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BONE GROWTH PARTICLES AND OSTEOINDUCTIVE COMPOSITION THEREOF

FIELD OF THE INVENTION

The invention relates generally to a composition comprising bone growth particles, a method of
making the composition, and a use of the compaosition in promoting bone growtn.
BACKGROUND

The use of osteocinductive proteins or growth factors, such as bone morphogenetic proteins
(BMPs), mitogenic growth factors, etc., improves clinical outcomes after surgical reconstruction of skeieta:

defects (e.g., implants). Such osteoinductive factors induce bone formation by targeting and activating

undifferentiated perivascular connective tissue cefis. Mitogenic growth factors target and accelerate the
osteogenic activity of previously differentiated cells. Although advances have improved the biological
activity of osteoinductive factors, their clinical application has been limited by the requirement for a superior
tissue scaffold/delivery vehicie.

Autologous bone grafts are the gold standard for restoring skeleta! defects because they provide
hoth a natura! tissue scaffoid and ostecinductive growth factors. Allogenic grafts may also be used, such
as demineralized bone matrices. For example, demineralized bone material can be prepared by grinding a
bone, demineralizing it with an acid soiution, washing with a phosphate buffered soiution, washing with
ethano! and drying it. Demineralized bone material can also be obtained from a commercial bone or tissue
bank (e.g., AlloSource, Denver CO). Because autogenic and allogenic sources of human bone are limited
and may be expensive or painful to obtain, the use of substitute materials is preferred. Numerous synthetic
or modified natural materials have been experimentally evaluated as alternative delivery vehicles, anc
include but are not limited to products containing hydroxyapatites, tricaicium phosphates, aliphatic
nolyesters (poly(iactic) acids (PLA), poly(glycolicjacids (PGA), polycaprolactone (PCL), cancellous bone
allografts, human fibrin, plaster of Paris, apatite, wollastonite {calcium silicate}, glass, ceramics, titanium,
devitalized bone matrix, non-collagenous proteins, collagen and autolyzed antigen extracted allogenic
hone. However, these synthetic or modified natural materials have yet to result in delivery vehicles having
ostecinductivity comparable to autograft or allograft bone sources, or having the capabifity to enhance the
osteoinductivity of these or other ostecinductive materials.

Alternate products are desirable.

SUMMARY OF THE INVENTION
Biocompatible compositions that comprise bone growth particles, a method of making the

compositions, and uses of the compositions in promoting bone growth are disclosed. One embodiment is a
bone growth-promoting composition comprising collagen and calcium phosphate that can be formulated as
a paste or putty. The compositions and methods facilitate skeletal regeneration and provide a scaffold for
new bone growth.

The compositions may be formulated as pastes or putties. This provides ease of use and economy
of product manufacture. Pastes and putties are soft masses with physicai consistencies between a hiquid
and a solid. Pastes and putties are desirable for surgical bone repair as they can he more easily delivereg
to difficult surgical sites and molded in site into desired shapes. These products are desirable for the
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reconstruction of skeletal defects, e.g., in spine, dental, and/or other orthopedic surgeries. They may be
used as a substitute for autologous bone grafts or may be used in conjunction with autologous bone grafts.
in one embodiment, engineered (i.e., synthetic) composite products that enhance the in vivo

formation of bone tissue and preserves the availability, and thus the functional activity of osteoinductive
growth factors are disclosed. Local pH control enhances clinical efficacy of osteogenic proteins, and
supplements local availability of essential bone components such as collagen, caicium, and pnosphaie.
Moderately acidic microenvironments likely improve protein-stimulated ostecinduction by enhancing the
rates of protein solubilization and protein release from collagen. Supplementing the local concentration of
solubie [Caz'*] and {POf"} ions enhances the quantity of bone produced, and increases rate of bone
formation by reducing dependence on essential ion diffusion from serum and other body fiuids. The
resultant increase in ocal concentration and cellular availability of bone morphogenetic proteins result in
improved acidic collagen delivery vehicles.

One embodiment is a biocompatible synthetic bone growth composition comprising a particulate
composite of a fiprillar collagen component and a calcium phosphate component. The collagen component
may be insoluble collagen (e.g., crossiinked collagen or porous particies). The caicium phosphate
component may be acidic calcium phosphate, such as monocalcium phosphate [Ca(H;PO4)z}, calcium
nydrogen phosphate dihydrate [CaHPO, 2H,0], anhydrous calcium hydrogen phosphate [Car HON)
partially dehydrated calcium hydrogen phosphate {CaHPO,xH:0, where x is between and inciudes 0 and
2] and/or caicium pyrophosphate [2Ca0-P.0s]. In one embodiment, the composition contains an
osteoinductive component, e.q., a purified bone growth factor, a recombinant bone growth factor, a bone
marrow component, a blood component, demineralized bone, autologous bone, bone marrow aspirate, etc.
in one embodiment, the composition pH ranges from about pH 5 to about pH 7.

Another embodiment is a process for producing a bone growth composition. A collagen
component is combined with a calcium phosphate component to produce a mineralized collagen
component. The mineralized collagen component may be prepared as a collagen gel, which may be frozen

and lyophilized into a product referred to as a sponge. Particles of the mineralized collagen component
(e.g. sponge) may be prepared by grinding, milling, chopping and/or molding the mineralized collagen
component. The particulate composition may be packaged as a kit that may include a device (e.g.,
container) for mixing the particles with a fluid. An osteoinductive component may be added, either beiore
or after forming the particles.

Another embodiment is a method of facilitating bone growth in a patient by adding an
osteoinductive component to a particulate mineralized collagen component and implanting the composition
in the patient. The composition may be injected into and/or molded to fit a surgical site.

These and other embodiments will be further appreciated with respect to the following drawings,
description, and exampies.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 shows a schematic representation of a collagen scafiold.
FIG. 2 shows a flow chart representing a process for making a mineralized collagen component.
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DETAILED DESCRIPTION

The basic elements required for bone formation include a three-dimensional, cpen-porosily tissue
scaffold, cells, and osteoinductive signaling molecules to stimulate cell differentiation, proliferation and
matrix formation. Successful bone formation requires that these elements be combined in a well-
coordinated spatial and time dependent fashion. The relative contribution of each element may vary, e.g.,
according to differences in patient age, gender, health, systemic conditions, habits, anatomical location,
ete.

Embodiments for improved bone formation and healing include the following: bioccompatible, open-
porous bone tissues scaffold, enhanced iocal concentration of soluble bone mineral elements such as
calcium and phosphate, and preserved ostecinductive protein solubility. Each is subsequently analyzed.

A biocompatible, open-porous bone tissue scaffold restores function and/or regenerates bone by
oroviding a temporary matrix for cell profiferation and extracellular matrix deposition with consequent bone
in-growth until new bony tissue is restored and/or regenerated. The matrix may also provide a template {or
vascularization of this tissue. The scaffold may actively participate in the regenerative process througn the
release of growth differentiation factors. '

The macro and micro-structural properties of the scaffoid influence the survival, signaling, growth,
propagation, and reorganization of cells. They may also influence celiuiar gene expression and phenotype
oreservation. The following properties contribute to scaffold characteristics for bone formation: cell
biocompatiability, surface chemistry, biodegradability, porosity, and pore size.

In one embodiment, the compaosition comprises fibrillar collagen. Collagen is the main protein of
connective tissue in animals and the most abundant protein in mammalis. Bone is composeag of strong,
fibrillar bundies of coliagen encased within a hard matrix of a calcium phosphate known as hydroxyiapatite.

 Collagen is also a constituent in cartilage, tendon and other connective tissues.

The collagen protein possesses a distinctive triple-helix tertiary structure of three polypeptide
chains supercoiled about a common axis and linked by hydrogen bonds. At least nineteen distinct
molecules have been classified as collagens, and specific types are associated with particular tissues.
Coliagen can be converted into gelatin by boiling or treating with an acid. The solubility of collagen is
affected by its conformation and exient of associations, whereby newly synthesized collagen chains are
generally soluble but after formation of fibrils, they become essentially insolubie.

Collagen fibrils, referred to as fiprillar coliagen, resuit from covalent cross-linking between the
supercoiled chains by an enzymatic mechanism that strengthens and stabilizes the chains. Fiorillar
collagen may be obtained from native sources such as human or animai dermis, tendon, cartilage or bone.
It is generally recovered by proteolytically degraging natural coliagen crossiinks 16 produce tropoccliagen.

Tropocollagen, the basic amino acid component, is soluble with acidic solutions (in one embodiment,

between pH 3 to piH 4). These solutions can be cleaned and purified prior to collagen fiber reassembly by

pH neutralization. Fibriliar collagen is generally less dense, less soluble, and swells more in solution than

non-fibrillar collagen.
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It 1s provided a composition comprising
a fibrillar collagen component;
an acidic calcium phosphate component; and

demineralized bone.

It 1s also provided a process for producing a bone growth composition comprising combining
a fibrillar collagen component with an acidic calcium phosphate component to produce a
mineralized collagen component, and creating particles of the mineralized collagen
component, wherein the mineralized collagen component comprises the form of a crosslinked

sponge prior to creating the particles, wherein creation of the particles includes milling.

It is further provided a process for producing a bone growth composition comprising
combining a fibrillar collagen component with an acidic calcium phosphate component to
produce a mineralized collagen component, and creating particles of the mineralized collagen
component, wherein the mineralized collagen component comprises the form of a crosslinked

sponge prior to creating the particles, further comprising including the particles in a kit.

It is additionally provided a process for producing a bone growth composition comprising
combining a fibrillar collagen component with an acidic calcium phosphate component to
produce a mineralized collagen component, and creating particles of the mineralized collagen
component, wherein the mineralized collagen component comprises the form of a crosslinked

sponge prior to creating the particles, further comprising sizing the particles.

3Ja
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Due to its high degree of biccompatibility with the human body, coliagen has been successiully
used in a variety of medical and dental applications for many years with minimal adverse responses.
During its manufacture, potentially antigenic portions of the collagen molecule are removed, resulting in a
product that is highly biocompatible and well-tolerated by the tissue. Collagen is also chemotactic tor
fibroblasts and other cells involved in bone tissue repair. Collagen bioccompatibility ensures that the
products are well integrated in the host tissue without eliciting an immune response.

Collagen used in the particulate composition may be from any source. These include natural
sources such as human and mammalian tissues, and synthetic sources manufactured using recombinant
technologies. it may be of any type (e.g., collagen Types |, I, IH, X and/or gelatin). In one embodiment,
collagen used is Type | collagen. In one embodiment, collagen is derived from bovine dermis. In one
embodiment, fibrillar collagen is derived from bovine dermis manufactured by Kensey Nash Corporation
(Exton PA) under the name Semed F. In one embodiment, fibrillar collagen may be obtained from Kensey
Nash Corporation under the name P1000. In one embodiment, the pariicles comprise at least about 33
percent by dry weight col!agen. In another embodiment, the particles comprise from about 25 percent to
about 75 percent dry weight collagen.

The surface chemistry of the scaffold can control and affect cellular adhesion. It can aiso influence
the solubility and availability of proteins essential for intraceliular signaling. Intracellular signaling
maximizes osteoinductivity through controlled cellular differentiation, proliferation, and stimulation.

Collagen fabricaies the disclosed structural scaffold and provides a physical and chemical milieu
favorable to bone regeneration. Collagen also provides a favorabie extracelluiar matrix for bone forming
cells, e.q., osteoblasts, osteoclasts, osteocytes, etc. The bone forming cells’ natural affinity for the coilagen
matrix has been demonstrated to favorably influence the funciion and signaling required for normal celluiar
activity.

The degradation rate of the scaffold shouid ideally match the bone-healing rate. Slower
degradation rates can hinder the rate of remodeled, load-bearing bone formation. Faster degradation can
result in unhealed defects.

The solubility and resorption of collagen is affected by its conformation and the degree of coliagen
cross-linking. The in vivo solubility and resorption of collagen is also infiuenced by the iocal concentration
of proteolytic agents and vascularity at the site.

In one embodiment, the composition is crosslinked to control the solubility and the extent and rate
of collagen resorption. Collagen crosslinking may occur by various methods such as dehydrothermal
(DHT), UV light exposure, chemical crosslinking with aldehydes (i.e. glyceraldehyde, formaldehyde,
glutaraldehyde), carbodiimides and various aming acids. The crosslinking conditions will preserve the in
vivo lifetime of the composition for up %o about twelve weeks, allowing it to function as a scaffold for bone
nealing. Collagen is eventually absorbed into the surrounding tissue by host enzymes. In one
embodiment, uncrosslinked collagen may be a component of the compaosition.

Scaffolds desirably posses an open pore, fully interconnected geometry to allow homogeneous and
rapid cell in-growth, and facilitate vascularization of the construct from the surrounding tissue.
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To this end, the total pore volume porosity of the scaffold simulates that of cancellous bone.
Cancellous bone is a highly porous structure (about 50 vol. % to about 90 vol. %) arranged in a sponge-like
form, with a honeycomb of branching bars, plates, and rods of various sizes called trabecuiae. The
synthetic scaffold must ensure pore interconnectivity to allow for the diffusion of nuirients and gases and for
the removal of metabolic wasie resulting from the activity of the cells within the scaffold. tis generally

accepted by one skiiled in the art that the pore diameters should be within the range of about 200 um to
about 900 pm range for ideal bone formation. Smaller pores can occlude and restrict celluiar penetration,
matrix production, and tissue vascularization. Larger pores can detrimentally influence the mechanical
properties of the structural scaffold.

The disclosed method produces a synthetic scaffold that mimics the natural structural design of
hone for bone formation. In one embodiment, the scaffold is fabricated using fibriliar collagen. Fibrillar
collagen is the cytoskeletal filament within the matrix of all tissues and organs. In addition to being a
fundamental element of natural bone, fibrillar collagen allows the formation of a scaffold with high surface
area and an interconnected network of high porosity, as shown in FIG 1. The total pore volume is made up
of both micropores 10, which is the space between collagen strands within the fibril, and macropores 12,
which is the space between collagen fibriis. In one embodiment, the composition matches the porosity of

canceilious bone, with total pore volumes ranging belween about 50 vol.% to about 97 vol.% and pore

diameters ranging between 1 um and 1000 pm.

Enhancing local concentration of soluble bone mineral elements, such as iCa*'] and/or [PO,™],
contributes to improved bone formation and healing.

Calcium phosphate based products have been used for bone repair for over 80 years. Their many
desirable properties include similarity in composition to bone mineral, bioactivity (ability to form apatitic or
carbonated hydroxylapatite on their surfaces), ability to promote cellular function and expression, ability to
form a direct strong interface with bone, and ostecconductivity {ability to provide a scaffold or template for
the formation of new bone). Commercially available calcium phasphate biomaterials difter in origin (e.g.,
natural or synthetic), composition (e.g., hydroxylapatite, beta-tricalcium 'phosphate, and biphasic caicium
nhosphate), physical forms (e.g., particulates, blocks, cements, coatings on metal implants, composites
with polymers), and physicochemical properties. Subtle differences in chemical composition and crystalline
siructure may significantly impact their in vivo physical and biclogical performance.

The disclosed composition and method supplements the local availabiiity of essential soluble bone
components, e.g., calcium and phosphate. Biolegically compatible, sparingly solubie calcium phosphates
are suitable supplements to locally increase the supply of soluble caicium [Ca®] and phosphate [PO."]
ions. As shown in Table 1, calcium phosphate salts solubilize at different equilibrium ionic concentrations,

where the local supplemented concentrations of caicium [Ca®*] and phosphate [PO,”} ions can vary by
more than four orders of magnitude. Calcium hydrogen phosphate (dical), an example of a calcium
phosphate additive used in the disclosed composition, provides about 206 {o about 300 times the
concentration of soluble mineral elements in compariscn to conventional calcium phosphates, such as
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tricalcium phosphate (TCP) (Cas(PO,)2) or tetracalcium phosphate (TTCP) (Cas(PO4)2(QH):) or caicium
hydroxyapatite (HA) (Cas(PQ4)3(OH])).

Table 1. Equilibrium solubility of calcium and phosphate ions from several different biclogically compatible

' Equitbriu . ' Equiiibium - Insolubie fraction
(Ca™] PO, | [200mag/cc] |

calcium phosphate sals.

Plasma 1 2.200.0 uM o

Ca(H2P4) ~ (Monocal) 143000 yM |  28,600.0 uM 97.0000 Wt.%
CaHPO4 (Dical) 480.0 uM 480.0 LM 99.8700 wi.%
Cag(PO4)2 (TCP) L 1apuM 0.9 pM 99.9999 wt.%
Cas(PO.)(OH) (HA) 2.2 UM 1.3 uM 99.9999 wt.%
Cas(PO)L(OH), (TTCP) 28.2 UM 14.1 UM 99.9994 wt.%

Dical is soluble and does not require osteoclastic resorption for biodegradation. It resorbs slowly
enough that products can be designed to suppiement the soluble mineral ion concentration for several
WEeKS.

Local supplementation of soluble [Ca®"] and [PO.”] ions enhanced the quantity of bone produced
and increased its rate of formation in animals. Without being bound by a specific theory, it is believed that
the use of a soluble form a calcium phosphate reduces the healing rate dependence on local osteociastic
resorption and essentiat ion diffusion from plasma fiuids.

The method and composition preserved osteoinductive protein solubility. Osteoinduction is the
process by which stem cells and ostecprogenitor cells are recruited to a bone-healing site and are
stimulated to undergo the osteogenic differentiation pathway. Classic synthetic, biodegradable scafiolds
are only osteoconductive and require combination with an inductive bone-forming agent to stimulate and
accelerate bone healing.

Bone growth factor cytokines, also known as bone morphogenetic proteins (BMPs), are entrapped
at high concentration within bone and are secreted by many bone-forming cell types. The primary function

of BMPs is cellular signaling. Iniracellular signaling occurs through the binding of a soluble growth factor to
a specific cell receptor site. This signal pathway stimulates several different and important bone healing
events, including the proliferation, migration, and differentiation of bone forming cells. The cells are, in turn,
responsible for the synthesis of other proteins and growth factors that are important for reguiating and
controlling bone tissue formation. Although there is a vast array of BMPs describead and known o one
skilled in the art, BMPs 2, 4, 6 and 7 are generally considered 1o be the most osteoinductive.
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The disclosed compasition provides biodegradable synthetic bone graft materials to specifically
preserve the sclubility of ostecinductive proteins. Various forms of calcium phosphates are known to have
different chemical affinities for endogenous osteoinductive proteins (e.g., BMPs). Calcium phosphates
such as TCP and HA are known to strongly bind acid-soluble BMPs because of their alkaline surface
chemistry. In contrast, dical presents a moderately acidic surface chemistry that will not bind acidic
oroteins. Because of its enhanced solubility, it can also moderately buffer the local environment {o an
acidic range that further preserves osteoinductive BMP solubility.

An in vitro study assessed the influence of variable composition calcium phosphate saits on the
soluble concentration of ostecinductive proteins. The residual concentration of soluble recombinant BMP-2
was measured after exposing a controlled concentration afiquot to an equi-molar guantity of calcium
shosphate salt. As shown in Table 2, moderately acidic calcium phosphates salts, such as dical, preserved
the highest soluble concentration of osteoinductive proteins. The enhanced local concentration and cellular

availability of bone morphogenetic proteins (BMPs) better stimulate bone formation.

Table 2. Equilibrium solubility of osteoinductive recombinant human BMP-2 protein in the presence

of equimolar concentrations of varicus calcium pnosphates.

on’{roi

Ca(H.PO,), (monocal)
CamPO, (dical)
Cas(PO.)s (TCP)
Cas{PO,)z(OH) (HA)

In one embodiment, an additive {e.g., an osteoinductive component) formulated as a putty or paste
s included in the biocompatible composition that facilitates skeletal regeneration and provides a scaffold for
new bone growth. Use of synthetic components reduces the potential of disease transfer and immune
system incompatibilities. The terms putty and paste are quaiitative and generally describe a composition
that is moldable/formable and flowable, respectively. When the term paste is used to describe the
composition including a liquid, it is to be understood that a putty may also be formed, generally by
decreasing the volume of liquid mixed with the composition.

In one embodiment, the composition forms a paste that enhances the formation of bone tissue and
increases the availability, and thus the functional activity of osteocinductive growth factors. It is provided at
a surgical site during reconstruction of a skeletal defect. For example, the paste may be used in spine,
dental. reconstructive, trauma, and other orthopedic surgeries. The paste may be used as a substitute for
or additive to autologous bone grafts. Although the composition is synthetic, it may include natural
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components, e.g., bovine collagen, and/or be combined with natural components, e.g., bone marrow
aspirate.

The paste controls pH to enhance clinical efficacy of osteoinductive proteins, and suppiements
local availability of bone components such as coliagen, calcium, and phosphate. Without being bound by a
specific theory and as analyzed above, moderately acidic microenvironments likely improve protein-
stimulated osteoinduction by enhancing the degree of protein solubilization and protein release from
collagen. Supplementing the local concentration of sciuble [(Ca®*] and [P0, ] ions increases the rate of
sone formation by reducing dependence on ion diffusion from serum and other body fluids. The resultant
increase in local concentration of colfagen and mineral building blocks, coupled with the enhanced celluiar
availability of bone morphogenetic proteins, improves acidic coilagen delivery vehicles.

In ohe embodiment, the composition formulated as a paste is both ostecinductive, i.e., it initiates or
induces bone growth, and osteoconductive, i.e., it facilitates already initiated tone growth but does not
itself initiate bone growth. Its osteoinductive effect arises, for exampie, from osteoinguctive factors present
in the liquid;'e.g., bone marrow aspirate, used to make the pasie. The composition is also osteoinductive In
that it does not inhibit or diminish the solubility of osteoinductive factors, such as BMPs, due to the ability of
the composition to induce a local pH decrease, as analyzed above. Its osteoconductive effect arisés from
provision of a collagen scaffold and source of bone growth materiais. In one embodiment, exocgenous
osteoinductive factors are included as additives in the composition.

A variety of calcium phosphate salts, represented by the general chemical formula xCaO,P;0s, may
be used to simultaneously supplement the local [Ca®*] and [P0,”] ion concentrations and to act as short-
term biclogic buffers. In one embodiment, the composition includes a particulate formed from crossiinked
collagen and calcium phosphate.

In another embodiment, a method of making the particulate composition is provided. Collagen and
calcium phosphate are combined, dried, crosslinked, and particulated as subsequently described.

In another embodiment, a method of using the collagen and calcium phosphate particles is
disclosed. The particulate composition can be combined with a fluid, for example bone marrow aspirate, to
create a paste. The paste is then injected, manually applied, or otherwise delivered to a site of a bone. In
one embodiment, the paste is an injectible bone void filler. The paste provides improved handling and
delivery capabilities, allowing a surgeon to introduce the composition into complex geometry bone defects.
The paste components are fully resorbable and stimulate bone regeneration in a manner similar to that
achieved with natural bone.

in one embodiment, the composition contains particulate, fibrillar collagen and calcium phosphate.
The composition can be combined with a liquid such as biological fluids (e.g., bone marrow aspirate, whole
biood, serum, plasma, etc.) to form a paste. The paste is then used as an injectible and/or conformable
(i.e., moldable) bone-grafting material for primary applications in, e.g., spine fusion, dental furcation
augmentation, fracture repair, etc.

In one embodiment, where a fibrillar collagen component is combined with a calcium phosphate
component to produce a mineralized collagen component, porous particles of the mineralized collagen
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component may be prepared. In one embodiment, particle porosity measured as the total open pore
volume is greater than about 90 percent by velume. In another embodiment, the total open pore volume
within the particle ranges from about 50 percent to about 97 percent. In one embodiment, particle pore

size ranges from about 1 um to about 1000 um. In another embodiment, particie pore sizes range from
about 125 um to about 300 um. [n one embodiment, the particle size ranges from about 106 um to about

840 um.

A variety of calcium phosphate saits, represented by the general chemicai formula
Cay(PO,4),{0,0H,H;0), may be used in the product composition o simultaneously supplement the local
concentration of [Ca®*] and [P0,”] ion concentrations and to act as short-term biologic buffers. Calcium
phosphates that may be used in the compaosition include monocalcium phosphate (monocal} {Ca{HPO,).l,
calcium hydrogen phosphate (dical} [CaHP0.}, calcium pyrophosphate [2Ca0+P:0sj, tricalcium phosphate
[3Ca0+P.,0:], hydroxyapatite [3.33Ca0+P,05(OH). {polycrystaliine and amorphous cCoOmMpositions)i,
tetracaicium phosphate [4Ca0+P,0s] and calcium carbonate [CaCO; (aragonite), CaCO;, (calcite)]. In one

embodiment, the composition comprises an acidic mixture of calcium phosphates. Acidic calcium
phosphate refers to those compositions, with compasite calcium {x} / phosphate {y) below 1.5, that either
oresent acidic surface chemistries or solubilize in aqueous solution to a sufficient extent to cause solution
buffering to an acidic value (pH<7.0). In one embodiment, the acidic calcium phosphate 1S caicium
hydrogen phosphate dinydrate [CaHPO, -2H,0]. In one embodiment, the acidic caicium phosphate is
anhydrous calcium hydrogen phosphate [CaHPO,]. In one embodiment, the calcium phosphate of the
composition is greater than about 25 percent by dry weight. In another embodiment, the calcium
phosphate of the particulate composition is about 67 percent by dry weight.

The composition may further comprise additives such as bicactive agents, e.g., agents that exhibit
biologic activity, and liquids. For example, agents that are osteoinductive and/or osteogenic may be
included. As previously stated, ostecinductive agents stimulate bone growth. Examples of osteoinductive
agents include bone growth factors, bone marrow companents, blood components, and bone components.
Bone growth factors may be purified or recombinant and include bone morphogenetic protein {(BMP). Bone
marrow aspirates (BMA) may be used in the composition because they contain osteoinductive agents such
as bone growth factors and mesenchymal stem cells. Mesenchymal stem cells (MSCs) are multi-pctent
cells capable of differentiating along several lineage pathways to aid in the production of bone. M5Cs are

considered as a readily avaiiable source of cells for many tissue engineering and regenerative medicine
anplications. For these reasons, ostecinductive proteins and MSCs have been used to supplement the
nerformance of osteoconductive bone formation scaffolds as replacements for autologous and allogeneic
hone graits.

In one embodiment, bone marrow aspirate is included in the composition. Blood components such
as whole blood and platelet-rich plasma, may be included in the composition. Osteoinductive bone
components that may be included in the composition include demineralized bone and autologous bone.
Demineralized bone refers to bone that has been treated to remove all or a majority of the calcium
phosphate mineral components. Demineralization is usually performed by exposing powdered bone, from
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any human or mammalian source, to acidic solutions {i.e., HCI, acetic acid, ethylene diamine tetracetic
acid) with a pH less than about 4. Bone that has not been demineralized may be included In the
composition and also includes bone derived from an autologous or mammalian source.

Adding liquid to the composition results in a paste or puity, defined as soft masses with physical
consistencies between a liquid and a solid. The liquid may be a biological fluid such as blood, piasma,
serum. bone marrow, etc., or may be a buffer or may be capable of buffering to the physiological pH values
of human serum (pH 7.1 to pH 7.4). Examples of buffers are known to cne skilled in the art and include
Tris and phosphate-buffered saline. In one embodiment, the composition has a pH in the range of about
oH 5 to about pH 7.4. In another embodiment, the composition has a pH in the range of about pH 5.5t0
about pH 6.9. More than one liquid may be inciuded in the composition. For example, the compasition
may include bone marrow aspirate and a buffering salt solution. The liquid may also include biocompatible
iquids such as water, saline, glycerin, surfactants, carboxylic acids, dimethylsulfoxide, and/or
tetrahydrofuran. In one embodiment, the liguid is greater than about 25 percent by voiume ot the
composition. In another embodiment, the liquid comprises from about 75 percent to about 30 percent by
volume of the composition. Additionally, natural and synthetic polymers such aliphalic polyesters,
polyethylene giycols, polyanhydrides, dexiran polymers, and/or polymeric orthophospnates may e
included in the composition.

In one embodiment, a process for producing a particulate mineralized collagen composition
comprising collagen and calcium phosphate is provided. In one embodiment, a crosslinked collagen and
calcium phosphate composition is prepared and is then formed into particles, as shown in FIG. 2. Initially,
cofiagen and calcium phosphate are combined with an acid, e.g. HC, to create a slurry. The slurry may
also be a gel due to the presence of collagen in an acidic environment. The types of collagen that may be
used are described above and include bovine dermal fiorillar collagen. Suitable calcium phosphate
includes acidic caicium phosphate such as monocaicium phosphate [Ca(MH2PO,).], caicium hydrogen
phosphate [CaHPQ,], and/or calcium pyrophosphate [2Ca0-P,0s]. In one embodiment, about 33 percent
by weight of collagen is combined with about 67 percent by weight caicium phosphate.

The combination is then subjected to freezing, lyophilization, and crosslinking. in one embodiment,
the composition is frozen at about —80°C for about two hours. In one embodiment, the composition is
iyophilized for at least about sixteen hours. In another embodiment, the compaosition is lyophilizea for at
least about 48 hours.

The composition may be crosslinked. Crosslinking may be effected by a variety of methods known
to one skilled in the art, including but not limited to dehydrothermal {DHT) crosslinking. In DHT
crosslinking, the composition is placed in a vacuum oven chamber, the chamber is evacuated to create a
vacuum, and the composition is heated for a period of time. In one embodiment, the composition is heated
to about 110°C. In one embodiment, the composiiion is heated in a vacuum oven for about 48 hours.

Following freezing, lyophilization, and crossfinking, the solid composition is formed into particles.
Methods of forming particles are known to one skilled in the art and include, but are not limited to, grinding,
milling, chopping, and/or molding. in one embodiment, particles are formed by milling the solid

10
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composition. Milling may occur using a Wiley mill {Thomas Scientific, Swedesboro NJ). The mesh size on
the mill directs the size of the resultani particles. In one embodiment, a —20 mesh is used that creates
particles in the range of about 100 um to about 840 pm. The particles may be sized by, for example,
sieving. At any point in the process, additional components may be added to the composition, as
described above. For example, an ostecinductive component can be added prior to forming the articles.
The composition may be provided as a kit. In one embodiment, the kit includes the composificn
described above, and may further include other components. These include a receptacle such as a plastic
container in which to place the eompoé%tion and in which to add liquid to form the composition into a paste
or putty, @ mixing implement such as a spatuia, stir rod, etc., a disposaole syringe harrel without a needie In
which to ptace and deliver the mixed paste, instructions for formulating and/or using the composition, etc.
In another embodiment, a method of facilitating bone growth is provided. In one embodiment, the
method includes adding at least one osteoinductive component such as a purified bone growth factor, a
recombinant bone growih factor, a bone marrow compenent, a blood component, demineralized bone,

autologous bone, etc., to the particulate composition previously described. In embodiments where the

osteoinductive component is bone marrow aspirate, blood, or a blood component, it may be acutely
obtained and added to the composition (e.g., blood and/or bone marrow may be obtained from the same
surgical site for repairing the defect). Adding the ostecinductive component(s) and/or another liquid {o the
composition, with stirring, results in a paste or putty, which is provided to the desired anatomical site of the
patient. In one embodiment, the paste is loaded into the barrel of a disposable 5 ¢¢ syringe, without a
needle atiached. and is extruded through the barrel aperture io the desired anatomical site. in another
embodiment, the putty is manipulated or formed into a configuration of desired size, shape, length, etc.,
either manually or by instrumentation, and gently pressed on and/or in the desired anatomical site. The
site is desirably prepared to expose healthy bleeding bone, facilitating subsequent bone growth. The
method may be performed using minimally invasive procedures Known to one skilled in the art. The
method may be used in at least partially filling bone voids and/or gaps of the skeletal system (i.e,,
extremities, pelvis, spine, oral cavity) that are not intrinsic to the stability of the bone structure. These voids
and/or gaps may be a result of trauma, either natural or by surgical creation. The paste is gently provided
on and/or in the void and/or gap. The paste is resorbed by the body during the healing process (over days,
weeks, and months). The paste may be molded into the bone void or defect by manipuiating either
manually or using an instrument (e.g., spatula, syringe, probe, cannulza, etc.}.

The following examples further illustrate embodiments of the invention.

EXAMPLE 1 |

A composite collagen and calcium phosphate gel dispersion was prepared (5 vol.% collagen gel)
by weighing 6 g collagen. A 10 mM HCI solution was volumetrically measured (246 ml) to prepare a
5 vol.% gel. Twelve g sterilized dicalcium phosphate {CaHPO,] powder {66.7 wi.% calcium phosphate)
was added and stirred to a uniform consistency. The combination was mixed, for example, by repeated
shear material transport, until a uniform collagen gel dispersion of moderate viscosity {(about 1,000 P to
about 1,500 P) was obtained.

11
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About 16.5 m! of the collagen and calcium phosphate gel dispersion was then cast into an
autoclaved TEFLON® mold of 4.5 cm {L) x 1.7 cm (W) x 2.1 cm (H), with removable upper ana lower
autoclaved glass plates. The collagen gel dispersion was injected into the mold with the lower glass plate

attached and the composition was evenly spread using a spatula. The upper auioclaved giass plate was
then fixed in contact with the dispersion and the plates were secured using countersunk flat head screws.
The mold was then maintained at -80°C for at least one hour.

After freezing, the glass plates were removed from both sides of the mold backing and the mold
containing the frozen product was placed in a sterile paper autoclave pouch and frozen within & glass
lyophilization vessei for two hours.

The frozen composition was then lyophilized (i.e. freeze-dried) at room temperature in a Laboratory
Freeze Dryer (Freezemohile 25EL, VirTis Inc., Gardiner NY) for at least 24 hours. The lyophilization VESSel
containing the product was attached to the vacuum port of the Freezemobile in operation with a condenser
temperature of -506°C or below, and a manifoid pressure of 10° mm Hg or less. The vacuum port to the
vessel was opened exposing the frozen product to pressure sufficient to freeze dry the product within 24

hours at room temperaiure.
The composition was then crosslinked via a dehydrothermal (DHT) process. The composition was

removed from the mold and placed onto an autoclaved aluminum pan. The samples were then placed into
a vacuum oven. The gas vents were ciosed and the chamber was evacuated 10 10 mm Hg. The vacuum
chamber was heated to 110°C. After 48 hours of constant temperature heating, the samples were cooled
to room temperature (about 20°C to about 22°C) under vacuum, After the composition bar cooled, the
chamber was repressurized with 0.2 micron filtered air. The composition bar was removed using sterile
forceps and stored in a sterile paper autoclave pouch.

The samples were then processed into particies. Samples were placed into the hopper of a clean
Wiley Mini-Mill (Thomas Scientific, Swedesboro NJ), and milled at about 1,700 rom. The sampies were
swept around by rotor until cut to sufficient fineness to pass through the sieve top of a delivery tube that
formed the bottom of the chamber. The final product was coliected using a 20 mesh delivery unit located
under the mill blades.

in one embodiment, the particles were aiso subjected to compression moiding to form storage
disks. The particles were weighed and introduced into a cylindrical mold to produce solid disks through
uni-axial compression. The compression pressure was optimized to simultaneously produce a solid
oroduct. This product resisted breakage during normai shipping and facilitated rapid product mixing { less
than two min).

EXAMPLE 2

Prior to opening a container containing particles of the above composition, the volume of a bone
void 1o be repaired was determined. Based on the bone void, an appropriate volume of non-human animai
blood was obtained, using a ratio of 0.75 : 1 blood or bone marrow aspirate : bone void volume.
Appropriate volumes of liquid were added, as subseqguently described, to obtain products of desirea
cohesive consistency (e.g. paste). As one example, per 1 ¢¢ dry particle volume, 0.75 ml whoie blood was

12
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added to obtain a cohesive putty, or 0.85 mi whole blood was added tc obtain a paste. As another
example, per 1 cc dry particle volume, 0.75 ml bone marrow aspirate was added to obtain a cohesive putty,
or 0.85 ml bone marrow aspirate was added {o obtain a paste.

Immediately prior to implantation on an isolated bone, the liquid was mixed with the composition to
obtain a paste of desired consistency. The bone void site was irrigated as needed and the paste was
packed into the bone void, The site was sealed with surrounding soft tissue as needed, €.g., to close the
wound and restore soft tissue configuration. Rigid fixation of the defect site stabilized the bone void.

13
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CLAIMS

1. A composition comprising :
a fibrillar collagen component;
an acidic calcium phosphate component; and

demineralized bone.

2. The composition of claim 1, wherein the collagen component comprises crosslinked
collagen.
3. The composition of claim 2, wherein the collagen comprises dehydrothermally

crosslinked collagen.

4. The composition of any one of claims 1 to 3, wherein the collagen component ranges

from 25 to 75 dry weight percent.

S. The composition of any one of claims 2 to 4, wherein the collagen component further

comprises uncross-linked collagen.

6. The composition of any one of claims 1 to 5, wherein the collagen component

comprises bovine dermal collagen.

7. The composition of any one of claims 1 to 6, wherein the collagen component

comprises Type I collagen.

8. The composition of any one of claims 1 to 7, wherein the acidic calcium phosphate

component 1s selected from the group consisting of monocalcium phosphate [Ca(H,PO,) ,],
calctum hydrogen phosphate [CaHPO,], calcium pyrophosphate [2CaO-P,O.], and

combinations thereof.

9. The composition any one of claims 1 to 8, wherein the acidic calcium phosphate

component 1s calcium hydrogen phosphate [CaHPO}.

14
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10.  The composition of any one of claims 1 to 10, wherein the calcium phosphate

component ranges from 25 to 67 dry weight percent.

11.  The composition of claim 1, further comprising an osteoinductive component
comprises selected from the group consisting of a purified bone growth factor, a recombinant

bone growth factor, a bone marrow component, a blood component, autologous bone and a

combination thereof.

12. The composition of claim 1, further comprising an osteoinductive component

comprising bone marrow aspirate.

13.  The composition of any one of claims 1 to 12, further comprising a liquid.

14.  The composition of claim 13, wherein the liquid exceeds 25 volume percent.

15. The composition of any one of claims 1 to 14, wherein the composition has a pH
between pH 5 to pH 7.4,

16.  The composition of any one of claims 1 to 15, wherein the composition has a pH

between pH 5.5 to pH 6.9.

17. A process for producing a bone growth composition comprising combining a fibrillar
collagen component with an acidic calcium phosphate component to produce a mineralized
collagen component, and creating particles of the mineralized collagen component, wherein
the mineralized collagen component comprises the form of a crosslinked sponge prior to

creating the particles, wherein creation of the particles includes milling.

18. The process of claim 17, wherein the mineralized collagen component comprises the

form ot a gel prior to creating the particles.

19.  The process of claim 17 or 18, comprising adding an osteoinductive component to the

composition.

15
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20. The process of claim 19, wherein the osteoinductive component is added after the

particies are formed.

21.  The process of any one of claims 17 to 20, wherein combining a fibrillar collagen
component with an acidic calcium phosphate component to produce a mineralized collagen

component further comprises preparing a collagen gel.

22. The composition of claim 21, further comprising lyophilizing the mineralized

collagen component.

23. The process of any one of claims 17 to 22, wherein the acidic calcium phosphate is
selected from the group consisting of monocalcium phosphate [Ca(H;POy),], calcium
phosphate dibasic [CaHPO4], calcium pyrophosphate [2Ca0.P,0s], and combinations
thereof.

24.  The process of claim 23, wherein the acidic calcium phosphate comprises calcium

phosphate dibasic {CaHPO4].

25. The process of any one of claims 17-24, wherein collagen is dehydrothermally
crosslinked.
26. A process for producing a bone growth composition comprising combining a fibrillar

collagen component with an acidic calcium phosphate component to produce a mineralized
collagen component, and creating particles of the mineralized collagen component, wherein
the mineralized collagen component comprises the form of a crosslinked sponge prior to

creating the particles, further comprising including the particles in a kit.

27. The process of claim 26, wherein the kit includes a device for mixing the particles
with a fluid.
28.  The process of claim 26 or 27, wherein the kit includes a receptacle for mixing the

particles with a fluid.

16
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29. A process for producing a bone growth composition comprising combining a fibrillar
collagen component with an acidic calcium phosphate component to produce a mineralized
collagen component, and creating particles of the mineralized collagen component, wherein

the mineralized collagen component comprises the form of a crosslinked sponge prior to

creating the particles, further comprising sizing the particles.

30.  The process of claim 29, wherein the size of the particles is selected by sieving.

17
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