-urethane that can be used in a poly-
urethane grafted hydrogel such as those as described in FIGS.
1 and 3, and as the backing material in FIG. 5. FIG. 6B shows
Bionate® polycarbonate-urethane with acrylate functional-
ized end-groups that can be used as the adhesive layer such as
described in FIGS. 5A-C. The lowercase “m” and “n” indi-
cate that the polyurethane can have any number of soft and
hard segments.

[0113] FIGS. 7A-C show a schematic of how a device can
be attached to a bone using the polyurethane of the present
invention. FIG. 7A shows a device, 200, such as an orthopedic
device, with a layer of polyurethane adhesive or putty 202
which contains salt 204. The putty attached to the device is
apposed to a prepared surface of bone 206, and the putty 202
is made to interdigitate around the bone 206, as shown in FIG.
7B. As shownin FIG. 7C, with the application of UV light 214
or other stimulus, the putty cures around the bone. With
washing, or over time, the salt is removed, and pores 210 are
left behind it its place. The pores provide a space for new bone
growth 212 into the cured putty 208 as shown in FIG. 7D,
thereby anchoring the device in place.

[0114] In addition, other therapeutic agents may also be
incorporated into the putty, including but not limited to anti-
biotics and antimicrobials.

[0115] In another embodiment, a porous polyurethane is
incorporated into the polyurethane backing layer of the
present invention. This porous polyurethane can be incorpo-
rated by casting a salt-saturated (about 25%-90% by weight)
solution of polyurethane in an organic solvent (about 10%-
75% by weight) such as dimethylacetamide or dimethyl sul-
foxide, evaporating the solvent under heat (e.g. 80° Celsius)
and convection, and then washing the salt away in water. The
salt can be any type of salt, including but not limited to
sodium chloride or calcium phosphate or derivatives and/or
combinations of these. The resulting porous backing layer
can serve as a surface for attachment to bone using commer-
cially available adhesives or cements (e.g., bone cements or
dental cements) while also serving as a porous scaffold for
bone ingrowth.

[0116] Insomeembodiments, biomolecules (e.g., collagen,
growth factors (such as Bone Morphogenetic Proteins
(BMPs)), Fibroblast Growth Factors (FGFs), Transforming
Growth Factors (e.g., TGFp), Osteogenic Proteins (e.g., OP-1
or osteopontin), steroids (e.g., dexamethasone), and bispho-
sphonates) may be incorporated into the device either as an
additive or by covalent linkages, combinations, and/or deriva-
tives thereof. Bone components may also be incorporated into
the device, such as hydroxyapatite, carbonated apatite, alpha
tricalcium phosphate, beta tricalcium phosphate, combina-
tions, and/or derivatives thereof. The pore size useful for this
application ranges between about 10 micrometers to 1000
micrometers.

[0117] In some embodiments, the porous polyurethane/
polyurethane may be attached to other tissues (e.g., soft tis-
sue, muscle, skin, dentin).

[0118] FIGS. 8A-B illustrate the integration of osteochon-
dral grafts and other implants of this invention over time. In
FIG. 8A, an osteochondral graft implant 300 formed as
described above has a lubricious single network hydrogel
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polymer or IPN hydrogel surface 302 that transitions via a
graft copolymer region 304 into the polyurethane polymer
303. The polyurethane polymer is the bone implant surface.
The polyurethane, which may be porous and/or may contain
salt is placed next to a bone 301. After implantation and over
time, bone tissue will grow from bone 301 into and through
the bone contacting surface 303, creating an overlap zone,
309, as illustrated in FIG. 8B.

[0119] FIGS. 9A-C illustrate three possible configurations
of osteochondral implants to repair cartilaginous join surface
according to this invention. In FIG. 9A, implant 310 is formed
as a cap having a lubricious network hydrogel or IPN hydro-
gel surface 311 transitioning via a graft copolymer region to
a bone-contacting surface 312 formed from a polyurethane,
as described above. When implanted, implant 310 covers the
outer surface of bone 313.

[0120] FIGS. 9B and 9C show configurations in which
implant 314 is formed as a patch or plug (respectively) having
a lubricious network hydrogel polymer or IPN surface tran-
sitioning via a graft copolymer region to a bone-contacting
surface 316 formed from a polyurethane, as described above.
When implanted, implant 314 fits within a prepared opening
317 of bone 313.

[0121] In another variation, a preexisting polymeric article
(polyurethane or otherwise) can be dip casted in a solution of
polyurethane with reactive end groups (monofunctional or
telechelic). The dipcasted article can then be frozen as
described above, and then dipped again in a solution of hydro-
gel monomers along with appropriate initiator and
crosslinker. This can then be frozen a second time. The mate-
rial would then be exposed to UV or other suitable stimulus to
initiate polymerization and grafting of the hydrogel and the
underlying derivatized PU layer. After drying and washing,
the end result is a hydrogel grafted to the surface of the article
through an intervening layer of polyurethane.

EXAMPLES

Example 1

[0122] In one example, two polycarbonate-urethane
grafted IPN hydrogels attached to polyurethane were made.
The methods used were similar, and both are described here.
Two specimens were separately synthesized by a two-step
photopolymerization process using custom-made molds. The
interpenetrating polymer network hydrogel components
were synthesized by a two-step sequential network formation
technique based on UV initiated free radical polymerization.
The precursor solutions for the first hydrogel network were
made of purified PEG-dimethacrylate (MW 3400) (43% by
weight) dissolved in dimethylacetamide with 2-hydroxy-2-
methyl propiophenone as the UV sensitive free radical initia-
tor. The solutions were cast (separately) into custom-de-
signed Pyrex glass molds, and then the solutions within the
molds were flash-frozen in liquid nitrogen baths. 25% solu-
tions of polycarbonate-urethane monomethacrylate (dis-
solved in dimethylacetamide) were spread over the frozen
surfaces of the hydrogel solutions, each was covered with a
glass plate, and they were reacted under a UV light source at
room temperature. Upon exposure to UV (2 mW/cm2, 350
nm, 10 minutes), the hydrogel and polyurethane precursor
solutions in each case underwent free-radical induced gela-
tion while also grafting to each other due to endgroup com-
patibility. To incorporate the second hydrogel networks into
the first, the polyurethane-grafted hydrogels were removed
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from the molds and immersed in 70% v/v acrylic acid solu-
tions; in one case in organic solvent, and in the other case in
water, along with 1% v/v 2-hydroxy-2-methyl propiophe-
none as the photoinitiator, and 1% v/v triethylene glycol
dimethacrylate as the cross-linking agent for 24 h at room
temperature. The swollen gels were exposed to a UV source
and the second networks were polymerized inside the first
networks to form an IPN structure in each polymer. Following
synthesis, the polyurethane-grafted hydrogels were washed
in dimethylacetamide, dried in a convection oven (80 degrees
Celsius), and washed extensively in phosphate buffered
saline with repeated solvent exchanges for 5 days to remove
any unreacted components. One sample of one material was
cut in cross section and analyzed by microscopy, as shown in
FIG. 10. To add an additional layer of polyurethane to other
samples, the surfaces of the polyurethane side of the hydro-
gels were air-dried, and then solutions of polycarbonate ure-
thane (thermoplastic Bionate®; see FIG. 6) in dimethylaceta-
mide were spread over the surface and the solvent evaporated
by heat and convection. An analysis of the static mechanical
properties of the cured and dried polyurethane containing
precursors is shown in FIG. 11.

[0123] FIG. 10 shows a photomicrograph of a cross-section
of the polyurethane-grafted hydrogel at 60x magnification.
The hydrogel, on the left, is 1.5 mm thick, while the polyure-
thane on the right is 0.6 mm.

[0124] FIG. 11 shows the results of testing of the static
mechanical properties. Uniaxial tensile tests were conducted
to determine the initial Young’s modulus in tension, the
strain-at-break, and stress-at-break of the materials. Dog
bone specimens were tested following ASTM D638. The
average true stress (in MPa)—true strain curve (in %) for the
joint interface polyurethane material is presented in FIG. 11.
The tensile strength is greater than 20 MPa.

Example 2

[0125] Inanother example, polyether urethane was used as
the starting material. The material was made following the
process described in Example 1.

Example 3

[0126] In another example, polyurethane layered onto
another polyurethane was made and bonded to bone. Poly-
carbonate-urethane with methacrylate end groups was syn-
thesized by reacting methylene diphenyl diisocyanate with
polycarbonate diol (as the soft segment and 1, 4 butanediol as
the chain extender at a solid concentration of 30% in dim-
ethylacetamide at 35 degrees Celsius. The monomer 2-hy-
droxyethyl methacrylate was added to the reaction mixture
and the solution was reacted for an additional 24 hours). The
resulting polycarbonate-urethane dimethacrylate was cast on
the surface of a premade polycarbonate urethane (Bionate®)
and the solvent removed at 35 degrees Celsius under convec-
tion.

[0127] After the solvent was removed, the unreacted poly-
carbonate-urethane dimethacrylate was pressed onto the sur-
face of a previously prepared (cleaned and dried) bovine bone
specimen, and exposed to UV light (2 mW/cm2, 350 nm, for
10 minutes). The result was polycarbonate urethane bonded
to bone.

[0128] The strength of the bonding was tested by perform-
ing a lap shear test, as described in ASTM D3163. Briefly, the
lap shear test involved gripping the bone and the porous
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polyurethane graft and pulling them in opposite directions
while collecting data. The shear stress (MPa) is plotted as a
function of displacement (mm). As shown in FIG. 12, the
shear stress necessary to remove the polyurethane from the
bone was approximately 670 kPa. Testing of nine samples
gave a mean (+S.D.) shear strength of 520120 kPa.
[0129] While preferred embodiments of the present inven-
tion have been shown and described herein, it will be obvious
to those skilled in the art that such embodiments are provided
by way of example only. Numerous variations, changes, and
substitutions will now occur to those skilled in the art without
departing from the invention. It should be understood that
various alternatives to the embodiments of the invention
described herein may be employed in practicing the inven-
tion. It is intended that the following claims define the scope
of the invention and that methods and structures within the
scope of these claims and their equivalents be covered
thereby.
What is claimed is:
1. A method of making a material that can be attached to
bone, comprising the steps of:
applying a solution comprising a polyurethane precursor
comprising reactive endgroups, solvent, photoinitiator
and crosslinker to a first polyurethane that is grafted to a
hydrogel;
polymerizing the polyurethane precursor; and
treating with heat and convection to remove the solvent to
yield a second polyurethane coated on a polyurethane
grafted hydrogel.
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2. The method of claim 1 wherein the second polyurethane
comprises polycarbonate urethane or polyether urethane.

3. The method of claim 1 wherein the reactive endgroups
comprise one or more of acrylamide, acrylate, allyl ether,
methacrylate, and vinyl.

4. The method of claim 1 wherein the solvent comprises
one or more of dimethyacetamide, dimethyl sulfoxide, and
tetrahydrofuran.

5. The method of claim 1 wherein the applying step further
comprises a salt.

6. A method of attaching an article to a bone, the article
comprising a porous polyurethane comprising a photoinitia-
tor and a crosslinker, the method comprising the steps of:

placing the porous polyurethane in apposition to the bone;

and

polymerizing the porous polyurethane to attach the article

to the bone.

7. The method of claim 6 further comprising causing the
porous polyurethane to contact and flow into bone.

8. The method of claim 6 wherein the article further com-
prises a second polyurethane attached to the porous polyure-
thane.

9. The method of claim 8 wherein the article further com-
prises a hydrogel.

10. The method of claim 6 wherein the polymerizing step
comprises exposing the porous polyurethane to UV light,
heat, or a chemical initiator.
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