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(57) Abstract

Biodegradable polymer networks are provided which are useful in a variety of dental and orthopedic applications. The biodegradable
polymer networks can be formed in one embodiment by polymerizing anhydride prepolymers including cross-linkable groups, such as
unsaturated moieties. The anhydride prepolymers can be cross-linked, for example in a photopolymerization reaction by irradiation of the
prepolymer with light in the presence of a free radical initiator. Suitable anhydride prepolymers include dianhydrides of a dicarboxylic acid
and a carboxylic acid molecule comprigsing a cross-linkable group. For example, methacrylic acid dianhydrides of monomers or oligomers
of a diacid such as sebacic acid or 1,3-bis(p-carboxyphenoxy)-hexane can be used. The anhydride prepolymers can be applied in vivo
to a site where an orthopedic implant is needed, and then may be cross-linked, for example, by irradiation with UV light, to form a
biodegradable implant such as a rod, pin or plate. The implants advantageously provide mechanical support and also are capable of slow

surface degradation to permit bone ingrowth,
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BIODEGRADABLE POLYMER NETWORKS
FOR USE IN ORTHOPEDIC AND DENTAL APPLICATIONS

Background of the Invention

The present invention relates generally to methods for crosslinking
anhydride monomers or oligomers to form biodegradable, crosslinked
polymer networks for use in orthopedic and dental applications.

This invention was sponsored 1n part by the National Institutes of
Health through a fellowship to Kristi S. Anseth and NIH Grant
No. AR41972. The government has certain rights in the invention.

A variety of different orthopedic and dental implants have been
developed. Metallic orthopedic devices, have been fabricated, however
these devices shield stress during healing and can lead to bone atrophy.
Hanafusa et al., Clin. Ortho. Rel. Res., 315:261 (1995). Poly(methyl
methacrylate) (PMMA) 1s a polymer which is widely used in current bone
cement systems. The material is molded prior to implantation as it is
polymerizing which allows a limited "window" of processing time. While
the physical and mechanical properties of PMMA are appropriate for
load-bearing applications the material is non-degradable which can hinder
healing.

The manufacture of absorbable orthopaedic devices from a variety
of different materials has been described, e.g.: sutures and surgical
elements made from polyglycolide (U.S. Pat. No. 3,297,033 and U.S.
Pat. No. 3,739,773) sutures from polylactide (U.S. Pat. No. 2,703,316),
sutures from glycolide/lactide copolymers (U.S. Pat. No. 3,839,297),
sutures and osteosynthesis devices from poly-G-hydroxybutyric acid (G.B.
Pat. No. 1 034 123), sutures and osteosynthesis devices from
polydioxanone (U.S. Pat. No. 4,052,988), and surgical devices from
polyesteramides (U.S. Pat. No. 4,343,931). These devices typically are
plates which are fixed to bone by screws, cylindrical nails, or
corresponding structures manufactured by melting, molding, or pressing

the polymer into the desired form. Typically, the tensile strengths of the
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unhydrolyzed samples are between 40-80 MPa which 1s modest compared
to the strength of cortical bone (about 80 to 200 MPa). In addition, many
of these systems are either too brittle or flexible to be used in many bone
surgical applications. Thus, the existing applications of resorbable
polymers 1n orthopaedic surgery have been limited because of difficulties
associated with processing and the physicomechanical properties of the
polymers.

Degradable polyesters such poly (L-lactic acid), poly(glycolic
acid), and poly(lactic-co-glycolic acid) are approved for human use by the
Food and Drug Administration, and have been used in many medical
applications, for example, in sutures. These polymers, however, lack
many properties necessary for restoring function in high load-bearing
bone applications, since they undergo homogeneous, bulk degradation
which is detrimental to the long-term mechanical properties of the
material and leads to a large burst of acid products near the end of
degradation. In contrast, surface eroding polymers (such as
polyanhydrides) maintain their mechanical integrity by preserving the
molecular weight of the polymer and exhibit a gradual loss in size which
permits bone ingrowth. However, current linear polyanhydride systems
have limited mechanical strength.

Photopolymerizable systems have been developed for use 1n
dentistry. Anseth er al., Adv. Polym. Sci, 122:177 (1995); U.S. Patent
No. 4,872,936 to Engelbrecht; and U.S. Patent No. 5,367,002. In
dentistry, methacrylate-based resins are photocured to produce restorative
materials, however, these materials are nondegradable and permanent.
Synthetic photopolymerizable systems also have been used in opthamology
(e.g., U.S. Patent No. 4,919,151 to Grubbs et al.). Synthetic
photopolymerizable systems have been developed to replace the lens in
the eye, after cataract formation, consisting of a polyether with urethane
linkages end-capped with acrylate, methacrylate, or styrene. As in the
dental applications, the photopolymerized polymer is a permanent and

nondegrading system. Photopolymerizable systems have also been used in
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adhesion prevention (Hill-West et al., Obstet. Gynecol., 83:59 (1994)).
In adhesion prevention, degradable and photopolymerizable hydrophilic
oligomers of poly(ethylene glycol) end-capped with lactic acid and
acrylate functionalities have been developed. While degradable, these
systems are hydrogels of limited mechanical strength and degrade on a
relatively short timescale.

There i1s a need for biodegradable polymers which can be used in
dental and orthopedic applications. There also 1s a need for methods for
forming polymeric implants which provide mechanical strength but which
also are biodegradable in vivo. There further 1s a need for biodegradable
polymers which can be polymerized in vivo, and which can be readily
implanted and shaped for a particular application.

It 1s therefore an object of the present invention to develop
biodegradable bolymers which have optimal mechanical properties,
particularly as the polymer degrades, for orthopaedic applications. It is a
further object of the invention to develop crosslinkable prepolymers which
rapidly polymerize at a room temperature, which can be used to form
polymerized biodegradable implants with varying different geometries. It
is still another object of the invention to provide biodegradable polymers
for use in dental and orthopedic applications which biodegrade in vivo at a
rate which can be determined by the composition and degree of

crosslinking of the polymer.

Summary of the Invention

Biodegradable polymer networks are provided which are useful in
a variety of dental and orthopedic applications. The biodegradable
polymer networks can be formed in one embodiment by polymerizing
anhydride prepolymers including crosslinkable groups, such as unsaturated
moieties. The anhydride prepolymers can be crosslinked, for example 1n
a photopolymerization reaction by irradiation of the prepolymer with light
in the presence of a free radical initiator. Suitable anhydride prepolymers

include dianhydrides of a dicarboxylic acid and a carboxylic acid molecule
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comprising a crosslinkable group. For example, methacrylic acid
dianhydrides of monomers or oligomers of a diacid such as sebacic acid
or 1,6-bis(p-carboxyphenoxy)-hexane can be used. In one embodiment,
the anhydride prepolymers can be applied in vivo to a site where an
orthopedic implant is needed, and then may be crosslinked, for example,
by irradiation with ultraviolet light, to form a biodegradable implant. The
implants advantageously provide mechanical support and also are
capable of slowing surface degradation to permit bone ingrowth.

In one aspect of the invention there is provided a method for
making biodegradable polymer networks comprising:

a) providing anhydride prepolymers which comprise mixed
anhydrides of

i) a monomer or oligomer of a diacid or multifunctional acid and

i) a carboxylic acid molecule which includes a crosslinkable group,
wherein the crosslinkable group is an unsaturated moiety and wherein
the prepolymers are linear with a crosslinkable group at each terminus:

and

b) crosslinking the anhydride prepolymers, to form a crosslinked
biodegradable polymer network. '

Another aspect of the invention provides a composition for forming
a biocompatible, biodegradable polymeric implant, the composition
comprising anhydride prepolymers in combination with a
pharmaceutically acceptable carrier, wherein the anhydride prepolymers
comprise mixed anhydrides of

1) a monomer or oligomer of a diacid or multifunctional acid and

i) a carboxylic acid molecule which includes a crosslinkable group,
wherein the crosslinkable group is an unsaturated moiety and wherein
the prepolymers are linear with a crosslinkable group at each terminus.

The composition may further comprise a therapeutic agent or a
diagnostic agent.
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Detailed Description of the Invention

Crosslinkable anhydride monomers or oligomers are provided
which are capable of reacting to form highly crosslinked, biodegradable
polyanhydrde netwdrks , which are useful in a variety of different
biomedical applications. In one embodiment, the anhydride monomers or
oligomers may be crosslinked by radiation-induced polymerization, for
example, by photopolymerization. The high degree of crosSli_nking '
produces polymers with enhanced mechanical properties. The crosslinked
polymers are capable of surface controlled degradation under in vivo
conditions. The rate of degradation can be controlled by selection of the
polymer network composition and the crosslinking density within the
polymer network. In one embodiment, the crosslinked polymers can be
formed in vivo by the photopolymerization of anhydride monomers or

oligomers, and may be designed and shaped as required for a variety of

different orthopedic and dental applications.

Crosslinkable Anhydride Monomers and Oligomers
‘Biodegradable crosslinked polymer networks are formed by

crosslinking functionalized anhydride monomers or oligomers. Useful
functiona-lized monomers or oligomers include mixed anhydrides of a
diacid and a carboxylic acid molecule which includes a crosslinkable
group such as an unsaturated moiety. Exemplary anhydride monomers or
oligomers include mixed anhydrides of diacids, such as sebacic acid or

1,6-bis(p-¢arboxyphenoxy)-heXane (MCPH), and a carboxylic acid
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including an unsaturated moiety such as methacrylic acic. The
functionalized anhydride monomers or oligomers are formed. for
example. by reacting ihe diacid with an activated form of the acid, such
as an anhydride thereof, to form a mixed anhvdnde.

Other dicarboxylic acids, or maltifuncitonal acids, oC mixtures
thereof, can be used, such as dodecanedioic acid, fumaric acid, bis(p-
carboxyphenoxy ymethane, i ,6-bis(p-carboxyphenoxy)propane, terephtildiic
acid, isophthalic acid, p-carboxyphencxy acetic acid, p-carboxypienoxy
valeric acid. p—arbcxyphenoxy octanoic acid, or citric acid, which ars
capable of being functionalized by forming mixed anhydrides with a
carboxylic acid comprising a crosslinkable group. The carboxylic acic
molecule inciuding a crosslinkable group. in ¢ funcrionalized
prepolvmer, can be, for exampie, a carhoxvlic acid including an
ursaturated moiety, such as mezhacrylic acid, ot ¢ther funcionailzad
carboxylic acids, including, e.2., acrylic, methacrylic, vinyl and/or styry!
aroups.

Preferaply, the crossiikabie groups are photopoivmerizabie
groups, such is alXenes, which may be polymernized (n 4 free radicai
reaction upon irradiation with light n toe presence of an in1falor.
Crossiinkzbfe groups include, for exampie, acrylates, diacrylates,
oligoacrylates, methacrylates, dimethacrylates, oligomethoacrylates, or
sther biologically acceptable photopolymerizadie groups. 1a#
functionalized anhvdride prepolymers thas n one embodiment nay be i
‘he form of a linear anhydride witii a crosslinkabie upsaturazed moiety at
each terminus of the iinear anh\ydridc.

The resulting prepolvmers, cOnsisting of funcrionalized anhydnde
monomers and oligomers, including crosslinkable groups such as
unsaturated moieties, can be crosslinked, for example, 11 a
nhotopolymerization reaction 10 produce highly crosslinked biodegradabie
solymer networks. The hvdro‘vzable anhydride liuikages make the

material bicdegradable, and the rate of degradation readily can be
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controlled by changes in the network composition and the crosslinking
density.

As used herem the term "biodegradable” refers to the ability of a
material to degrade in the body by being broken down by processes such
as hydrolysis or metabolic degradation.

Crosslinking of Functionalized Monomers

An example of the synthesis of the mixed anhydride functionalized
monomers, and the subsequent crosslinking of the monomers to form a
crosslinked polymer network is shown in Scheme I. In this embodiment,
functionalized monomers (and oligomers) of sebacic acid (MSA) and 1,6-
bis(p-carboxyphenoxy)-hexane (MCPH) were synthesized and
polymerized. First the dicarboxylic acid monomers were converted to
their mixed anhydride with methacrylic anhydride by heating at reflux.

Scheme I:

m}"eﬁjg“;{m smma(s:a ox m\ﬂ'@"?-(%-);°

<

o

|
v

1,6-bis(p-carbaxyphenoxy)-hexane (CPH)

40-60°C
/k(o ' oﬁ/‘\ o
H (q") ﬁ MSA OR MCPR
Q O 80 O :

0.1 v:t% 1651
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The functionalized monomeric or oligomeric prepolymers were i1solated
and purified by vacuum distillation or by dissolving 1n methylene chloride
and precipitation from diethyl ether.

In the illustrative embodiment shown in Scheme I,
photopolymerization was initiated with 0.1 wt % of 2,2-dimethoxy-2-
phenylacetophenone dissolved in each monomer and ultraviolet light of
varying intensity (0.1 mW/cm? to 1000 mW/cm?). The high
concentration of double bonds in the system and the multifunctional nature
of the monomer (two double bonds per monomer molecules) causes the
formation of a highly crosslinked polymer system in a period of a few
seconds, depending on the initiation rate.

Fourier-transform infrared spectroscopy (FTIR) and differential
scanning photocalorimetry (DPC) can be used to characterize the
polymerization behavior, curing time, and maximum double bond
conversion in these systems. In systems for orthopedic applications, both
the polymerization time and maximum conversion are critical factors with
desirable systems polymerizing in less than one minute and approaching
100% conversion of their functional groups.

The crosslinking density and the hydrophilicity of the crosshnked
biodegradable polymers may be altered by copolymerizing the diacid,
such as MSA and MCPH, 1n various proportions. For example, MSA
may be used to increase the hydrophilicity of the resulting network, while
MCPH may be used to increase the hydrophobicity. The polymerization
conditions, including polymer composition and crossiinking density,
polymerization time, and light intensity, may be optimized for a particular
application. In particular, the monomers and reagents can be selected in
order to optimize the degradation characteristics of the polymer and the

material strength.
The mechanical properties of the highly crosslinked materials are
significantly improved in the tensile modulus as compared to existing

degradable materials. The crosslinkable systems provide not only great
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flexibility 1n processing, but also enhanced mechanical properties of the
resulting polymer.

Crosslinking Agents

In a preferred embodiment, crosslinking groups are crosslinked by
radiation-induced polymerization, for example, by irradiation with light.
In one embodiment, the crosslinking groups can be crosslinked by
irradiation with ultraviolet or visible light at a wavelength of between
about 250 and 700 nm. For example, ultraviolet light at a wavelength of
about 365 nm, or red visible light at a wavelength of about 642 nm, or
blue visible light at a wavelength of between 470 and 490 nm may be
used. The use of blue light at a wavelength of between 470 and 490 nm
1s useful for dental applications. Additionally, electron beams, x-rays, v-
rays and other forms of radiation may be used to initiate polymerization
of prepolymers.

Biocompatible photoinitiators can be used to initiate free radical
polymerization of the prepolymers within a short time frame, minutes at
most and most preferably seconds. Exemplary photoinitiators include
Irgacure 651™ (2,2-dimethoxy-2-phenylacetophenone), dyes such as eosin
dye, and initiators such as 2,2-dimethyl-2-phenylacetophenone, 2-
methoxy-2-phenylacetophenone, and camphorquinon. Other free radical
initiators include, e.g., an o-diketone, a tertiary amine, a tertiary
phosphine, an organic peroxide, peroxides in combination with a reducing
agent, aliphatic and aromatic ketones, benzoin, benzoin ethers, benzil and
benzil ketals, or combinations thereof. For example, benzophenone or
acetophone can be used. Using such initiators, prepolymers may be
polymerized in situ, for example, by long wavelength ultraviolet light or
by focused laser light.

Thermal polymerization initiator systems also may be used, which
can initiate free radical polymerization at physiological temperatures
including, for example, potassium persulfate, benzoylperoxide, and
ammonium persulfate. Additionally, 10onic initiators, including cationic

initiators may be used.

PCT/US97/02618
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The prepolymers can be applied in vivo and then reagents, such as
light curing agents, or other initiating systems, such as thermal and redox
systems can be applied, or the prepolymers can be combined with
crosslinking agents or fillers prior to in vivo application.

In Viv licati

The biodegradable crosslinked polymers can be used in a variety
of biomedical applications, including musculoskeletal and dental
applications. The biodegradable polymers are biocompatible, strong,
easily fashioned, and degradable, and can be polymerized in vivo to allow
easy placement and fabrication. The polymers degrade at a controlled
rate depending on the composition and crosslinking of the polymer,
eliminating the need for retrieval.

In orthopedic applications, in situ polymerization eliminates the
need for shaping the implant with blades, burrs, and warming
instruments. Additionally, the process provides a faster and better
mechanism for fabricating complex geometries and improves adhesion of
the polymer implant to the bone. Photoinitiated polymerizations allow
spatial control of the polymerization so that complex patterns can be
produced using lasers to produce desired shapes. In addition, the
materials can be injection molded and reacted as a thermoset to produce
desired shapes from molds ex vivo. The materials can be used in many
applications requiring load-bearing capacities and controlled degradation.
In a preferred embodiment, the compression modulus of the polymers is
on the order of about 100 MPa to about 20,000 MPa.

The biodegradable networks permit treatment of bone fractures
through fixation since the crosslinked polymers provide sufficient strength
to permit fixation, good tissue/material compatibility, and facile molding
(into potentially complex shapes) for easy placement. In addition,
controlled degradation of the polymers permits optimum bone function
upon healing. The materials can reestablish the mechanical integrity of
the bone and subsequently degrade to allow new bone formation to bear

load and remodel. These properties are a major advantage of the
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degradable polymeric materials over metallic orthopedic devices which

shield stress during bealing and can lead to bone atrophy. The

biodegradable polymer networks disclosed herein, in contrast, are surface

eroding polymers (controlled by hydrophobicity and/or crosslinking
density) which maintain their mechanical integrity and undergo a gradual

loss in size which permits bone ingrowth.

In the embodiment wherein photopolymerizable functionalized
anhydride monomers or oligomers are used, the use of photoinitiation to
crosslink the prepolymers greatly simplifies the clinical insertion of
orthopaedic polymer implants. For example, in pin applications, a
viscous, liqguid monomer may be introduced into a pin hole and the
system photopolymerized in situ to render a hardened polymer of the
required dimensions. Photopolymerizable systems are beneficial for many
reasons including fast curing rates at room temperature, spatial control of
the polymerization, and complete ease of fashioning and ﬂcxibility during
implantation. The use of photopolymerizable orthopaedic implants
provides a broad range of systems which can be designed for a particular
surgical application. Degradable polymeric implants also eliminate the
need for implant retrieval and can be used simultaneously to deliver
therapeutic drugs.

The anhydride prepolymers can be applied to the site in the body
of an animal where an implant is needed and then polymerized, or may be
polymerized prior to in vivo application, to provide shaped implants
within the body which can serve a mechanical function, including, without
limitation, rods, pins, screws, and plates. The prepolymers and/or
Initiating agents can be provided in combination with a pharmaceutically
acceptable carrier for implantation.

The prepolymers can be combined with fillers, remforcement
matenals radioimaging materials, excipients or other matenals as needed

for a particular implant application. Examples of fillers include calcium-
sodium-metaphosphate is described in U.S. Patent No. 5,108,755.
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Drug Delivery

The polymerizable functionalized anhydride monomers and/or
oligomers optionally can be provided in combination with other
degradable or nondegradable polymers, fillers and/or drugs, either before
or after polymerization.

The crosslinked biodegradable polymers may be used to deliver
therapeutic or diagnostic agents in vivo. Examples of drugs which can be
incorporated into the pi‘epolymcrs and 1n the resulting crosslinked
polymers include proteins, carbohydrates, nucleic acids, and Inorganic
and organic biologically active molecules. Specific examples include
enzymes, antibiotics, antineoplastic agents, local anesthetics, hormones,
antiangiogenic agents, antibodies, neurotransmitters, psychoactive drugs,
drugs affecting reproductive orgahs, and oligonucleotides such as
antisense oligonucleotides. In orthopedic applications, bone regenerating
molecules, seeding cells, and/or tissue can be incorporated into the
prepolymer prior to or after polymerization, or may be applied prior to or
after formation of the implant at the site of implantation. For example
bone morphogenic proteins such as those described in U.S. Patent No.
5,011,691 can be used in these applications.

The present invention will be further understood by reference to

the following non-iimiting exampies. In the examples, the following
materials and methods were used.

Materials

Sebacic acid (SA) and methacrylic anhydride (MA) were used as
received from Aldrich, and 1,6-bis(carboxyphenoxy) hexane (CPH) was
synthesized as described in Conix, Macromol. Synth., 2:95 (1966).
Photopolymerizations were initiated with 0.1 wt% Irgacure® 651 (1651,
Ciba Geigy).

Methods

Infrared spectroscopy (Nicolet Magna 550 FTIR), 'H NMR
(Nicolet 360 MHz), and gel permeation chromatography (Perkin-Elmer,
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isocratic LC pump'ZSO, oven 101, and LC-3C¢ RI detector at 254 nm)
were used to characterize reaction products during the functionalization ¢
the diacid monomers. Differential scanning photccalorumetry (Perxin-
Flmer DSC7) and infrared spectroscopy were used (0 mcritor the cure
behavior of the functionalized monomers. Samples werc polymerized
with an ultraviolet-visible light curing system (EFOS, Ultracure (100SS)
at varying lizht intensities. Mechanical properaes of the resutting
polymers were measured using a dynamic mechzanical analyzer (Perkin-
Elmer, DMA7) and degradation rates were characterized by mass loss.
Example 1: Preparation and Photopolymerization of Monomers
Functionalized monomeré (and oligcmers) of sebacic acid (MSA)
and 1,6-bis{pﬁa:boxyphencxy}-hexanc (MCPH) were synthesized ard
subsequently polymerized as illustrated in Scoeme [. First the
dicarboxylic acid monomers were converted o their mixed anhydride with
methacrviic anhydride by heating at reflux. The functionalized monomer
was isolated and purified by vacuum distillation, of by dissolving 1n
methylene chloride and precipitaton from diethvi 2ther.
Photopolymerizations were initiated with 0.1 wt% of 1651 dissclved 1n
~ach monomer and uitraviclet light of varying intensity (0.1 mW.cm* ©
1000 mW/cm?). The high concentration of double bonds’in the system
and the multifunctionat nature of the monomer (two double bonds per
monomer molezules) led o the formation ¢t a higily crosslinked poiymer
system in a period of a few seconds, depending on the muuation rate
Both Fourier-transform inirared spectroscopy (FIIR) and
differsntial scanniag photocalorimetry (DPC) were used 1o characternize
the polymerization behavior, curing time, and maximum double nond
conversion in these systems. In the FTIR spectrum or the polymerizalicn
of MSA with 0.1 wt% £651 and approximately 50 mW/cm* of UV light,
the methacrylate double bond exhibired a sharp and distinct absorbance
near 1640 cm’! from which the total doubie bond conversion could he

calculated. After 10 seconds of axposure, the system reacned nearly 45 7%

conversion of its functional groups. With centinued irradiat:on, the
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double bond absorbance further decreased until a maximum double bond
conversion of 94 % was reached. Attainment of a maximum double bond
conversion in highly crosslinked polymers has been previously reported
(Ruyter and Oysaed, CRC Crit. Rev. Biocomp, 4:247 (1988)) and results
from severe restrictions on the mobility of the reacting species. Thus,
these systems are useful in orthopedic applications, where both the
polymerization time and maximum conversion are critical factors, and
wherein desirable systems polymerize less than 1 minute and approach
100% conversion of their functional groups.

In addition, the crosslinking density and the hydrophilicity of the
polymer were altered by copolymerizing MSA and MCPH in various
proportions. MSA was used to increase the hydrophilicity of the resulting
network while MCPH increased the hydrophobicity. The polymerization
method (including copolymer composition and crosslinking density,
polymerization time, and light intensity) can be readily optimized for a
particular application, to optimize the degradation characteristics of the
polymer and the material strength.

Example 2: Evaluation of the Mechanical Properties of the

Crosslinked Biodegradable Polymers.

The highly crosslinked materials made as described in Example 1
had significant improvements in the tensile modulus as compared to
existing degradable materials. Table 1 provides a comparison of
mechanical properties of bone (Yaszemski, Ph.D. Thesis, Massachusetts

Institute of Technology, 1995) with that of the crosslinked
polyanhydrides.
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Table 1: Comparison of Material Properties.

Material Modulus

Longitudinal Compression
17-20 GPa 17-20 GPa
50-100 MPa* 50-100 MPa
1 GPa
500 MPa

Cortical Bone 3 GPa

Trabecular Bone
poly(MSA)
poly(MCPH)

2 GPa
900 MPa

*depends strongly on the density which varies from 0.1 to 1.0 g/cm’

There was a significant increase in the modulus of functionalized and
crosslinked poly(MCPH) (500 MPa) as compared to linear CPH (1.3
MPa). Leong et al., J. Biomed. Mater. Res., 19:941 (1985). Other
approaches to increasing the mechanical strength of linear polyanhydrides
have focused on incorporating imide groups into the polymer backbone.
The most promising materials in this class have shown compression
strengths of 36-56 MPa (Uhrich et al., Macromolecules 28:2184 (1995)),
but do not approach the strengths seen with the crosslinked materals.
Finally, resorbable sutures of poly(lactic acid) have 1nitial compression
yield stresses of 50-60 MPa, but the efficacy in many orthopedic
applications is further limited by bulk degradation that occurs on a
relatively short time interval, compared to the polyanhydrides. Pulapura
and Kohn, J. Biomater. Appl., 6:216 (1992). Thus, the
photopolymerizable and crosslinkable systems provide not only great

flexibility in processing, but also enhanced mechanical properties of the

resulting polymer.
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We claim:
1. A method for making biodegradable polymer networks

comprising:

a) providing anhydride prepolymers which comprise mixed
anhydrides of

i) a monomer or oligomer of a diacid or multifuncrional acid and

ii) a carboxylic acid molecule which inciudes a crosslinkable group.
wherein the crosslinkable group is an unsaturated moiety and wherein the
prepolymers are linear with a crosslinkable group at each terminus: and

b) crosslinking the anhydride prepolymers. to form a crosslinked
biodegradable pol;vmer network.

2. The method of claim 1 wherein the crosslinkable groups
comprise unsaturated moieties selected from the group consisting of
acrylic. methacrylic, vinyl and styryl.

3. The method of claim 2 wherein. in step b). the anhvdride

prepolvmers are crosslinked by a photopolymerization.

4. The method of claim 3 wherein the photopolvmerization 1s
initiated by irradiation of the prepolymers with light in the presence of an
Lnitiator.

o The method of claim 4 wherein the prepolvmers are 1rradiated
with ultraviole: light.

6. The method of claim 4 wherein the initiator is selected from

the group consisting of an «-diketone, a teruary amine, a tertary
phosphine, an organic peroxide, peroxides In combination with a reducing

agent, aliphatic ketones, aromatic ketones, benzoin, benzoin ethers,

benzil, benzil ketals, and combinations thereof.

7. The method of claim 1 wherein the anhydride prepolymer

comprises a dianhydride of a dicarboxylic acid and a carboxylic acid

molecule comprising a crosslinkable group.

;;;;;
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8 The method of claim 7 wherein the crosslinkable group
comprises an unsaturated group selected from the group consisting of
acrylic, methacrylic, vinyl and styryl.

9.-  The method of claim 7 wherein the dicarboxylic acid
comprises a dicarboxylic acid mixture.

10.  The methcgd of claim 7 wherein the anhydride prepolvmer
comprises a methacrylic acid dianhydride of a monomer or oligomer of a
diacid selected from the group consisting of sebacic acid and 1.6-bis(p-

carboxyvphenoxy)-hexane.

11. The use for forming a biodegradable implant in the body of a
mammal, of anhydride prepolymers, wherein the anhydride perpolymers
comprise mixed anhydrides of

1) @ monomer or oligomer of a diacid or multifunctional acid and

i) a carboxylic acid molecule which includes a crosslinkable group,
wherein the crosslinkable group is an unsaturated moiety and wherein
the prepolymers are linear with a crosslinkable group at each terminus;
and

the anhydride prepolymers being crosslinkable to form a
crosslinked biodegradable polymer network in the form of an implant.

12.  The use of claim 11 wherein the crosslinkable groups
comprise unsaturated moieties selected from the group consisting of
acrylic, methacrylic, vinyl and styryl.

13.  The use of claim 12 wherein the anhydride prepolymers are
crosslinkable by photopolymerization.

14.  The use of claim 13 wherein the prepolymers are
crosslinkable by irradiation with light in the presence of an initiator.

15.  The use of claim 14 wherein the initiator is combined with the
prepolymers.
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16. The use of claim 15 wherein the initiator is selected from the
group consisting of an a-diketone, a tertiary amine, a tertiary phosphine,
an organic peroxide, peroxides in combination with a reducing agent, ’
aliphatic ketones, aromatic ketones, benzoin, benzoin ethers, benzil,
benzil ketals, and combinations thereof.

17.  The use of claim 14 wherein the prepolymers are
polymerizable by ultraviolet light.

18.  The use of claim 11 wherein the anhydride prepolymer
comprises a dianhydride of a dicarboxylic acid and a carboxylic acid
molecule comprising a crosslinkable group. '

19.  The use of claim 18 wherein the crosslinkable group
comprises an unsaturated group selected from the group consisting of
acrylic, methacrylic, vinyl and styryl.

20.  The use of claim 11 wherein the anhydride prepolymer
comprises a methacrylic acid dianhydride of a monomer or oligomer of a
diacid selected from the group consisting of sebacic acid and 1,6-bis(p-
carboxyphenoxy)—hexane.'

21.  The use of claim 11 for forming an implant selected from the
group consisting of an orthopedic and a dental implant.

22. The use of claim 11 for forming an implant comprising an

orthopedic implant selected from the group consisting of rods, pins,
screws, and plates.

25. A method for forming a biodegradable implant comprising
photopolymerizing anhydride prepolvmers comprising mixed anhvdrides
of

1) 2 monomer or oligomer of a diacid or multifunctional acid and

11) a carboxylic acid molecule which includes a crosslinkable group.
wherein the crosslinkable group is an unsaturated moiety and wherein the
prepolymers are linear with a crosslinkable group at each terminus. to
form a crosslinked biodegradable polymer network in the form of an

implant.

24, The method of claim 23 wherein the anhydride prepolymers
comprise dianhydrides of a dicarboxylic acid, and a carboxylic acid

molecule comprising a crosslinkable unsaturated moiety.
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25 The method of claim 23 wherein the anhydride prepolymer
comprises a methacrylic acid dianhydride of a monomer Or oligomer of a
diacid selected from the group consisting of sebacic acid and 1,6-bis(p-
carboxyphenoxy)-hexane.

26. A composition for forming a biocompatible, biodegradable
polymeric implant, the composition comprising anhvdride prepolvmers In
combination with a pharmaceutically acceptable carrier, wherein the

anhydride prepolymers comprise mixed anhydrides of

i) a monomer or oligomer of a diacid or multifunctional acid and

i) a carboxylic acid molecule which includes a crosslinkable group,
wherein the crosslinkable group is an unsaturated moiety and wherein the
prepolymers are linear with a crosslinkable group at each terminus.

27.  The composition of claim 26 wherein the crosslinkable groups
comprise an unsaturated moiety selected from the group consisting of
acrvlic, methacrylic, vinyl and styryl.

28.  The composition of claim 27 wherein the composition further

comprises an initiator selected from the group consisting of a free radical

initiator and an ionic 1nitiator.

29. The composition of claim 28 wherein the initiator 1s selected
from the group consisting of an a-diketone, a tertiary amine. a tertiary
phosphine, an organic peroxide, peroxides in combination with a reducing
agent, aliphatic ketones, aromatic ketones, benzoin, benzoin ethers,

benzil, benzil ketals, and combinations thereof
30.  The composition of claim 26 wherein the anhydride

prepolymer comprises a dianhydride of a dicarboxylic acid monomer Or

oligomer and a carboxylic acid molecule comprising an unsaturated
il

moiety.
31.  The composition of claim 30 wherein the anhydride
prepolymer comprises a methacrylic acid dianhydride of a monomer or

oligomer of a diacid selected from the group consisting of sebacic acid

and 1,6-bis(p-carboxyphenoxy)-hexane.

AMENDED ShccT



CA 02246615 1998-08-14

-10.
«32. The composition of claim 26 further comprising a therapeutic
agent or a diagnostic agent.
¥33. A biodegradable implant comprising a crosslinked

biodegradable polymer network formed by crosslinking anhydride

prepolymers, wherein the anhydride prepolymers comprise mixed

anhvdrides of

i) a monomer or oligomer of a diacid or multifunctional acid and

ii) a carboxylic acid molecule which includes a crosslinkable group,
wherein the crosslinkable group is an unsaturated moiety and wherein the
prepolymers are linear with a crosslinkable group at each terminus.

" 34.  The biodegradable implant of claim 33 wherein the
crosslinkable eroups comprise unsaturated moieties selected from the
group consisting of acrylic, methacrylic, vinyl and styryl.

35.  The biodegradable implant of claim 33 wherein the annhydride
prepolymer comprises a dianhydride of a dicarboxylic acid monomer Or
olicomer and a carboxylic acid molecule comprising a crosslinkabie
aroup.

56. The biodegradable implant of claim 33 wherein the anhydride
prepolymer comprises a methacrylic acid dianhydride of a monomer or
olicomer of a diacid selected from the group consisting of sebacic acid
and 1,6-bis(p-carboxyphenoxy)-hexane.

37. » method of claim 7. wherein the dicarboxylic acid 1s
selected from the group consisting of sebacic acid, dodecanedioic acid,
fumaric acid, b'is(p-carboxyphsenoxy)rnethan.e,
1,6-bis(p-carboxyphenoxy)propane, terephthalic acid, 1sophthalic acid,
p-carboxyphenoxy acetic acid, p-carboxyphenoxy valeric acid,

Sk
p-carboxyphenoxy octanoic acid, and Citric acid.
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