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ABSTRACT

A biocompatible, resorbable composite for osteosynthesis includes osteoconductive
particles dispersed within a porous polymer matrix having a plurality of fluid passageways that
expose at least a portion of a plurality of the osteoconductive particles to an exterior of the
polymer matrix. The composite may further include a chemical additive incorporated within
the polymer matrix, the chemical additive being configured to modify one or more of acidity,
degradation rate, melting point, hydrophilicity, and hydrophobicity of the polymer matrix. A
method for making the composite includes mixing the osteoconductive particles with polymer
material and the chemical additive to form a mixture and treating the mixture to bind the

osteoconductive particles with the polymer material to create a solid unit.



COMPOSITES FOR OSTEOSYNTHESIS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Application No.
61/746,990, filed December 28, 2012.

FIELD OF THE INVENTION

[0002] In a preferred embodiment, the present invention generally relates to biocompatible
composites suitable for implantation into a patient for osteosynthesis. In further embodiments,
the present invention relates to methods for making biocompatible composites for

osteosynthesis.
BACKGROUND

[0003] Improvements to devices useful for repairing bone defects and/or fractures are highly
sought after in the medical community. Among the sought after properties are improvements
to ease of implantation, operating room efficiencies, biological acceptance by the patient, speed
of recovery and treatment success. Improvements to handling and mechanical properties are
of particular interest for use in fragility fractures and during repositioning processes.
Improvements to treat trauma indications are also of interest including metaphyseal fractures in

the proximal humerus, the distal femur and the proximal tibia.
BRIEF SUMMARY OF THE INVENTION

[0004] The present invention, in some embodiments, relates to a biocompatible, resorbable
composite for osteosynthesis, the composite including osteoconductive particles dispersed
within a porous polymer matrix, the polymer matrix comprising a plurality of fluid
passageways that expose at least a portion of a plurality of the osteoconductive particles to an
exterior of the polymer matrix. In some embodiments, the composite further includes a
chemical additive incorporated within the polymer matrix, the chemical additive configured to
modify one or more properties of the polymer matrix, for example, the acidity, degradation

rate, melting point, hydrophilicity, and hydrophobicity of the polymer matrix. In some
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embodiments, the polymer matrix comprises from about 5% to about 80% of the weight of the
composite. In yet other embodiments, the polymer matrix comprises from about 10% to about
50% of the weight of the composite. In some embodiments, the composite is completely
synthetic. In some embodiments, at least the osteoconductive particles and/or the polymer

matrix is synthetic. In some embodiments, the chemical additive may or may not be synthetic.

[0005] In some embodiments, the osteoconductive particles include or consist of a bioactive
glass. In some embodiments, the osteoconductive particles include or consist of a silica-based
bioglass. In other embodiments, the osteoconductive particles include or consist of a ceramic
material. The ceramic material may be substantially crystalline or semi-crystalline. In certain
embodiments, the osteoconductive particles include or consist of a calcium phosphate. For
example, in some embodiments, the osteoconductive particles consist essentially of beta-
tricalcium phosphate. In some embodiments, the osteoconductive particles include or consist
essentially of hydroxyapatite. In some embodiments, the calcium phosphate is crystalline or
semi-crystalline. In other embodiments, the calcium phosphate is amorphous. In some
embodiments, the osteoconductive particles include a calcium phosphate, a magnesium
phosphate, a magnesium sulfate, a silica based bioglass, or mixtures thereof. In further
embodiments, the osteoconductive particles can each have a broadest dimension of about 0.5
mm to about 1.4 mm. In some embodiments, the osteoconductive particles can each have a
broadest dimension of about 0.5 mm to about 5.6 mm. In some embodiments, the
osteoconductive particles can each have a broadest dimension of about 1.4 mm to about 5.6

mm.

[0006] In some embodiments, the polymer matrix includes or consists essentially of a poly
(hydroxy carboxylic acid) based polymer. In some embodiments, the polymer matrix 1s a
porous polycaprolactone matrix. In some varniations of these embodiments, the polymer matrix
consists essentially of poly-(e)-caprolactone. In other embodiments, the polymer matrix does
not include polycaprolactone. In some embodiments, the polymer matrix includes a
caprolactone copolymer, for example, PLA-CL, PLA-GA-CL, PCL-PEG, or combinations
thereof. In further variations of these embodiments, the polymer matrix includes polymer
particles (e.g., polycaprolactone particles) affixed to an external surface of the osteoconductive

particles. In some embodiments, the osteoconductive particles are physically connected by the
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polymer particles. Preferably, a portion of the external surface of the osteoconductive particles
is not covered by the polymer particles according to some embodiments. Moreover, in some
embodiments, the osteoconductive particles are in fluid communication with the pores of the
polycaprolactone matrix. In some embodiments, the polymer matrix has a porosity of about

20% to about 80%.

[0007] In some embodiments, the composite of the present invention is in a substantially
pliable state at a temperature from about 40 degrees C to about 90 degrees C, and wherein the
composite is in a substantially rigid state at a temperature of about 37 degrees C or less. In
further embodiments, the composite is configured to transition from the substantially pliable

state to the substantially rigid state without a chemical reaction.

[0008] In some embodiments, the chemical additive is configured to create an acidic
environment within the polymer matrix when the composite is implanted. In one such
embodiment, the chemical additive comprises an acidic compound. For example, the acidic
compound may be selected from the group consisting of lactic acid, lactic acid dimer, lactic
acid oligomer, capric acid monomer, capric acid dimer, capric acid oligomer, glycolic acid
monomer, glycolic acid dimer, glycolic acid oligomer, ascorbic acid, citric acid, fatty acids and
their metal salts, and combinations thereof. In further embodiments, the chemical additive is
configured to increase the degradation rate of the polymer matrix when the composite is
implanted. In an exemplary embodiment where the polymer matrix includes or consists of a
polycaprolactone matrix, the chemical additive may be configured to facilitate breakage of ester

linkages within the polycaprolactone matrix when the composite is implanted.

[0009]  In other embodiments, the chemical additive comprises a hydrophilic compound. In
some embodiments, the chemical additive is configured to increase the wettability of the
polymer matrix. In some embodiments, the chemical additive and/or increasing the wettability
of the polymer matrix allows for an enhanced hydrophilic attack of the polymer matrix with
body fluids after implantation. In further embodiments, the chemical additive comprises a
polymer, such as a polymer selected from the group consisting of polyethylene glycol,
polyethylene oxide, polypropylene glycol, poly lactic acid, poly glycolic acid, and copolymers
thereof. The chemical additive is preferably not copolymerized with the polymer matrix. In
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some embodiments, the chemical additive includes a plasticizer and where the polymer matrix
includes a polymer that, in the presence of the plasticizer, has handling propertics similar to

polycaprolactone.

[0010] In another embodiment of the invention, a biocompatible, resorbable composite for
osteosynthesis includes osteoconductive particles comprising beta-tricalcium phosphate
dispersed within a porous polycaprolactone matrix, the polycaprolactone matrix comprising a
plurality of fluid passageways that expose at least a portion of a plurality of the
osteoconductive particles to an exterior of the polycaprolactone matrix, wherein the
osteoconductive particles have a median particle size of about 0.5 mm to about 1.4 mmina
broadest dimension, wherein the osteoconductive particles are about 50% to about 70% by
weight of the composite, and wherein the polycaprolactone matrix is about 30% to about 50%
by weight of the composite. In one variation of this embodiment, the osteoconductive particles
consist of beta-tricalcium phosphate. In a further variation of this embodiment, the
osteoconductive particles are about 70% by weight of the composite, and wherein the
polycaprolactone matrix is about 30% by weight of the composite. In yet further variations of
this embodiment, the osteoconductive particles have a median particle size of about 0.5 mm to
about 0.7 mm in a broadest dimension. In some embodiments of this composite, a chemical
additive configured to modify one or more properties of the polycaprolactone matrix is

included in the composite.

[0011] A method for making a composite according to an embodiment of the present
invention includes the steps of: mixing the osteoconductive particles with a polymer material
(e.g., polycaprolactone) and the chemical additive to form a mixture, and treating the mixture to
bind the osteoconductive particles with the polymer material to create a solid unit, said polymer
material forming a polymer matrix. The method according to another embodiment of the
invention further includes shaping the mixture using a press or mold. For example, in some
embodiments, the mixture is shaped into a disc, cylinder, tablet, wafer, plug, cone, frustum, rod
or other desired shape. In yet another embodiment, the method further includes packaging the

solid unit.
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[0012] In some embodiments of the method, the mixing step includes combining the
osteoconductive particles with the polymer material in a solvent, and wherein the treating step
comprises removing the solvent. In one such embodiment, removing the solvent includes
lyophilization and/or evaporation of the solvent. In further embodiments of the invention, the
treating step comprises heating the mixture. In some embodiments, the treating step comprises

exposing the mixture to microwave radiation.

[0013] In other embodiments of the method, the mixing step comprises coating the polymer
material onto the osteoconductive particles. For example, in some embodiments, coating the
polymer material onto the osteoconductive particles includes spray coating and/or dip coating.
Preferably the surface of the osteoconductive particles is not entirely coated by the polymer
material. In other embodiments, the osteoconductive particles and the polymer material are
melt extruded. In some embodiments of the method, the mixing step includes mixing the
osteoconductive particles with polymer material particles at about room temperature. In other
embodiments, the mixing step comprises mixing the osteoconductive particles with the polymer
material with a heatable stirring unit. In some embodiments, the polymer material is mixed

with the chemical additive prior to mixing with the osteoconductive particles.
BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The foregoing summary, as well as the following detailed description of the
invention, will be better understood when read in conjunction with the appended drawings. For
the purpose of illustrating the invention, there are shown in the drawings embodiments which
are presently preferred. It should be understood, however, that the invention can be embodied
in different forms and thus should not be construed as being limited to the embodiments set

forth herein.

[0015] FIG. 1A shows a side view of an example composite made in accordance with an

embodiment of the present invention;

[0016] FIG. 1B shows a top view of the example composite of FIG. 1A.



CA 02838218 2013-12-23

[0017] FIG. 2 is a micrograph image showing details of a composite made in accordance

with an embodiment of the invention;

[0018] FIG. 3 is a graph showing the results of an eight-weck study of various composites

made in accordance with a further embodiment of the present invention;

[0019] FIGS. 4A-4D show the implantation of an example composite into a bone according

to one embodiment of the present invention;

[0020] FIGS. SA-5C show the implantation of a second example composite into a bone

according to another embodiment of the present invention; and

[0021] FIG. 6 is a radiograph image of the bone shown in FIGS. 5A-5C after implantation of

the second example composite.
DETAILED DESCRIPTION OF THE INVENTION

[0022] The present subject matter will now be described more fully hereinafter with
reference to the accompanying figures and examples, in which representative embodiments are
shown. The present subject matter can, however, be embodied in different forms and should

not be construed as limited to the embodiments or examples set forth herein.

[0023] Some embodiments of the present invention include biocompatible composites
configured for use in osteosynthesis. Composites according to certain embodiments of the
present invention are particularly suited for replacing or augmenting bone and/or treating or
repairing bone defects. For example, in some embodiments, the composites are useful as fillers
for fractures or voids in bone, for repair of metaphyseal or craniomaxillofacial (CMF) defects,
and/or for spinal augmentation or fusion. In some embodiments, the composites after
implantation are drillable and possess sufficient mechanical strength to support attachment of
bone screws or other bone fixation devices. The composites according to some embodiments
are at least partially resorbable, preferably fully resorbable, such that the composites are
eventually replaced by native bone tissue after implantation. In some embodiments, the
composites are configured to be fully resorbed in less than twenty-four months after

implantation. In some embodiments, the composites are configured to be fully resorbed in less
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than eighteen months after implantation. In some embodiments, the composites are configured
to be fully resorbed in less than twelve months after implantation. In some embodiments, the
composites are configured to be fully resorbed within a period from about six months to about
eighteen months after implantation. In further variations, the composites are completely
synthetic. In some embodiments, synthetic materials are more likely to yield consistent quality

and higher quantity over non-synthetic materials.

[0024] Moreover, composites according to some embodiments of the present invention are
configured to reversibly transition between a substantially rigid state and a substantially pliable
state. For example, composite materials may be substantially solid at body temperate but
pliable when heated to a temperature above normal body temperature. In some embodiments,
the process of transitioning from a substantially solid material to a pliable material is repeatable
—for example, up to three times. The composite, in some implementations is both fully
resorbable and able to provide support during a reduction procedure. Additionally, in some

embodiments, the composite is osteoconductive and machinable (e.g., drillable or tappable).

[0025] In some embodiments, the composites in the substantially pliable state can be molded
or formed (e.g., by hand) into desired shapes, for example, to match the contours of a patient’s
bone. The composites in the substantially pliable state may also be manipulated and formed
using surgical tools, for example, raspatories, forceps, pliers, curettes, scapels, and/or other
instruments. In some embodiments, surgical tools or other devices (e.g., bone splitters) may be
inserted or embedded into the composite when the composites are in the substantially in the
pliable state. One potential advantage of composites with such a property is the flexibility it
affords a surgeon to reduce a fracture and fill a defect before fixation. In preferred
embodiments, the composites are configured to transition from the substantially rigid state to
the substantially pliable state without the addition of further additives (such as chemical
additives) to the composite including, for example, solvents, plasticizers, softeners, or the like.

For example, composites containing only bela-tricalcium phosphate as an osteoconductive

particulate or granule and a polymer matrix of poly-(&)-caprolactone (PCL) may provide the

desired properties.
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[0026] Likewise, in some embodiments, the transition from the substantially pliable state and
the substantially rigid state occurs without the addition or release of solvents, monomers, or
other compounds from the composite. In other preferred embodiments, the transition between
the substantially pliable state and the substantially rigid state occurs without the need for any

chemical reactions (e.g., polymerization reactions).

[0027] In some embodiments, the composites are configured to transition from the
substantially rigid state to the substantially pliable state when the composites are heated to a
temperature at or above a predetermined temperature such as glass transition temperature (Tg)
or melting point (Tr,) and further configured to return to the substantially rigid state when
cooled to a transition temperature, e.g., below T, or Ty, In some embodiments, a substantially
rigid composite may be heated to a temperature above T or Tr, by immersing the composite in
a hot water bath or exposing the composite to a heat lamp or other radiation source, which can
be performed immediately prior to implantation, in order to soften the composite and allow it to
be molded or shaped into a desired form. The composite may then be implanted into the
patient (e.g., to fill a bone cavity or fracture) and further shaped if desired at the point of
implantation. Once the composite is allowed to cool (e.g., to a temperature below Ty or Try),

the composite returns to the substantially rigid state while maintaining the desired form.

[0028] In some embodiments, for example, the composites of the present invention are
substantially rigid at temperatures at or below about normal human body temperature (about 37
degrees C) such that the composites become substantially rigid after implantation. In some
embodiments, the composites become substantially pliable at a temperature greater than about
37 degrees C, for example, at about 40 degrees C to about 90 degrees C. In some
embodiments, composites according to embodiments of the present invention are configured to
become substantially pliable at temperatures greater than 50 degrees C, greater than 55 degrees
C, greater than 60 degrees C, greater than 65 degrees C, greater than 70 degrees C, or greater
than 75 degrees C. In some embodiments, T, or Tr, of the composites is preferably less than
100 degrees C, less than 95 degrees C, less than 90 degrees C, less than 85 degrees C, less than
80 degrees C, or less than 75 degrees C.
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[0029] Composites according to some embodiments of the invention have a yield strength of
at least or greater than 2 MPa (or about 2 MPa) in the substantially rigid state. In some
embodiments, the composites further have a modulus of about 80 MPa to about 440 MPa in the
substantially rigid state. In some embodiments, the composites have a modulus of at least 80
MPa in the substantially rigid state. In some embodiments, the composites have a modulus of
at least 100 MPa in the substantially rigid state. In some embodiments, the composites have a
modulus of at least 200 MPa in the substantially rigid state. In some embodiments, the
composites have a modulus of at least 400 MPa in the substantially rigid state. In some
embodiments, the composites have a modulus greater than 440 MPa in the substantially rigid
state. These and other desirable characteristics may be achieved by composites according to
embodiments of the present invention which include osteoconductive particles dispersed within
a resorbable polymer matrix. In some embodiments, a composite according to the present
invention includes a plurality of osteoconductive particles and polymer particles that are
aggregated to form the composite. In some embodiments, the composite includes an aggregate
of osteoconductive particles, each of the osteoconductive particles being partially covered by
polymer particles. The polymer particles may be adhered to the external surface of the
osteoconductive particles and may function to bind the osteoconductive particles together. The
composite may include for, example, a blend of granules that are cohesive at room temperature.
Each of the granules may include one or more osteoconductive particles that are at least
partially covered by one or more polymer particles. Without wishing to be bound by any
particular theory, the polymer particles bond to the osteoconductive particles are characterized
by a cohesiveness at room temperature such that mass of granules form a rigid structural mass.
For example, adjacent osteoconductive particles within the composite may be bridged by one or
more polymer particles. In some embodiments, the external surface of each of the

osteoconductive particles is not entirely covered by polymer particles.

[0030] The composites may also be friable, according to some embodiments, such that one
or more of the granules made up of osteoconductive particles and/or polymer particles can be
separated from the composite. In some embodiments, the composites may become friable

when the composites are in the substantially pliable state. Under certain circumstances, the
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friability of the composite may allow for the composite to be readily broken apart, for example,

such that a surgeon may reduce the size of a composite to fit a particular application.

[0031] Preferably, the polymer matrix formed from the polymer particles is porous. One
benefit of a composite that includes both osteoconductive particles contained within a porous
polymer matrix is the accessibility of body fluids to the osteoconductive particles thereby
enhancing the bioacceptance of the implant. In one embodiment, the polymer matrix includes a
plurality of fluid passageways that expose at least a portion of the osteoconductive particles
embedded in the polymer matrix to an exterior of the polymer matrix such that, upon
implantation into a patient, body fluids can penetrate into the polymer matrix and come into
direct contact with at least a portion of the osteoconductive particles. In preferred
embodiments, the osteoconductive particles remain at least partially exposed by the fluid
passageways before, during, and after transition of the composite from the substantially rigid

state to the substantially pliable state and vice versa.

[0032] In further embodiments, composites of the present invention additionally include at
least one additive incorporated into the polymer matrix which are selected and configured to
modify one or more properties of the polymer matrix. For example, in some embodiments, the
additive is configured to modify one or more of acidity, degradation rate, melting point,

hydrophilicity, and hydrophobicity of the polymer matrix.

[0033] The various components of the composites according to embodiments of the present
invention are discussed in further detail below. The headings used herein are included solely to

make the disclosure easier to understand and should not be considered limiting in any way.
L Osteoconductive Particles

[0034] As discussed herein, composites according to some embodiments of the present
invention include a plurality of osteoconductive particles. In preferred embodiments, the
osteoconductive particles include or consist of discrete particles of an osteoconductive material.
The discrete particles may be in the form of aggregated materials. As used herein,

“osteoconductive” refers to the ability to provide an appropriate scaffold or template for bone

10
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formation or growth. For example, in some embodiments, the osteoconductive particles can be

used to form an implant that allows the growth of bony tissue into the structure of the implant.

[0035] In some embodiments, the osteoconductive particles make up about 20% to about
95% by weight of the composite. In some embodiments, the osteoconductive particles make up
about 50% to about 90% by weight of the composite. In some embodiments, the
osteoconductive particles make up about 60% to about 80% by weight of the composite. In
some embodiments, the osteoconductive particles make up about 70% by weight of the
composite. In some embodiments, the osteoconductive particles make up at least 20%, at least
30%, at least 40%, or at least 50% by weight of the composite. In some embodiments, the

osteoconductive particles make up greater than 50% by weight of the composite.

[0036] Each of the osteoconductive particles may be generally spherical or may be any other
geometric shape including, for example, cubic, cylindrical, conic, pyramidal, etc. In other
embodiments, the particles may be irregularly shaped or filamentous. Moreover, in certain
embodiments, the osteoconductive particles may themselves include porous particles. The

osteoconductive material may be supplied in granules, blocks, wedges or other manufactures.

[0037] Insome embodiments, the osteoconductive particles of the present invention range in
size from about 0.5 mm to about 5.6 mm in a broadest dimension (e.g., in diameter for
spherical particles). In some embodiments, the osteoconductive particles of the present
invention range in size from about 0.5 mm to about 1.4 mm in a broadest dimension. In some
embodiments, the osteoconductive particles of the present invention range in size from about
1.4 mm to about 5.6 mm in a broadest dimension. In some embodiments, the osteoconductive
particles range in size from about 0.5 mm to about 0.7 mm in a broadest dimension. In other
embodiments, the osteoconductive particles average in size from about 0.7 mm to about 1.4
mm in a broadest dimension. In some embodiments, the osteoconductive particles are at least
0.1 mm in a broadest dimension, at least 0.25 mm in a broadest dimension, at least 0.5 mm in a
broadest dimension, at least 0.7 mm in a broadest dimension, or at least 1.0 mm in a broadest
dimension. In some embodiments, the osteoconductive particles are no more than 10.0 mm in a
broadest dimension, no more than 5.6 mm in a broadest dimension, no more than 5.0 mm in a

broadest dimension, no more than 2.0 mm in a broadest dimension, no more than 1.4 mm in a

11



broadest dimension, or no more than 0.7 mm in a broadest dimension. In other embodiments,
the osteoconductive particles have a broadest dimension at least or greater than 1.4 mm. In
some embodiments, the osteoconductive particle size is chosen to manipulate the porosity of
the resulting composite. For example, in some embodiments, the osteoconductive particle size

is selected to maximize or allow for increased porosity of the resulting composite.

[0038] Materials suitable for use in the osteoconductive particles include biocompatible
natural materials and synthetic materials, preferably resorbable materials. Examples of natural
materials suitable for the osteoconductive particles according to some embodiments include
bone-derived materials such as allograft bone and demineralized bone. In other embodiments,
the osteoconductive particles are derived entirely from synthetic materials. As noted above, in
some embodiments synthetic materials may provide more consistent quality and higher
quantity over natural materials and in some embodiments, 100% synthetic materials may be

selected for the osteoconductive particles.

[0039] In some embodiments, the osteoconductive particles include or consist of synthetic
polymers, bioactive glass, or bioceramics. In some embodiments, the osteoconductive particles
include or consist of a silica-based bioglass. In some embodiments, the osteoconductive
particles include or consist of a material that may be substantially crystalline, semi-crystalline,
or amorphous. In some embodiments, the osteoconductive particles include or consist of one or
more magnesium-containing compounds, for example, magnesium phosphate and magnesium
sulfate. In some embodiments, the osteoconductive particles include or consist of calcium-
containing compounds such as, for example, any of the calcium compounds discussed in U.S.
Patent Application Publication No. US 2006/0008504 A1. More particularly, in certain
embodiments, the osteoconductive particles include or consist of a calcium phosphate. In some
embodiments, the osteoconductive particles include or consist of substantially crystalline
calcium phosphate. In other embodiments, the osteoconductive particles include or consist of
substantially amorphous calcium phosphate. In some embodiments, the calcium phosphate
includes one or more of the following: monocalcium phosphate monohydrate, monocalcium
phosphate anhydrous, dicalcium phosphate dihydrate, dicalcium phosphate anhydrous,
tetracalcium phosphate, calcium orthophosphate phosphate, calcium pyrophosphate, a-

tricalcium phosphate, 3-

12
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tricalcium phosphate, and hydroxyapatites. In some embodiments, the osteoconductive
particles include or consist of one or more calcium compounds having a chemical formula
selected from the following: CaHPQO4 nH,0, 0-Ca3(POs);, o-bar-Caz(PO4),, B-Cas(POy),,
Cas(PO,4);0H, Cao(PO4)s(OH),, CasO(POs)z, CaP40;1, Ca;P,07, Ca(H,PO4),-nH,0,
CagH,(PO4)s'nH, O, or any combination thereof, where n is a number ranging from 0 to 5. In
some embodiments, the osteoconductive particles include or consist essentially of
hydroxyapatite. In some embodiments, the osteoconductive particles do not contain
hydroxyapatite. In preferred embodiments, the osteoconductive particles include or consist of
particles of $-tricalcium phosphate (8-Ca3(POy);). In some embodiments, the osteoconductive
particles include a calcium phosphate, a magnesium phosphate, a magnesium sulfate, a silica

based bioglass, or mixtures thereof.
IL Polymer Matrix

[0040] The osteoconductive particles discussed herein are dispersed within a three-
dimensional polymer matrix according to some embodiments of the present invention. The
osteoconductive particles in some embodiments may be distributed substantially evenly
throughout the three dimensional polymer matrix. In some embodiments, the osteoconductive
particles are randomly dispersed throughout the polymer matrix. In preferred embodiments, the
polymer matrix binds or adheres the osteoconductive particles together to form the composites
of the present invention. Moreover, in some embodiments, the polymer matrix provides

mechanical stability and other properties to composites of the present invention.

[0041] In some embodiments, the polymer matrix makes up about 5% to about 80% of the
weight of the composite. In some embodiments, the polymer matrix makes up about 10% to
about 50% of the weight of the composite. In some embodiments, the polymer matrix makes
up about 20% to about 40% of the weight of the composite. In yet further embodiments, the
polymer matrix makes up about 30% of the weight of the composite. In some embodiments,
the polymer matrix makes up at least 10% to about 50% of the weight of the composite. In
some embodiments, the polymer matrix makes up no more than 80% of the weight of the

composite.
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[0042] The polymer matrix in certain preferred embodiments includes or consists of a fully
resorbable, biocompatible polymer material. In some embodiments, the polymer material is a
synthetic polymer material. In some embodiments, the polymer material is capable of binding
to the osteoconductive particles and, in further embodiments, be capable of forming a rigid
structure in combination with the osteoconductive particles at about normal human body
temperature (e.g., about 37 degrees C). In some embodiments, the polymer material is selected
to have a melting point above 37 degrees C. In some embodiments, the polymer material is
selected to have a melting point less than 100 degrees C. In some embodiments, the polymer
material is selected to have a melting point from about 40 degrees C to about 90 degrees C. In
some embodiments, the polymer material is selected to have a melting point from about 50
degrees C to about 80 degrees C. In some embodiments, the polymer material is selected to
have a melting point from about 55 degrees C to about 75 degrees C. In some embodiments,

the polymer material is selected to have a melting point of about 60 degrees C.

[0043] In some embodiments, the polymer material by itself is not substantially
osteoconductive. Yet, in some embodiments, the polymer material of the polymer matrix
includes or consists of a biodegradable polyester. The polymer material includes or consists of
a polycaprolactone in some embodiments. For example, the polymer material includes or

consists of poly-(e)-caprolactone. The polymer material may generally have the formula:

)

where n is equal to the number of repeat units. In some embodiments, the polymer material
includes or consists essentially of poly-(e)-caprolactone or another poly (hydroxy carboxylic
acid) based polymer. In other embodiments, the polymer material includes or consists of one
or more copolymers of caprolactone, including block and diblock copolymers. Non-limiting
examples of such materials include copolymers of caprolactone with poly(lactic acid), glycolic
acid, and/or poly(ethylene glycol), or combinations thereof. In some embodiments, the

polymer material includes one or more materials selected from the following families: PLA-
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CL, PLA-GA-CL, PCL-PEG, or combinations thercof. In some embodiments, the polymer
material includes or consists of, for example, one or more of poly(DL-lactide-co-caprolactone),
poly(L-lactide-co-caprolactone-co-glycolide), poly(e-caprolactone)-poly(ethylene glycol), and
combinations thereof. In some embodiments, the polymer material includes or consists of
poly(lactide-co-caprolactone). In other embodiments, the polymer material does not include
polycaprolactone or caprolactone copolymers. In some embodiments, the polymer material
does not include polycaprolactone or caprolactone copolymers but has one or more handling
properties similar to or substantially the same as those of polycaprolactone. In further
embodiments, the polymer material includes a biocompatible, resorbable polymer that, when in
the presence of a plasticizer or other additive, has one or more handling properties similar to or
substantially the same as those of polycaprolactone. Handling properties can include, for
example, pliability, shapeability, strength, modulus, melting point/glass transition temperature,

etc.

[0044] In some embodiments, the polymer matrix is porous. For example, the polymer
matrix in some implementations has a porosity of about 20% to about 80%, where the percent
porosity refers to the volume of the pores as a percentage of the total volume of the polymer
matrix. In some embodiments, the polymer matrix has a porosity of about 30% to about 70%.
In some embodiments, the polymer matrix has a porosity of about 40% to about 60%. In some
embodiments, the polymer matrix has a porosity of about 50%. The pores of the polymer
matrix can be configured to define a plurality of fluid passageways that expose at least a
portion of the osteoconductive particles dispersed within the polymer matrix to an exterior of
the polymer matrix. These fluid passageways, according to some embodiments, permit blood
and/or other body fluids to perfuse into the polymer matrix after implantation of the composite
and come into direct contact with at least some of the osteoconductive particles. It is believed
that permitting fluid communication between the surrounding tissue (e.g., bone tissue) and the
osteoconductive particles within the polymer matrix according to these embodiments helps
facilitate osteosynthesis and bone ingrowth. For example, this fluid communication may allow
for the transport and supply of nutrients and biological factors that facilitates new bone growth.
Moreover, the porosity of the polymer matrix in some embodiments allows for blood vessels to

grow into the composite which also encourages new tissue development. Therefore, in some
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embodiments, total encapsulation of the osteoconductive particles by the polymer material that
prevents or inhibits fluid contact with the osteoconductive particles is avoided. In some
embodiments, at least a portion of the external surface of the osteoconductive particles is not
directly in contact with the polymer material of the polymer matrix. In some embodiments, a
majority of the external surface (e.g., greater than 50% of the external surface area) of the
osteoconductive particles is not directly in contact with the polymer material of the polymer

matrix.

[0045] In further embodiments, the polymer matrix includes a plurality of polymer particles
(e.g., polycaprolactone particles) that are affixed to external surfaces of the osteoconductive
particles, the osteoconductive particles being physically connected to each other by the polymer
particles. The polymer particles may, for example, be formed from one or more of the polymer
materials described above and herein. Preferably, in these embodiments, a portion of the
external surfaces of the osteoconductive particles are not in contact with or directly covered by
the polymer particles so as not to inhibit fluid communication between the surrounding tissue
and the osteoconductive particles. In some embodiments, the polymer matrix includes
agglomerated polymer particles (e.g., polycaprolactone particles) in a porous configuration
with interposed osteoconductive particles within the polymer matrix such that at least a portion
of the surface of the osteoconductive particles are exposed to pores within the matrix, the pores
being interconnected to expose at least a portion of the osteoconductive particles to the outer
surface of the composite. According to some further embodiments, the polymer particles create
a form fit with the osteconductive particles when heated during the manufacturing methods

(described further below) and maintain the form fit after cooling down.

[0046] The polymer particles according to these embodiments may be smaller in size than
the osteoconductive particles (e.g., in broadest dimension). For example, in some
embodiments, the polymer matrix includes or consists of polymer particles from about 100 yum
to about 355 ym in a broadest dimension (e.g., in diameter). In some embodiments, optimal
polymer particle size and polymer particle distribution of the polymer matrix may be dependent
from the particle size and particle size distribution of the osteconductive particles. In one
embodiment, a composite according to the present invention includes polymer particles having

a particle size ranging from about 100 um to about 355 um in a broadest dimension and
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osteoconductive particles having a particle size ranging from about 0.5 mm to about 0.7 mm in

a broadest dimension.

[0047] FIG. 2 shows a micrograph image of an example composite according to one
embodiment of the invention. As can be seen in this image, the composite includes
osteoconductive particles 10 which are each partially surrounded by smaller polymer particles
20. The composite further includes pore spaces 30 to which at least a portion of
osteoconductive particles 10 are exposed. Pore spaces 30 define fluid passageways which can
allow for the penetration of blood or other body fluids after implantation of the composite into

a patient.
OI.  Additives

[0048] In some embodiments, the composites of the present invention further include one or
more chemical additives incorporated within the polymer matrix. In some embodiments, the
chemical additive is selected to modify one or more properties of the polymer matrix. In some
embodiments, the one or more additives include a plasticizer. In some embodiments, the one or
more additives does not include a plasticizer. In some embodiments, for example, the chemical
additive is configured to modify one or more of acidity, degradation rate, melting point,
hydrophilicity, and hydrophobicity of the polymer matrix. In some embodiments, the chemical
additive modifies the biocompatibility of the composite, for example, by preventing fibrous
tissue growth or encapsulation. The chemical additive, in certain embodiments, is distinct from
the polymer material of the polymer matrix and does not form a copolymer therewith. In some
embodiments, the chemical additive is a synthetic chemical. In other embodiments, the
chemical additive is not synthetic. In some embodiments, the chemical additive is a natural

chemical and/or derived from natural sources.

[0049] Insome embodiments, the additive is selected to increase the degradation rate of the
polymer matrix and therefore expedites resorption of the composite after implantation. This is
achieved, according to some embodiments, where the additive directly or indirectly facilitates
the breaking of chemical bonds within the polymer material of the polymer matrix. In one
exemplary embodiment, where the polymer matrix is made of polycaprolactone, the additive

may be configured to create an acidic environment within the polymer matrix following

17



CA 02838218 2013-12-23

implantation which accelerates the degradation of the polymer matrix by breaking the ester
linkages of the polycaprolactone. Suitable additives according to this embodiment include
biocompatible acidic compounds, which, for example, may be selected from the following:
lactic acid, lactic acid dimer, lactic acid oligomer, capric acid monomer, capric acid dimer,
capric acid oligomer, glycolic acid monomer, glycolic acid dimer, glycolic acid oligomer,
ascorbic acid, citric acid, fatty acids and their metal salts, and combinations thereof.
Preferably, the acidic compound is present in an amount sufficient to create a local acidic
environment within the polymer matrix and composite without substantially impacting the

natural pH level of the surrounding tissue following implantation.

[0050] Insome embodiments, the one or more additives are selected to increase the
hydrophilicity or the hydrophobicity of the composite. For example, in one embodiment, the
additive may include a fatty acid as mentioned above or another substantially hydrophobic
compound, which may in turn increase the hydrophobicity of the composite. In other
embodiments, a hydrophilic compound may be included as the additive which may increase the
hydrophilicity of the composite and/or the wettability of the polymer matrix. Increased
wettability and/or hydrophilicity may be useful in some embodiments in order to facilitate
perfusion of body fluids into the composite following implantation which could encourage
osteosynthesis and/or resorption of the composite. In some embodiments, the increased
wettability of the polymer matrix allows for an enhanced hydrophilic attack of the polymer
matrix by the body fluids after implantation.

[0051] In some embodiments, the additive includes one or more polymers including, for
example, a polymer selected from the following: polyethylene glycol (PEG), polyethylene
oxide (PEO), polypropylene glycol (PPG), poly lactic acid (PLA), poly glycolic acid (PGA),
and copolymers thereof. In some embodiments, the additive is a synthetic polymer. In some
embodiments, the additive is a dimer or an oligomer. In some embodiments, the inclusion of
one or more of these polymer additives to the composite modifies at least one of hydrophilicity,
degradation profile (e.g., resorption rate), handling properties (e.g., pliability), and
biocompatibility of the composite. In some embodiments, the additive is configured to modify
one or more thermomechanical properties of the polymer matrix and the resulting composite.

In some embodiments, the additive is configured to lower the melting point or glass transition
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temperature of the polymer matrix or composite such that the composite is capable of
transitioning from the substantially rigid state to the substantially pliable state at a lower

temperature.
METHODS OF MANUFACTURE

[0052] Methods for making a composite according to some embodiments of the present
invention include a) component preparation (e.g., preparing the osteoconductive particles
and/or the polymer material), b) mixing of the components, and c) creation of a solid unit (e.g.,
the final composite). In some embodiments, two or more of the above steps may be combined
in a single step. In some embodiments, for example, the polymer material can be prepared with
processes using solvents (e.g., in a rotary evaporator or rotavapor) or using thermal processes
(e.g., holt melt extrusion or heatable stirring unit). Example solvents include dioxan and
ethylacetat. The polymer material can be either a single polymer or a combination of two or
more different polymers with additives (e.g. citric acid, PLA dimer, oligomeric PLA, etc.) as

described above.

[0053] Mixing the components (e.g. mixing the osteoconductive particles and the polymer
material), according to some embodiments, can include for example, holt melt extrusion,
solvent mixing, mixing in a heatable stirring unit, spray coating, dip coating generative matrix
creation (e.g., 3D printing), and powder mixing at room temperature. A method, according to
one embodiment, is to heat the polymer material in a first step up to about 140 degrees C

(dependent on the polymer(s) used) and add osteconductive particles while stirring the mass.

[0054] Creation of a solid unit from the mixed components, in some embodiments, includes
heating the mixture in a microwave or oven. In some embodiments, where a solvent is used,
creation of a solid unit includes lyophilization or freeze drying process, and/or evaporation with
a heating process (e.g. oven, vacuum oven). In further embodiments, creation of a solid unit
includes a pressing or molding process to create a defined form and/or surface for the
composite. In some embodiments, once the solid unit is created, it is allowed to cool (e.g., to
about room temperature). The method may also include, in some embodiments, direct filling of

the composite into functional packaging (e.g., a syringe, blister, or pouch).
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[0055] In some embodiments, a method for making a composite according to the present
invention generally includes the steps of 1) mixing the osteoconductive particles with the
polymer material of the polymer matrix and the chemical additive(s) to form a mixture, and 2)
treating the mixture to bind the osteoconductive particles with the polymer material to create a
solid unit, said polymer material forming the polymer matrix. In some embodiments, the
method further includes shaping the mixture into a desired form. For example, the mixture in
some embodiments is shaped in a mold or a press. In some embodiments, the mixture is
shaped into a disc, cylinder, tablet, wafer, plug, cone, frustum, rod, or any other desired shape

for the solid unit. In further embodiments, the solid unit is then packaged.

[0056] In some embodiments of the method, the mixing step includes mixing the
osteoconductive particles with the polymer material at about room temperature. In other
embodiments, the mixing step comprises mixing the osteoconductive particles with the polymer
material in a heatable stirring unit. Moreover, in some embodiments, the polymer material is
mixed with the chemical additive(s) prior to mixing with the osteoconductive particles. In
further embodiments of the method, the mixing step includes coating the polymer material onto
the osteoconductive particles. In some embodiments, coating the polymer material onto the
osteoconductive particles includes spray coating and/or dip coating. In other embodiments, the
polymer material and osteoconductive particles are hot melt extruded. As discussed herein,
preferably the external surface of the osteoconductive particles is not entirely coated by the

polymer material according to certain embodiments of the invention.

[0057] After the mixture of osteoconductive particles, polymer material, and chemical
additive(s) have been formed, in some embodiments the mixture is treated by heating the
mixture. In some embodiments, heating the mixture includes heating the mixture to a
temperature sufficient to cause the polymer material to bind to the osteoconductive particles.
In some embodiments, heating the mixture includes exposing the mixture to microwave

radiation.

[0058] In other embodiments, the mixing step includes combining the osteoconductive
particles with the polymer material in a solvent, and the treating step includes removing the

solvent from the mixture. In some embodiments, the solvent is configured to dissolve the
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polymer material but not the osteoconductive particles. In further embodiments, a dispersion of
colloidal polymer particles suspended in the solvent is created. In some embodiments,
removing the solvent includes, for example, lyophilization and/or evaporation of the solvent.

In some embodiments, removal of the solvent is facilitated by the application of heat and/or a

vaccuum.

EXAMPLE 1

[0059] FIGS. 1A and 1B show an example composite including approximately 30% by
weight polycaprolactone and 70% by weight of beta-tricalcium phosphate particles (0.5 mm to

0.7 mm in diameter). The composite was shaped into a generally round tab as shown.

EXAMPLE 2

[0060] Composites including varying amounts of beta-tricalcium phosphate (TCP) particles
and polycaprolactone (PCL) were prepared and implanted into sheep. The amounts tested
included about 0% TCP/100% PCL, about 50% TCP/50% PCL, about 60% TCP/40% PCL,
about 70% TCP/30% PCL, and about 100% TCP, where the stated percentages are by weight
of the total composite. The percentage of new bone growth into each composite was measured
after eight weeks and shown in the graph of FIG. 3. As can be seen, the amount of new bone

growth increased with the percentage of TCP.

EXAMPLE 3

[0061] FIGS. 4A-4D are a series of photographs showing the implantation of an example
composite 50 into a bone 40 in accordance with an embodiment of the present invention. In
this example, bone 40 is a distal femur bone obtained from a cadaver having a cavity 42. As
shown in FIGS. 4B and 4C, composite 50 was molded by hand into cavity 42 to at least
partially fill cavity 42. Following implantation of composite 50, bone fragment 44 was

repositioned over cavity 42 and composite 50.
EXAMPLE 4

[0062] FIGS. 5A-5C are a series of photographs showing the implantation of a second

example composite 70 into a bone 60 in accordance with a further embodiment of the present
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invention. In this example, bone 60 is a tibia bone obtained from a cadaver having a cavity 62
and bone fragment 64, as shown in FIG. SA. Bone fragment 64 was removed to expose cavity
62 and composite 70 was molded by hand into cavity 62 to at least partially fill cavity 62 (FIG.
5B). After implantation of composite 70, bone fragment 64 was repositioned over cavity 62
and secured in place by screw 80, which was screwed into composite 70. FIG. 6 is a
radiograph image of bone 60 showing screw 80 passing through bone fragment 64 and

composite 70 (appearing as the darkened mass).

[0063] It should be understood that various changes, substitutions, and alterations can be
made herein without departing from the spirit and scope of the invention as defined by the
appended claims. It should also be apparent that individual elements identified herein as
belonging to a particular embodiment may be included in other embodiments of the invention.
Moreover, the scope of the present application is not intended to be limited to the particular
embodiments of the process, machine, manufacture, and composition of matter, means,
methods and steps described in the specification. As one of ordinary skill in the art will readily
appreciate from the disclosure herein, processes, machines, manufacture, composition of
matter, means, methods, or steps, presently existing or later to be developed that perform
substantially the same function or achieve substantially the same result as the corresponding

embodiments described herein may be utilized according to the present invention.
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CLAIMS

What is claimed is:

1. A biocompatible, resorbable composite for osteosynthesis, the composite comprising:

osteoconductive particles dispersed within a porous polymer matrix, the polymer matrix
comprising a plurality of fluid passageways that expose at least a portion of a plurality of the
osteoconductive particles to an exterior of the polymer matrix, wherein the polymer matrix
comprises polymer particles affixed to an external surface of the osteoconductive particles and
a portion of the external surface of the osteoconductive particles is not covered by the polymer
particles, wherein the polymer particles are smaller in broadest dimension than the
osteoconductive particles, and wherein the osteoconductive particles and the polymer particles
are aggregated to form the composite; and

a chemical additive incorporated within the polymer matrix, the chemical additive
modifies one or more of acidity, degradation rate, melting point, hydrophilicity, and

hydrophobicity of the polymer matrix.

2. The composite according to claim 1, wherein the polymer matrix comprises from 5% to

80% of the weight of the composite.

3. The composite according to claim 2, wherein the polymer matrix comprises from 10%

to 50% of the weight of the composite.

4. The composite according to any one of claims 1 to 3, wherein the osteoconductive
particles comprise a calcium phosphate, a magnesium phosphate, a magnesium sulfate, a silica

based bioglass, or mixtures thereof.

5. The composite according to any one of claims 1 to 4, wherein the osteoconductive

particles consist essentially of beta-tricalcium phosphate or hydroxyapatite.
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6. The composite according to any one of claims 1 to 5, wherein the polymer matrix
consists essentially of poly-(€)-caprolactone or another poly (hydroxy carboxylic acid) based

polymer.

7. The composite according to claim 1, wherein the osteoconductive particles are

physically connected by the polymer particles.

8. The composite according to any one of claims 1 to 7, wherein the polymer matrix has a

porosity of 20% to 80%.

9. The composite according to any one of claims 1 to 8, wherein the osteoconductive

particles each have a broadest dimension of 0.5 mm to 5.6 mm.

10. The composite according to any one of claims 1 to 9, wherein the chemical additive

creates an acidic environment within the polymer matrix when the composite is implanted.

11.  The composite according to any one of claims 1 to 10, wherein the chemical additive

increases the degradation rate of the polymer matrix when the composite is implanted.

12. The composite according to any one of claims 1 to 11, wherein the chemical additive
facilitates breakage of ester linkages within the polymer matrix when the composite is

implanted.

13. The composite according to any one of claims 1 to 12, wherein the chemical additive

comprises an acidic compound.

14. The composite of claim 13, wherein the acidic compound is selected from the group
consisting of lactic acid, lactic acid dimer, lactic acid oligomer, capric acid monomer, capric
acid dimer, capric acid oligomer, glycolic acid monomer, glycolic acid dimer, glycolic acid

oligomer, ascorbic acid, citric acid, fatty acids and their metal salts, and combinations thereof.
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15.  The composite according to any one of claims 1 to 14, wherein the chemical additive

comprises a hydrophilic compound.

16. The composite according to any one of claims 1 to 15, wherein the chemical additive

increases the wettability of the polymer matrix.

17. The composite according to any one claims 1 to 16, wherein the chemical additive

comprises a polymer.
18.  The composite of claim 17, wherein the polymer is selected from the group consisting
of polyethylene glycol, polyethylene oxide, polypropylene glycol, poly lactic acid, poly

glycolic acid, and copolymers thereof.

19. The composite according to any one of claims 1 to 18, wherein the chemical additive is

not copolymerized with the polymer matrix.

20.  The composite according to any one of claims to 1 to 19, wherein the composite is

completely synthetic.

21. The composite according to any one of claims 1 to 20, wherein the polymer matrix

comprises polycaprolactone and/or a caprolactone copolymer.

22. The composite according to any one of claims 1 to 21, wherein the chemical additive

comprises a plasticizer.

23.  The composite according to any one of claims 1 to 22, wherein the osteoconductive

particles comprise a ceramic material.

24.  The composite according to any one of claims 1 to 23, wherein the osteoconductive
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particles comprise crystalline, semi-crystalline, or amorphous calcium phosphate.

25. The composite according to any one of claims 1 to 24, wherein the osteoconductive

particles comprise a bioactive glass.

26. A method for making the composite according to any one of claims 1 to 25, said
method comprising the steps of:

mixing the osteoconductive particles with polymer material and the chemical additive to
form a mixture; and

treating the mixture to bind the osteoconductive particles with the polymer material to
create a solid unit, said polymer material forming the polymer matrix;

wherein the mixing step comprises mixing the osteoconductive particles with polymer

material particles at about room temperature.

27. The method of claim 26, wherein the mixing step comprises combining the
osteoconductive particles with the polymer material in a solvent, and wherein the treating step

comprises removing the solvent.

28. The method of claim 27, wherein removing the solvent includes lyophilization and/or

evaporation of the solvent.

29. The method of claim 26, wherein the mixing step comprises coating the polymer

material onto the osteoconductive particles.

30. The method of claim 26, wherein coating the polymer material onto the osteoconductive

particles includes spray coating and/or dip coating.

31 The method of claim 26, wherein the treating step comprises heating the mixture.
32. The method of claim 26, wherein the treating step comprises exposing the mixture to
26
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microwave radiation.

33. The method of claim 26, wherein the mixing step comprises mixing the osteoconductive

particles with the polymer material with a heatable stirring unit.

34. The method according to any one of claims 26-33, wherein the polymer material is mixed

with the chemical additive prior to mixing with the osteoconductive particles.

35. The method according to any one of claims 26-34, further comprising shaping the

mixture using a press or mold.

36. The method according to claim 35, wherein the mixture is shaped into a disc, cylinder,

tablet, wafer, plug, cone, frustum, or rod.

37. The method according to any one of claims 26-36, further comprising packaging the

solid unit.
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