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FIGURES 3(a), 3(b) and 3(¢)
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FIGURES 5(a), 5(b) and 5(c)
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FIGURES 6(a), 6(b), 6(c) and 6(d)
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FIGURE 9
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FIGURES 16(a), 106(b) and 10(¢)
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FIGURE 12
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BONE SUBSTITUTE COMPOSITIONS,
METHODS OF PREPARATION AND
CLINICAL APPLICATIONS

[0001] This patent application claims the benefit of U.S.
patent application Ser. No. 12/882,554 filed on Sep. 15, 2010,
and entitled “Bone Substitute Compositions, Methods of
Preparation and Clinical Applications”, and U.S. Provisional
Patent Application Ser. No. 61/242,596 filed on Sep. 15,
2009, and entitled “Nanostructured Injectable Bone Cement
for Bone Regeneration”.

GOVERNMENT CONTRACT

[0002] The research conducted for this invention was par-
tially funded under grants (Nos. DAMD 17-02-1-0717, SAP-
4100041556 and SAP-410045998) and a contract (No.
DAMD 17-02-0717) from the government of the United
States and therefore, the government of the United States has
certain rights in this invention.

FIELD OF THE INVENTION

[0003] The present invention relates to bone substitute
compositions, methods for their preparation, and their use in
clinical applications. The compositions are particularly suit-
able for use in bone regeneration, bone tissue engineering and
as a delivery vehicle for cellular and biological materials.

BACKGROUND OF THE INVENTION

[0004] Various polymer- and ceramic-based scaffolds have
been studied for use as bone substitute compositions and for
the purpose of bone regeneration. These scaffolds include
hydroxyapatite (HA)-based ceramics and calcium phosphate
cements (CPCs). CPCs are generally moldable, putty-like
compounds that can be easily introduced into a defective bone
site. They typically set within a period of time at normal body
temperatures to form mechanically stable, osteo-conductive
or osteo-inductive materials. Additionally, CPCs convert into
natural bone-like calcium-deficient hydroxyapatite (CDHA)
in vivo making them attractive for bone tissue engineering.
Currently used CPCs have a relatively long setting time, for
example, in excess of several tens of minutes, slow conver-
sion, low resorption rates and low bone regeneration rates.
CPCs would be more attractive for clinical applications if
they exhibited enhanced resorption-degradation characteris-
tics in vivo.

[0005] Further, the polymer and ceramic cement-based
scaffolds that are known in the art for use as bone substitute
compositions are generally not amenable for in situ incorpo-
ration of cells, growth factors and/or biological systems. This
may be due, at least in part, to the harsh reaction conditions or
reagents that are used and may be toxic to cells and biological
systems. Hence, as a result, the cellular or biological compo-
nents could be incorporated into the pre-fabricated system
which would not allow one to substantially control the
amount, distribution and homogeneity of the delivery agents.
Further, the acidic or basic degradation products could also
prove to be harmful to the cells or biological molecules added
to the pre-fabricated system.

[0006] Reconstructive surgery in recent years has focused
intensely on tissue repair and regeneration, in an attempt to
overcome the limitations of the current treatment strategies.
Artificial tissue substitutes have significantly assisted sur-
geons in the restoration of the form and, partly, the function of
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defective bones. In this context, the implementation of biore-
sorbable scaffolds have been regarded as an optimal model
for tissue regeneration.

[0007] Thereis a need in the art to design and develop bone
substitute compositions which can be generated under physi-
ological conditions of neutral pH and may demonstrate the
ability to contain nano-carriers of calcium phosphate that are
complexed to cellular and/or biological materials, such as
DNA, growth factors, cells and proteins. Additionally, it is
desired for bone substitute compositions to have a reasonably
short setting time, a reasonably rapid conversion time and
relatively high resorption and bone regeneration rates.
[0008] Further, it is desired for bone substitute composi-
tions to have relatively short initial setting times and rela-
tively short final setting times; improved porosity of the
CPCs, i.e. increased number and size of the pores inside the
cement to accelerate bone tissue infiltration; increased
exposed area to lead to greater resorption rates; and the ability
to directly incorporate various cellular and/or biological
materials in the developed apatitic—CPC to induce rapid
bone regeneration around a defective bone site. Furthermore,
it is desired that the incorporation of porosity, various cellular
and/or biological materials including carriers of DNA,
growth factors, proteins, and drugs, not impact the setting
characteristics and mechanical properties of the bone substi-
tute composition.

SUMMARY OF THE INVENTION

[0009] Inone aspect, the present invention provides a bone
substitute composition including a powder component and a
liquid component. The powder component includes calcium
phosphate, acidic calcium salt, basic calcium salt, material
selected from monosodium hydrogen phosphate, disodium
hydrogen phosphate and mixtures thereof, and porogen. The
liquid component includes a colloidal mixture including
nanoparticulate calcium phosphate and calcium salt. The
bone substitute composition is effective to regenerate bone in
the absence of a biological growth component.

[0010] The bone substitute composition can further include
a plasticizer. The plasticizer can be present in the powder
component of the bone substitute composition.

[0011] The calcium phosphate can be selected from the
group of monocalcium monophosphate anhydrite, calcium
hydrogenphosphate dihydrate, calcium hydrogenphosphate
anhydrite, hydroxyapatite, alpha-tricalcium phosphate, beta-
tricalcium phosphate, fluorapatite, octacalcium phosphate,
tetracalcium phosphate, carbonated calcium phosphate, and
mixtures thereof. The calcium phosphate can include alpha-
tricalcium phosphate.

[0012] The acidic calcium salt is selected from the group of
calcium sulfate, calcium hydrogenphosphate dihydrate, cal-
cium hydrogenphosphate anhydrite, calcium oxalate, cal-
cium citrate, calcium tartrate, calcium picrate and mixtures
thereof.

[0013] The basic calcium salt is selected from the group of
calcium carbonate, calcium bicarbonate, calcium dihydrox-
ide, and mixtures thereof.

[0014] The porogen is selected from the group of recrys-
tallized organic salt, recrystallized inorganic salt, engineered
peptide, natural polymer, a composite of natural and synthetic
polymers, synthetic biodegradable polymer, natural extra cel-
Iular matrix protein, and mixtures thereof.

[0015] The absence of the biological growth component in
the composition can include the absence of BMP-2.
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[0016] The composition can have a porosity of about 80
percent or greater.

[0017] In another aspect, the present invention provides a
bone substitute composition including a powder component
and a liquid component. The powder component includes
calcium phosphate, acidic calcium salt, basic calcium salt,
material selected from monosodium hydrogen phosphate,
disodium hydrogen phosphate, and mixtures thereof, and
porogen. The liquid component includes a colloidal mixture
including nanoparticulate calcium phosphate and calcium
salt. The porogen is present in an amount such that the com-
position has a porosity of about 80% or greater.

[0018] The composition can have a surface area of from
about 60 m*/gram to about 120 m*/gm.

[0019] The composition can further comprise a plasticizer.
[0020] The composition can be osteo-inductive.
[0021] Inyetanother aspect, the present invention provides

amethod of preparing a bone substitute material. The method
includes combining calcium phosphate, acidic calcium salt,
basic calcium salt, material selected from monosodium
hydrogen phosphate, disodium hydrogen phosphate and mix-
tures thereof, and porogen to form a powder component, and
mixing the powder component with a liquid colloidal mixture
including nanoparticulate calcium phosphate and calcium
salt, the colloidal mixture being complexed with at least one
of'a compound selected from the group consisting of protein,
peptide, DNA, drug, stem cell, normal cell, and combinations
thereof. The bone substitute material is effective to regenerate
bone in the absence of a biological growth component.
[0022] The bone substitute compositions described above
can be used in clinical applications to repair or replace bone
material.

BRIEF DESCRIPTION OF THE FIGURES

[0023] The invention as set forth in the claims will become
more apparent from the following detailed description of
certain preferred practices thereof illustrated, by way of
example only, and the accompanying figures, wherein:
[0024] FIG. 1is a plot showing the change of pH with time
for various bone substitute compositions.

[0025] FIG. 2 is a plot showing x-ray diffraction patterns at
various aging times for a bone substitute composition in
accordance with an embodiment of the present invention.
[0026] FIGS.3(a),3(b)and 3(c) are SEM images at various
aging times for a bone substitute composition in accordance
with an embodiment of the present invention.

[0027] FIGS. 4(a) and 4(b) are plots showing x-ray diffrac-
tion patterns at various aging times for bone substitute com-
positions in accordance with embodiments of the present
invention.

[0028] FIGS.5(a), 5(b) and 5(c) are SEM images at various
aging times for a bone substitute composition in accordance
with an embodiment of the present invention.

[0029] FIGS. 6(a), 6(b), 6(c) and 6(d) are SEM images at
various aging times for a bone substitute composition in
accordance with an embodiment of the present invention.
[0030] FIG. 7(a) is a bar graph showing cell proliferation
on various bone substitute compositions including bone sub-
stitute compositions in accordance with embodiments of the
present invention. FIG. 7(b) is a plot showing a release profile
of BSA from a bone substitute composition in accordance
with an embodiment of the present invention.
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[0031] FIGS. 8(a) and (b) are digital images showing bone
substitute compositions in accordance with embodiments of
the present invention.

[0032] FIG. 9 is a digital image showing printed scaffolds
of a bone substitute composition in accordance with an
embodiment of the invention.

[0033] FIGS. 10(a) and 10(b) are micro-CT images of an
implanted bone substitute composition in accordance with an
embodiment of the present invention, FIG. 10(c) is a histo-
logical assessment showing new bone formation for a bone
substitute composition in accordance with an embodiment of
the present invention.

[0034] FIG. 11(a)is ahistological assessment showing new
bone formation for a bone substitute composition in accor-
dance with an embodiment of the present invention. FIG.
11(b) is a micro-CT and picture showing an explant and
implant of a bone substitute compositions in accordance with
an embodiment of the present invention. FIG. 11(c) is a radi-
ography of an implanted bone substitute composition in
accordance with an embodiment of the present invention.
[0035] FIG. 12 is a x-ray radiograph showing an implant
and a picture showing the retrieved implant of a bone substi-
tute composition in accordance with an embodiment of the
present invention.

[0036] FIG. 13 is a micro-CT assessment (photographs)
showing a comparison of a known composition with bone
substitute compositions in accordance with embodiments of
the present invention.

[0037] FIG. 14 is a histological assessment for an implant
of a bone substitute composition in accordance with an
embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0038] The present invention provides bone substitute com-
positions, methods for their preparation and their use in vari-
ous clinical applications. The bone substitute compositions of
the present invention are suitable for use in clinical applica-
tions to repair or replace defective native bone tissue. The
detective native bone tissue can be in orthopedic, dental and
craniofacial areas of a patient. The bone substitute composi-
tions are effective to regenerate bone. Thus, the bone substi-
tute compositions of the present invention are osteo-induc-
tive. The bone substitute compositions are particularly
suitable for use as a scaffold, for example, in a defective bone
site. The bone substitute compositions can be in various
forms, such as, but not limited to, paste, putty and cement. For
example, the bone substitute compositions can be prepared in
the form of a paste or putty and upon setting can form a
cement. The physical characteristics of each of the paste,
putty and cement can vary. The bone substitute compositions
can be placed in vivo in a patient using various techniques
known in the art, such as, by injecting or implanting the bone
substitute composition into the patient. Further, the bone sub-
stitute compositions of the present invention may demon-
strate advantageous characteristics, such as, but not limited
to, excellent cell and host tissue biocompatibility. Further-
more, the bone substitute compositions of the present inven-
tion may demonstrate the above-mentioned advantageous
characteristics in the absence of a biological growth compo-
nent.

[0039] The bone substitute composition of the present
invention includes a powder component and a liquid compo-
nent. The powder component includes calcium phosphate,
acidic calcium salt, basic calcium salt, material selected from
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monosodium hydrogen phosphate, disodium hydrogen phos-
phate or a mixture thereof, and porogen. The liquid compo-
nent includes a mixing liquid.

[0040] The calcium phosphate can be selected from a vari-
ety of materials known in the art and includes, but is not
limited to, monocalcium monophosphate anhydrite, calcium
hydrogen phosphate dihydrate, calcium hydrogen phosphate
anhydrite, hydroxyapatite, alpha-tricalcium phosphate, beta-
tricalcium phosphate, fluorapatite, octacalcium phosphate,
tetracalcium phosphate, carbonate calcium phosphate, and
mixtures thereof. In one embodiment, the calcium phosphate
includes alpha-tricalcium phosphate. The calcium phosphate
can be present in the powder component of the bone substitute
composition in varying amounts. It is contemplated that the
amount of calcium phosphate employed may depend on the
specific starting compounds selected for use in the powder
component of the bone substitute composition of the present
invention. In alternate embodiments, the calcium phosphate
can be present in an amount of at least about 50% or no greater
than about 98% by weight based on total weight of the powder
component of the composition. In further embodiments, the
calcium phosphate can be present in an amount such that it
constitutes from about 50% to about 98%, or from about 60%
to about 95%, or from about 65% to about 90% by weight
based on total weight of the calcium phosphate, acidic cal-
cium salt and basic calcium salt.

[0041] The acidic calcium salt can be selected from a vari-
ety of materials known in the art and includes, but is not
limited to, calcium sulfate, calcium hydrogen phosphate
dihydrate, calcium hydrogen phosphate anhydrite, calcium
oxalate, calcium citrate, calcium tartrate, calcium picrate, and
mixtures thereof. In one embodiment, the acidic calcium salt
includes calcium sulfate. The acidic calcium salt can be
present in the powder component of the bone substitute com-
position in varying amounts. It is contemplated that the
amount of acidic calcium salt employed may depend on the
specific starting compounds selected for use in the powder
component of the bone substitute composition of the present
invention. In alternate embodiments, the acidic calcium salt
can be present in an amount of at least about 10% or no greater
than about 20% or from about 10% to about 20%, by weight
based on total weight of the calcium phosphate, acidic cal-
cium salt and basic calcium salt.

[0042] The basic calcium saltcan be selected from a variety
of materials known in the art and includes, but is not limited
to, calcium carbonate, calcium bicarbonate, calcium dihy-
droxide, and mixtures thereof. In one embodiment, the basic
calcium salt includes calcium carbonate. The basic calcium
salt can be present in the powder component of the bone
substitute composition in varying amounts. It is contemplated
that the amount of basic calcium salt employed may depend
on the specific starting compounds selected for use in the
powder component of the bone substitute composition of the
present invention. In alternate embodiments, the basic cal-
cium salt can be present in an amount of at least about 5% or
no greater than about 20% or from about 5% to about 20%, by
weight based on total weight of the calcium phosphate, acidic
calcium salt and basic calcium salt.

[0043] The porogen can be selected from a variety of mate-
rials known in the art and includes, but is not limited to,
recrystallized organic salt, recrystallized inorganic salt, engi-
neered peptide, natural polymer, a composite of natural and
synthetic polymers, synthetic biodegradable polymer, natural
extra cellular matrix protein, and mixtures thereof. In one
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embodiment, the porogen is an inorganic salt, such as, but not
limited to, potassium chloride, sodium chloride, sodium
phosphate, sodium citrate, sodium tartrate, sodium acetate. In
one embodiment, the porogen is a natural polymer, such as,
but not limited to, mannitol, collagen, sucrose, fibrin, gelatin,
alginate, chitosan, fibrin-gelatin composite, paraffin, polyol,
poly lactic-co-glycolic acid (PL.GA), and mixtures thereof. In
another embodiment, the porogen is a synthetic biodegrad-
able polymer, such as, but not limited to, poly-lactic acid,
poly-e-caprolactone, poly-lactic-co-glycolic acid, and mix-
tures thereof. In yet another embodiment, the porogen is a
natural extra cellular matrix protein, such as, but not limited
to, urinary bladder matrix. The porogen can be present in the
powder component of the bone substitute composition in
varying amounts. It is contemplated that the amount of poro-
gen employed may depend on the specific starting com-
pounds selected for use in the powder component of the bone
substitute composition of the present invention. In alternate
embodiments, the porogen can be present in an amount of at
least about 1% or no greater than about 60% by weight based
on total weight of the total percentage of the calcium phos-
phate, acidic calcium salt and basic calcium salt, and the
porogen. In further embodiments, the porogen can be present
in an amount such that it constitutes from about 1% to about
60% or from about 10% to about 60% or from about 30% to
about 50%, by weight based on total weight of the total
percentage of the calcium phosphate, acidic calcium salt and
basic calcium salt, and the porogen. In yet another embodi-
ment, the porogen is present in an amount such that the bone
substitute composition of the present invention has a porosity
of'about 80 percent or greater. Without intending to be bound
by any particular theory, it is believed that rendering the bone
substitute composition porous in the range of about 80 per-
cent or greater, enables cells to penetrate the pores and uptake
nanoparticulate carriers (which will be later described in
detail) to produce an osteo-inductive composition.

[0044] The powder component of the bone substitute com-
position also includes monosodium hydrogen phosphate,
disodium hydrogen phosphate, or mixtures thereof. The
amount can vary and in one embodiment can be present such
that the monosodium hydrogen phosphate, disodium hydro-
gen phosphate, or mixtures thereof, constitutes from about
5% to about 20% by weight based on total weight of the
powder component.

[0045] In one embodiment, the powder component can
optionally include calcium salt. Suitable examples can
include those known in the art. Further, the amount of calcium
salt can vary depending on the volume of the liquid compo-
nent.

[0046] The mixing liquid in the liquid component of the
bone substitute composition of the present invention includes
a colloidal mixture including nanoparticulate calcium phos-
phate and calcium salt. The amount of nanoparticulate cal-
cium phosphate present in the colloidal mixture can vary.
Further, the amount of calcium salt in the colloidal mixture
can also vary. The colloidal mixture including nanoparticu-
late calcium phosphate and calcium salt can be in the form of
a solution. The solution can be prepared using a variety of
known methods. In alternate embodiments, preparation of the
solution can be in accordance with the procedure described in
U.S. Pat.No. 7,247,288 and pending U.S. application Ser. No.
11/811,992 having Publication No. 2008/0095820 A1, which
are both incorporated in their entirety by reference herein.
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[0047] Furthermore, the pH of the colloidal mixture can
vary. In alternate embodiments, the colloidal mixture can
have a pH of from about 6.5 to about 9 or from about 7.2 to
about 7.4. In one embodiment, the colloidal mixture is com-
plexed to at least one cellular and/or biological compound
which can include, but is not limited to, protein, peptide,
DNA, drug, stem cell, normal cell and combinations thereof.
The nanoparticulate calcium phosphate in the colloidal mix-
ture can serve as carriers or delivery agents of these cellular
and/or biological compounds.

[0048] Furthermore, the nanoparticulate calcium phos-
phate with the cellular and/or biological compounds com-
plexed thereto can infiltrate the open pores of the bone sub-
stitute composition in vivo.

[0049] In one embodiment of the present invention, the
bone substitute composition does not include a biological
growth component, such as, but not limited to, biological
signaling molecules and/or a growth compound. Thus, the
bone substitute composition is prepared, formed into a bone
substitute cement and employed in a clinical application, in
the absence of a biological growth component, such as, but
not limited to, BMP-2.

[0050] Inan alternate embodiment of the present invention,
the bone substitute composition includes a biological growth
component, such as, but not limited to, biological signaling
molecules and/or a growth compound. The biological growth
component can be selected from a variety of biological
growth components known in the art. A suitable biological
growth component for use in the present invention includes,
but is not limited to, BMP-2. The biological growth compo-
nent can be in the form of a powder and can be included in the
powder component of the bone substitute composition.
[0051] In one embodiment, calcium sulfate and calcium
carbonate are present in the bone substitute composition in
approximately equal amounts by weight. In a further embodi-
ment, the calcium phosphate in the bone substitute composi-
tion constitutes at least about 50% by weight and the calcium
sulfate and calcium carbonate are in approximately equal
amounts by weight.

[0052] In still another embodiment, the bone substitute
composition includes from about 75% to about 85% by
weight of calcium phosphate, from about 8% to about 15% by
weight of calcium sulfate, from about 8% to about 15% by
weight of calcium carbonate, from about 5% to about 20% by
weight of mono- or di-sodium hydrogen phosphate or a mix-
ture thereof, based on total weight of these compounds, and
the total composition (these compounds and porogen) being
from about 30% to about 50% by weight porogen.

[0053] Inoneembodiment, wherein the powder component
of the bone substitute composition includes calcium phos-
phate, acidic calcium salt, basic calcium salt, disodium
hydrogen phosphate, and porogen, and the mixing liquid
includes the use of a colloidal mixture including nanoparticu-
late calcium phosphate and calcium salt solution, the amount
of the disodium hydrogen phosphate added to the powder
component depends on the volume and composition of the
colloidal mixture including nanoparticulate calcium phos-
phate and calcium salt solution in the liquid component. The
stoichiometric amount of disodium hydrogen phosphate
required to convert the excess Ca>* into hydroxyapatite can
be calculated in accordance with the following equation:

(M )% 10xCa*+(Mpe)x6xHPO 2~ +H,0—Ca,
(PO4)s(OH),

[0054] wherein M., is the molarity of the calcium ion (i.e.
concentration of Ca ions in moles/titer in the colloidal mix-
ture of nanoparticulate calcium phosphate solution) and V-,
is the volume of the colloidal mixture of nanoparticulate

Jan. 2, 2014

calcium phosphate solution used. M, is the concentration of
phosphate ions in moles/liter required to convert the certain
volume and concentration of Ca-ions into hydroxyapatite.
The value of M, in grams is calculated in accordance with
the following equation:

(Mca)x10=(Mpp)x6

[0055] In addition to this amount (M, in grams) of
Na,HPO,, an excess (at least 0.25 molar) of Na,HPO, is used
to catalyze the bone substitute composition reaction. Thus,
the minimum amount of Na,HPO, required to add to the
above mentioned bone substitute composition is (M ,+0.25)
moles for each liter of colloidal mixture of nanoparticulate
calcium phosphate solution. Therefore, depending on the vol-
ume of colloidal mixture used for a specific bone substitute
composition with a specific powder to liquid ratio, the amount
of Na,HPO, can be calculated. For example, a colloidal mix-
ture of nanoparticulate calcium phosphate solution contain-
ing 0.2M CaCl, and colloidal nano-particles of hydroxyapa-
tite to be used as a liquid in the above mentioned powder
composition with a powder to liquid ratio of between 2.33
g/cc and 1.51 g/cc, requires addition of between 10% and
20% Na,HPO,, respectively (by weight of the powder com-
position weight, i.e. powder composition to Na,PO, weight
ratio is 10 to 5).

[0056] The powder component and the liquid component
can be combined by simple mixing to form the bone substitute
composition. Various known mixing techniques, methods and
equipment can be used. In one embodiment, the components
are combined at room temperature. Further, the order in
which the various compounds in the powder component and
the mixing liquid are combined with each other is not critical.
The combination of the powder and liquid components will
result in product having various forms, such as, for example,
a paste or putty. The form of the product, and its physical
characteristics, may depend on the amount of the powder
component and the amount of the liquid component used. For
example, a higher powder-to-liquid ratio can result in a dry
paste and a lower powder-to-liquid ratio can result in a wet or
liquid paste. The paste or putty product is allowed to set for a
period of time and upon setting, the resultant product is in the
form of a cement. Without intending to be bound by any
particular theory, it is believed that the presence of calcium
salt, e.g., in the powder component or the liquid component or
both, assists in controlling the setting time of the resulting
product. The cement product can then be implanted in vivo
into a patient for use as a scaffold at a bone defect site.

[0057] Inone embodiment, the ratio of powder component
to liquid component is between about 1.50 g/ml:1.0 g/ml and
3.33 g/ml:1.0 g/ml. In this embodiment, the initial setting
time is below about ten minutes or about seven minutes and
the final setting time is below about 30 minutes or about 18
minutes. A higher ratio of powder component to liquid com-
ponent (i.e., greater than 3.33 g/ml:1.0 g/ml) can result in a
very dry paste having a setting time from about two to three
minutes and therefore, may be difficult to handle for clinical
applications. A lower ratio of powder component to liquid
component (i.e., less than 1.50 g/ml:1.0 g/ml) can result in a
very fluid paste which requires a significantly longer setting
time.

[0058] In one embodiment, the resulting bone substitute
composition is a moldable, putty-like structure that sets
within minutes. In a further embodiment, the composition
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sets within less than ten minutes. In another embodiment, the
setting time is from five minutes to twelve minutes.

[0059] In still another embodiment, the bone substitute
composition can optionally include a plasticizer, e.g., a cohe-
sion promoter. Without intending to be bound by any particu-
lar theory, it is believed that the presence of the plasticizer
assists the particles to coalesce together to enable the coa-
lesced particles to flow plastically. The plasticizer alters the
surface chemistry of the particles and does not affect the
setting characteristics of the bone substitute composition to
form a cement. The plasticizer can be selected from a variety
of materials known in the art and includes, but is not limited
to, sodium dextran sulfate, alpha-cyclodextrin, beta-cyclo-
dextrin, gamma-cyclodextrin, alginic acid, sodium salt, poly-
vinyl pyrrolidone, hyaluronic acid, potassium salt, chon-
droitin  sulfate, chitosan lactate, hydroxypropyl
methylcellulose, carboxymethyl cellulose and mixtures
thereof. The plasticizer can be present in the powder compo-
nent or in the liquid component or both. In a preferred
embodiment, the plasticizer is present in the powder compo-
nent. The plasticizer can be present in various amounts. It is
contemplated that the amount of plasticizer employed may
depend on the specific starting compounds selected for use in
the bone substitute composition. In a further embodiment, the
plasticizer can be present in an amount of from about 2% to
about 10% by weight based on total weight of the powder
component without the weight of porogen.

[0060] The presence of plasticizer can result in the bone
substitute composition having a viscosity which renders it
injectable into a bone, e,g., bone defect site, of a patient from
about one to five minutes after initiating the mixing procedure
of the powder and liquid components. After injection, the
injectable composition sets and forms a cement in vivo, e.g.,
at the bone defect site within the patient.

[0061] In one embodiment, the resulting bone substitute
composition, e.g., cement, of the present invention has an
increased surface area as compared to the surface area of the
starting powder component. For example, in one embodi-
ment, the surface area of the resulting bone substitute cement
is about sixty times the surface area of the starting powder
component. In a further embodiment, the surface area of the
resulting bone substitute cement is about 60 m*/g and the
surface area of the starting powder component is about 1 m*/g
or 2 m*/g. The surface area can be further enhanced by sub-
jecting the precursors to mechanical activation. In one
embodiment, when mechanical activation is employed, the
surface area of the starting powder component can increase to
about 4 m*/g and the surface area of the resulting cement can
increase to a range of about 90 to about 120 m*/g. Thus, the
bone substitute composition can have a surface area of from
about 60 m*/g to about 120 m?/g.

[0062] The bone substitute composition of the present
invention can be used in bone engineering and bone regen-
eration applications. The bone substitute composition can be
applied to a defective bone site using various techniques,
methods and equipment known in the art. In alternate
embodiments, the bone substitute composition can be
implanted into a patient at the defective bone site using con-
ventional surgical techniques known in the art, or the bone
substitute composition can be injected into the defective bone
site of the patient using conventional techniques including,
but not limited to, a needle and syringe.

[0063] Without intending to be bound by any particular
theory, it is believed that the significant increase in surface
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area of the resulting bone substitute cement as compared to
the components thereof, is due, at least in part, to the reaction
of the porogen (e.g., mannitol), acidic calcium salt (e.g.,
calcium sulfate dehydrate), and the basic calcium salt (e.g.,
calcium carbonate). The bone substitute compositions of the
present invention have the ability to convert lower surface
area starting materials to high surface area nano-crystalline
calcium-deficient hydroxyapatite (CDHA). The nanostruc-
tured nature of the resulting CDHA formed due to the reaction
and the high specific surface area, results in faster resorption
kinetics of the bone substitute cement in-vivo compared to the
resorption of in-vivo calcium phosphate cement in published
data. The conversion into CDHA may also increase the
adsorption amounts of proteins and other growth factors on
the cement.

[0064] Furthermore, without intending to be bound by any
particular theory, it is believed that the neutral pH, e.g., invari-
ant pH, of the bone substitute composition of the present
invention may contribute to an increased rate of bone regen-
eration. In the prior art, the acidic or basic bone substitute
compositions caused transient cyto-toxicity which may
adversely affect the adsorption of proteins and growth factors
and therefore, may hinder bone regeneration.

[0065] Further, without intending to be bound by any par-
ticular theory, it is believed that incorporation of nanoparticu-
late calcium phosphate into the bone substitute composition
is achievable without causing any significant change in the
physical or chemical characteristics of the composition. The
nanoparticulate calcium phosphate provides the ability to
bind and condense cellular and biological compounds, such
as DNA, growth factors and proteins, in addition to, adding
these materials to the composition. Further, the use of a nano-
particulate calcium phosphate solution provides the ability to
control the delivery of signaling molecules, anti-biotics, anti-
bacterial agents, anti-fungal agents, growth factors and pro-
teins. Moreover, the porosity of the bone substitute cement
allows the nanoparticate calcium phosphate and the com-
plexed cellular and biological material thereto, to be embed-
ded within the open pores formed within the cement. The
bone substitute cement includes the presence of macro-pores,
micro-pores and meso-pores. The term “macro-pores” refers
to pores having a size greater than about 15 nm; “micro-
pores” refers to pores sized smaller than about 2 nm; and
“meso-pores” refers to pores sized in the range of from about
2 to about 15 nm in size.

[0066] The following examples are merely provided for
illustrative purposes and in no way are limiting upon the
scope of the present invention.

EXAMPLES

Example 1

[0067] A powder composition was prepared which
included 80% by weight of a-Ca,;(PO,),, 10% by weight of
CaS0,. 2H,0 and 10% by weight of CaCO;. Thus, a 500.0
mg sample of the powder composition included 400 mg of
a-Ca,(PO,),, 50 mg of CaSO,, 2H,0 and 50 mg of CaCO;).
A solution of 0.25M Na,HPO, (pH=9.0) was used as a mix-
ing liquid. The powder to liquid ratio was 2.33 gm/cc. The
initial (workable time and final (hardening) setting time of the
bone substitute composition obtained at 298K using the
above mentioned powder to ratio was 7 minutes and 18 min-
utes, respectively. As referred henceforth, this bone substitute
composition is described as CSD-CPH.
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Example 2

[0068] A powder composition was prepared which
included 80% by weight of a-Ca,(PO,),, 10% by weight of
CaS0,. 2H,0 and 10% by weight of CaCO;. Thus, a 500.0
mg sample of the powder composition included 400 mg of
a-Cay(PO,),, 50 mg of CaSO,, 2H,0 and 50 mg of CaCO,.
50 mg of Na,HPO, anhydrous powder was mixed with this
500 mg of powder composition. A calcium phosphate par-
ticulate (CaP) solution based on 0.2M CaCl, was used as a
mixing liquid. The powder to liquid ratio was 2.33 gm/cc. The
initial (workable time) and final (hardening) setting time of
the cement obtained at 298K using the above mentioned
powder to liquid ratio was 7 minutes and 18 minutes, respec-
tively. As referred to henceforth, this bone substitute compo-
sition is described as CSCC-CPH.

Example 3

[0069] A powder composition was prepared which
included 80% by weight of a-Ca,(PO,),, 10% by weight of
CaS0,. 2H,0 and 10% by weight of CaCO;. Thus, a 300.0
mg sample of the powder composition included 240 mg of
a-Cay(PO,),, 30 mg of CaSO,, 2H,0 and 30 mg of CaCO;).
50 mg of Na,HPO, anhydrous powder. Then, 200 mg of
recrystallized mannitol were mixed with this 300 mg of pow-
der composition. A nano-CaPs solution based on 0.2M CaCl,
was used as a mixing liquid. The powder to liquid ratio was
2.33 gm/cc. The initial (workable time) and final (hardening)
setting time of the cement obtained at 298K using the above
mentioned powder to liquid ratio was 7 minutes and 18 min-
utes, respectively. As referral to henceforth, this bone substi-
tute composition is described as PO-CPH.

Example 4

[0070] A powder composition was prepared which
included 80% by weight of a-Ca,(PO,),, 10% by weight of
CaS0,. 2H,0 and 10% by weight of CaCO;. Thus, a 300.0
mg sample of the powder composition included 240 mg of
a-Cay(PO,),, 30 mg of CaSO,, 2H,0 and 30 mg of CaCO,.
50 mg of Na,HPO, anhydrous powder. Then, 200 mg of
recrystallized mannitol were mixed with this 300 mg of pow-
der composition. To this 500 mg sample was added 15 mg
carboxymethyl cellulose (sodium salt) such that the weight
percentage of the carboxymethyl cellulose was 3% based on
the total weight of the 500 mg sample. A nano-CaP solution
based on 0.2M CaCl, was used as a mixing liquid. The pow-
der to liquid ratio was 2.10 gm/cc. The initial (workable time)
and final (hardening) setting time of the cement obtained at
298K using the above mentioned powder to liquid ratio was 9
minutes and 50 minutes, respectively. The cohesion time for
this cement paste was 3 minutes. The cement paste obtained
by this method was injectable and the percentage injectability
was greater than 90%. As referred to henceforth, this bone
substitute composition is described as INJ-PO-CPH.

[0071] The crystalline phase evaluations and morphologi-
cal characteristics of the INJ-PO-CPH cement was similar to
the PO-CPH and all the results described below for PO-CPH
are also valid and similar for the INJ-PO-CPH cement.
[0072] Compositions including (i) calcium phosphate
alone, (ii) calcium phosphate and calcium sulfate, and (iii)
calcium phosphate, calcium sulfate and calcium carbonate
were prepared and tested to determine the pH of the compo-
sitions over time. The results are presented in FIG. 1. As
shown in FIG. 1, the addition of calcium sulfate alone (e.g.

Jan. 2, 2014

80% of a-Ca;P0O,), (a-TCP) and 20% of CaSO,.2H,O
(CSD)) led to a decrease in pH over time, although there was
not a significant pH change observed during the first 60 min-
utes of the reaction. The bone substitute compositions of the
invention showed no appreciable change in pH over a period
of two weeks.

[0073] The cement in accordance with the present inven-
tion CSCC-CPH (see Example-2) was converted fully into
calcium deficient hydroxyapatite (CDHA) as found by mea-
suring powder X-ray diffraction (XRD) and FTIR within 15
days of being when kept under Phosphate Buffered Saline
(PBS) at 310K.

[0074] The surface was area measured using BET by
adsorption of nitrogen of the CSCC-CPH powder composi-
tion and was found to be approximately 1.0 m*/g. The surface
area of the set cement (rod-shaped having of diameter of 6
mm and length of 15 mm) was measured following the final
setting time which was approximately 26 m*/g. The surface
area was increased to approximately 55 m*/g and to 35 m*/g
after being kept in PBS for 6 and 15 days, respectively, at
310K.

[0075] The macro-porosities inside the developed cement
PO-CPH (see Example-3) were created using re-crystallized
D-Mannitol (porogen) powder. All of the mannitol in the
Mannitol-cement was leached out within 3 days when the
pellet was kept under PBS at 310K. This was confirmed by
measuring XRD and FTIR. The Mannitol-cement was found
to be converted fully into CDHA as found by XRD after 6
days of being kept under PBS at 310K. The % porosity value
obtained by density measurements for the cement containing
40% by weight of D-mannitol (Mannitol-cement) was found
to be 75 (£5%) after the cement pellet was kept inside the
phosphate buffer solution (PBS) for 6.0 days at 310K.
[0076] The presence of micro and macro-pores within the
size range of 10 nm-300 um for the PO-CPH cement after
removal of mannitol were confirmed using Mercury-porosi-
ometry and BET. The surface area of the Mannitol-Cement
was measured following the final setting time and was found
to be approximately 11 m?*gm. The surface area had
increased to approximately 59 m*/g and to 42 m*/g after being
keptin PBS for 6 and 15 days, respectively, at 310K. This high
surface area for the CSCC-CPH and PO-CPH provided the
impetus for the conversion of the micron sized cement par-
ticles into nano-crystalline CDHA. This conversion of the
micro size cement particles to nano-size CDHA was further
confirmed using scanning electron microscope (SEM).

Example 5

[0077] A cement was developed (not of the invention)
based on powders of a-TCP and Na,HPO,, comprising
a-TCP particles of 7-21 pm in size. Initial and final setting
time of this cement was found to be 7+1 min and 18+1 min.,
respectively, at 298K.

[0078] To incorporate micro, meso and macro-porosity into
this cement, varying amounts of CSD were added to the
cement. CSD is a relatively soluble calcium rich phase, and
thus can be leached out from the cement to form pores.
Further, it is contemplated that dissolved CSD in vivo should
react with the phosphate ions present in body fluids to form
apatite which could lead to the replacement of CSD crystals
by pores and to the growth of neighboring apatite crystals.
[0079] The initial and final setting times of these cements
(henceforth, described as CSD-CPH) containing varying
amounts of CSD were found to be in the range of 9-7 (£1) min
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and 19-17 (x1) min respectively at 298K. The cohesion time
of these cements were found to be ~4+1 min in phosphate
buffer saline (PBS) and the injectability of these cements
were observed to be in the range of 60-70%. CSD was used as
the porogen in this example and 80% a-TCP and 20% CSD
were used. The details of the protocol are described above in
Example 2.

[0080] Detailed studies of the crystalline phase and mor-
phological evolution of these CSD-CPH cements with time in
PBS were also conducted using X-ray diffraction (XRD) and
scanning electron microscopy (SEM). XRD patterns, as
shown in FIG. 2, reflect the conversion of the a-TCP phase
into calcium deficient apatite (CDHA) and the dissolution of
the CSD with time. XRD results clearly demonstrate that the
a-TCP phase was converted fully into CDHA after 15.0 days.
However, the CSD presented in the cement was completely
dissolved in PBS and thus shows no characteristic peaks after
6.0 days. The SEM images (FIG. 3) show a change in mor-
phology of the a-TCP particles and preferential growth of
CDHA whiskers on the surface of the a-TCP particles. The
cell viability test on the CSD containing cements showed
cytotoxic effects of these cements compared to the CPH
cements containing no-CSD. The cytotoxic effects of these
cements were found to be due to the acidic nature of the
cements (found by monitoring the pH changes of the solu-
tions containing cements powders as shown in FIG. 1).
[0081] To avoid transient toxic effects of the acidic CSD-
CPH cements in vivo, cements exhibiting neutral pH charac-
teristics were developed. This was achieved by adding a con-
trolled amount of basic calcium salt, CAC. 10% of CSD and
10% of CAC and 80% of a-TCP (see Example 2) were
combined together. The setting characteristics of these
CSCC-CPH cements were similar to the CSD-CPH cements
described above. The phase evaluation of the CSCC-CPH
cements kept under PBS showed that the complete conversion
of'the cements into CDHA occurred at approximately 15 days
(see FIG. 4(a)). However, the morphology of the as-formed
CDHA from these cements was found to be different from the
CSD-CPH cements and the size (length and diameter) of the
CDHA whiskers formed in case of the CSCC-CPH cements
were in the nanometer range. See FIGS. 5(a), 5(b) and 5(c)
which show SEM images of the CSCC-CPH cement at aging
times in PBS at 310K of as-set, after 6 days and after 30 days,
respectively. This result suggests that the CSCC-CPH
cements may have a better in vivo resorption rate than CSD-
CPH cements.

Jan. 2, 2014

[0082] The in vivo resorption rate of cements was further
improved by the introduction of controlled % porosity of
micro-pores (to allow circulation of body fluid) and macro-
pores (to provide a scaffold for blood-cell infiltration). It was
contemplated that the micro-pores may facilitate cell attach-
ment, migration and proliferation enabling good uptake of the
carriers. This was achieved by using water soluble re-crystal-
lized Mannitol (porogen). The introduction of 40% (by
weight) of the porogen (into the PO-CPH cements) did not
alter the initial and final setting times, cohesion time, and
injectability characteristic of these cements (PO-CPH
cements, see Example 3). The XRD patterns of porogen-
containing cements showed that they were converted into
CDHA within 6 days (see FIG. 4(b) which shows PO-CPH
cements at varying aging times in PBS at 310K). The SEM
images of the porogen-containing cements showed the for-
mation of micro- and macro-pores after dissolution of the
porogen (see FIGS. 6(a), 6(b), 6(c) and 6(d), which show the
PO-CPH cement after aging times, in PBS at 310 K, of as-set,
1 day, 3 days and 6 days, respectively).

[0083] As used herein, the term “macro-pore” refers to
pores having a size greater than 15 nm; “micro-pore” refers to
pores sized smaller than 2 nm; and “meso-pore” refers to
pores sized in between the two, i.e., between about 2-15 nm in
size.

[0084] The pore size distribution and pore characteristic of
the cements, with and without porogens were further studied
using mercury-porosimetry, which demonstrated that the
40% Mannitol-containing PO-CPH cements contained large
numbers of macro-pores (between 100 um and 1 um) com-
pared to cements with no organic porogens, i.e. CSCC-CPH
cements. However, both of these cements contained consid-
erable numbers of micro-pores. A description of the surface
area, apparent density, and percentage porosity of these
cements are given in Table 1. The surface area data (Tablel)
together with the XRD results demonstrated that all the
cements after 6.0 days of aging in PBS converted into nano-
crystalline CDHA. The porosity values of these cements
showed that the porogen-containing cements were highly
porous containing both micro- and macro-pores. It was con-
templated that high porosities of the porogen-containing
cements together with the formation of nano-crystalline
CDHA may improve the in vivo dissolution rate of these
cements.

TABLE 1

The specific surface area was measured by N, adsorption (BET), the apparent density
was measured using mercury: porosiometry at 30.0 psi and the percentage porosity was measured
for the different cements synthesized. dz;, = 3.14 g/cm? is the crystal density of hydroxyapatite

and dp is the apparent density of a dried CPC.

Porosity (%) =

Apparent density [([dgza-depe)/dagd X

Samples Surface area (m?/g) (g/ce) at 24° C. 100

CSCC-CPH-cement- ~25.98 ~1.15 ~63
0.0 days in PBS

CSCC-CPH-cement- ~55.01 ~1.02 ~67
6.0 days in PBS

PO-CPH-cements- ~11.56 ~1.12 ~64
0.0 days in PBS

PO-CPH-cements- ~59.03 ~0.72 ~77

6.0 days in PBS
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Composition of the CSCC-CPH Cements

[0085] 400mgof a-Ca,(PO,),, 50 mgofCaSO,. 2H,0 and
50 mg of CaCO; was prepared. A 50 mg of Na,HPO, anhy-
drous powder was mixed with this 500 mg of powder com-
position. A nano-CaPs solution based on 0.2M CaCl, was
used as a mixing liquid. The powder to liquid ratio was 2.33
gm/cc.

Composition of the PO-CPH Cements

[0086] 240 mg of of a-Ca;(PO,),, 30 mg of CaSO,,. 2H,0
and 30 mg of CaCO; was prepared. A 50 mg of Na,HPO,
anhydrous powder and 200 mg of recrystallized mannitol was
mixed with this 300 mg of powder composition. A nano-CaPs
solution based on 0.2M CaCl, was used as a mixing liquid.
The powder to liquid ratio was 2.33 gm/cc.

Injectable Cement Formulation

[0087] 336 mgofa-Cay(PO,),,42 mgofCaSO,. 2H,0 and
42 mg of CaCO, was prepared. A 70 mg of Na,HPO, anhy-
drous powder and 280 mg of recrystallized mannitol was
mixed with this 420 mg of powder composition. Furthermore,
21 mg of carboxymethyl cellulose was added and mixed with
the cement-mannitol powder. A nano-CaPs solution based on
0.2M CaCl, was used as a mixing liquid. The cement powder
and nano-CaPs solution were mixed with a powder to liquid
ratio of 2.1 gm/cc. The results for this injectable formulation
were similar to the results obtained for the cement formula-
tions in Table 1.

In Vitro Experiments and Results

[0088] For all these cements MC3T3-cell proliferation was
assessed with the nontoxic Alamar Blue dye and shown in
FIG. 7(a). The proliferation results show that the cells grow
well in all these cements, however, the Mannitol-cements
showed the best cell growth compared to the other cements.
Bovine Serum Albumin (BSA) Release from Cement

[0089] The wells of a 96-well dish were coated with an
inventive cement, or a commercial cement (Stryker
HydroSet™), or contained no cement (tissue culture plastic
(TCP)). The three substrates were coated with either a high or
low concentration of fluorescently labeled bovine serum
albumin (BSA). Solutions containing 0.8 or 0.33 mg/ml of
BSA in PBS were prepared. Two hundred and fifty were
added to the different substrates resulting in 0.20 and 0.0825
mg BSA/well for high and low BSA concentrations, respec-
tively, with an n=3. The BSA solutions were left on the
substrates for 2 days at 37° C. The wells were then rinsed for
1 minute with release medium containing a-MEM with 10%
fetal bovine serum, 1% penicillin-streptomyocin, and 1%
L-glutamine; the release medium was then refreshed. The
release medium was removed from each well and the fluo-
rescence was measured using a Perkin Elmer 1420 Victor'V
multilabel spectofluorometer after 1 and 4 hours and 1, 4, 7,
13, 21, 28, and 46 days. The cumulative BSA released was
calculated by taking the sum of BSA measured from all time
points.

[0090] FIG. 7(b) shows the release profile of BSA from the
cement according to the present invention (“our cement™), the
commercially available cement and the tissue culture plastic
(TCP). The commercial cement and TCP adsorbed lower
amounts of BSA in comparison to the inventive cement. The
commercial cement and TCP cement showed an initial
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release at 1 and 4 hours whereas our cement showed a sus-
tained release over a span of 46 days.

[0091] FIG. 8(a) shows a digital image of the as-prepared
cement PO-CPH. As mentioned above, the cements can be
synthesized in non-porous and porous forms. Furthermore, as
shown in FIG. 8(b), the cement can be in the form an inject-
able paste.

3-D Printing of Cement

[0092] It was demonstrated to print scaffolds of arbitrary
and complex 3D anatomical shapes with hierarchical porous
structures mimicking the macroscopic and internal micro-
structure of organs and tissues while providing temporary
mechanical function and mass transport properties using the
developed cements.

[0093] Scaffolds were prepared for in vivo experiments
(rather than using injectable cement). Scaffolds were printed
(see FIG. 9) from CSCC-CPH powders generated using
Example 2. A sample of 4.0 kilogram of CSCC-CPH powder
was used in a 3-D printer (Z-corporation, Z-510) and distilled
water was used as a binder and cement initiator. The printing
of the scaffolds were carried out at 310K under laboratory
conditions. The printed scaffolds were de-powdered and then
immersed in PBS for 24 hrs at 310K. The scaffolds were then
dried with acetone and sterilized using ethylene oxide for in
vivo implantation.

In Vivo Experiments and Results
Methods
Scaffolds Preparation

PO-CPH Scaffolds

[0094] 240mgofa-Ca,y(PO,),, 30 mgofCaSO,.2H,0and
30 mg of CaCO, were mixed together. 50 mg of Na,HPO,
anhydrous powder and 200 mg of recrystallized mannitol was
mixed with this 300 mg of powder composition. A nano-CaPs
solution based on 0.2M CaCl, was used as a mixing liquid.
The powder to liquid ratio was 2.2 gm/cc. The resulting
cement paste was placed inside a Teflon mold to fabricate rod
shaped samples. The cement paste inside the mold was kept at
a temperature of 37° C. to harden for 120 minutes. The rod
shaped cement scaffold was removed from the mold. The
diameter and length of these PO-CPH scaffolds were 6 mm
and 15 mm, respectively. The weights of these scaffolds were
650+£20 mg. These scaffolds were sterilized using gamma-
irradiation before implantation.

BMP-2 Loaded PO-CPH Scaffolds

[0095] The rod shaped PO-CPH scaffolds were prepared
and sterilized using gamma-irradiation. The nano-CaPs
loaded with BMP-2 was prepared by mixing 47 pl. of BMP-2
(concentration 1.5 mg/mL) with 4.65 ulL of 4M CaCl,. This
mixture was then added to 75 pl of 1.91 mM phosphate
buffer to form the BMP-2 loaded nano-CaPs. The final vol-
ume of the BMP-2-containing nano-CaPs solution was 126.
65 pL. All of the liquids used in this method were sterilized
prior to use and were handled under sterilized conditions
during mixing and handling. This 126.65 plL solution was
carefully soaked into the dry sterilized preformed PO-CPH
cement scaffolds and stored at 4° C. The total BMP-2 loading
was 70 pg/scaffold. In the case of the 3-D printed structures,
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the same procedure was used except that the BMP-2 loading
was tested at 70 pug and also reduced to 35 pg/scatfold.
INJ-PO-CPH paste for Craniofacial Critical Size Defects
[0096] 336mgofa-Cay(PO,),,42 mgofCaSO,.2H,Oand
42 mg of CaCO; were prepared. 70 mg of Na,HPO, anhy-
drous powder and 280 mg of recrystallized mannitol were
mixed with this 420 mg of powder composition. Furthermore,
21 mg of carboxymethyl cellulose was added and mixed with
the cement-mannitol powder. A nano-CaPs solution based on
0.2M CaCl, was used as a mixing liquid. This powder mixture
was sterilized using ethylene oxide before implantation. All
the liquids were sterilized using filtration before the prepara-
tion of nano-CaPs. The cement powder and nano-CaPs solu-
tion were mixed with a powder to liquid ratio of 2.1 gm/cc
under sterilized conditions in the surgery room and the paste
was used to fill a craniofacial critical size defect.

BMP-2 Loaded INJ-PO-CPH Paste for Craniofacial Critical
Size Defects

[0097] 336 mg of of a-Ca;(PO,),, 42 mg of CaSO,. 2H,0
and 42 mg of CaCO; were prepared. 70 mg of Na,HPO,
anhydrous powder and 280 mg of recrystallized mannitol
were mixed with this 420 mg of powder composition. Fur-
thermore, 21 mg of carboxymethyl cellulose was added and
mixed with the cement-mannitol powder. A nano-CaPs solu-
tion based on 0.2M CaCl, was used as a mixing liquid. This
powder mixture was sterilized using ethylene oxide before
implantation. All the liquids were sterilized using filtration
before the preparation of nano-CaPs. During nano-CaPs
preparation, BMP-2 was added to the CaCl, and this solution
was added dropwise to phosphate buftfer solution. The cement
powder and BMP-2-containing nano-CaPs solution were
mixed with a powder to liquid ratio of 2.1 gm/cc (Similar to
Example-4) under sterilized conditions in the surgery room
and the paste was used to fill a craniofacial critical size defect.

Surgical Technique

1. Rabbit Ulna Critical Size Defect

[0098] Twelve skeletally mature adult New Zealand White
rabbits (~kg 3.200) were used. Following induction to general
anesthesia, a4 cm length anterolateral incision was made over
the left forelimb and the tissue overlying the diaphysis of the
ulna was dissected. A critically sized defect was created in the
ulna of each rabbit forelimb by removing 15 mm of midshaft
diaphyseal bone. In the osteotomy space, different types of
scaffolds were implanted: Group 1: CaP cement alone; and
Group 2: CaP cement+BMP-2. The soft tissues were approxi-
mated with interrupted 4-0 Vicryl (Ethicon, Somerville, N.J.)
and the skin was closed with 3-0 monofilament non-absorb-
able sutures (Ethilon). All animals received 0.02 mg/kg of
Ketoprophine (SQ), every 8-12 hours for 3 days postop for
analgesic purposes and postoperative SQ injections (2
mg/kg) of Baytril (Bayer Corp., Shawnee Mission, Kans.
66201) BID for 3 days prophylaxis for infection. Eight weeks
following surgery, all the rabbits were euthanatized. The fore-
limbs were removed, stripped of soft tissues, and prepared for
analyses.

2. Craniofacial Critical Size Defect

[0099] All rabbits were anesthetized with an IM injection
(0.59 ml/kg) of a solution of 91% Ketaset (Ketamine Hydro-
chloride, 100 mg/ml) and 9% Rompun (Xylazine, 20 mg/ml).
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The scalps were then shaved, depilated, scrubbed with povi-
dine/alcohol, and prepared for sterile surgery. The calvaria
were exposed using a midline scalp incision and the skin
reflected laterally to the supraorbital borders. Holes were then
made in the periosteum and bone using a fine dental burr (0.4
mm). Then, the holes were connected and the skull was extir-
pated and removed in one piece, approximately 15 mm? criti-
cal size defect (CSD) was made by using a dental cutting burr
and hand engine. The dura mater was left in situ.

[0100] The scaffolds were made under sterile conditions
and put into the defect area. The scalp wounds were closed
with 4.0 ethilon sutures. All animals received 0.02 mg/kg of
Buprenorphine (SQ), every 8-12 hours for 3 days post-op for
analgesic purposes. In addition, all animals received postop-
erative SQ injections (2 mg/kg) of Baytril (Bayer Corp.,
Shawnee Mission, Kans. 66201) BID for 5 days prophylaxis
for infection. Skin sutures were removed at 10 days post-
operatively.

[0101] Body weight, bony defect healing, and cranial vault
growth were assessed and monitored at 0, 2, 4, and 6 weeks
postoperatively by using serial head radiographs. At 8 weeks
postoperative, all rabbits were anesthetized with an IM injec-
tion of a solution of ketamine (40 mg/kg) and xylazine (7
mg/kg) and euthanized with an IV (300 mg/kg) injection of
pentobarbital (Nembutal, Abbott Laboratories, North Chi-
cago, I11.). The CSDs were harvested for microCT analysis
and histological assessment.

3. Subcutaneous Cement Implantation

[0102] Adult mice (aged 8-10 weeks) were utilized. The
mice were anesthesized using Isofluran 2-5%; Ketamine
80-100 mg/kg and Xylazine 2 mg/kg IP were also used if
deemed necessary. The effect of the anesthetic was deter-
mined by absent whisker-twitch response and unresponsive-
ness to gentle, passive extremity extension. Ophthalmic oint-
ment was gently placed on the corneas. The surgical site was
shaved with an electric clipper, prepped with betadine and
draped in standard aseptic fashion. The mice were then num-
bered using a base three ear notch system.

[0103] The operating field was disinfected with 5% solu-
tion ofiodine. A 1 to 2 cmincision on the back of the mice was
made and the bone cement implants were placed into a sub-
cutaneous pocket created in the dorsal area. The wound was
closed with skin staples or sutures (the sutures were removed
on day 7-9). Each animal received 2 or 4 implants.

Imaging Assessment

[0104] Animals were followed-up at regular intervals of 2,
4, and 8 weeks postoperatively with radiographs. At 8 weeks
computed tomography (CT) using a Scanco Medical AG uCT
40 system followed by histological assessment were carried
out. The percentage areas of the ulnar critical sized bone
defect occupied by newly formed bone were calculated.
[0105] Following euthanasia the explanted forelimbs were
scanned. The new bone formation was analyzed by extracting
the region of new bone in the critical size defect using semi-
automated contouring.

[0106] Non-parametric tests were used and the significant
level was considered at p<0.05.

Histological Assessment and Histomorphometry

[0107] Following micro CT scan, the harvested specimens
were fixed with 2% paraformaldehyde, decalcified, dehy-
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drated through a graded series of alcohols and embedded in
paraffin using standard tissue processor schedule. Approxi-
mately 15 serial sections through the center of the defect were
cut at a thickness of 4-6 micrometers. Histological sections
were stained by either Hematoxylin and Eosin (H&E) or
Masson’s Trichrome and examined using a Nikon TE2000
photomicroscope. Quantitative assessments was achieved
using an acquisition, and measurement of newly formed bone
bridge (matrix and cells). These images were analyzed using
the Bioquant Osteo image analysis software specifically iden-
tifying areas of the tissues, e.g. those mineralized and those
not mineralized. A determination of nominal values for his-
tomorphometric assessments were accomplished to define
the minimal number of fields and sections to assess. A stan-
dardized level of magnification were used for analyses and a
standard number of microscopic fields and sections were
examined for each experimental cohort at each time. Mor-
phological features within the defect were identified and
enhanced using computerized software in an identical man-
ner for all experimental replicates. The morphological
aspects were quantified (bone/mm?) using a Nikon TE2000
photomicroscope fitted with a color digital camera (Qimag-
ing) and integrated with an image analysis system (Bioquant
Osteo). Ten percent of the specimens were scanned and mea-
sured twice for inter-rater reliability.

Results

Materials and In-Vitro Characterization

[0108] The calcium phosphate cements were fabricated
under neutral pH conditions with the direct incorporation of
nano-structured calcium phosphates (NanoCaPs) as delivery
agents for growth factors and proteins such as BMP-2. The
cements all showed the formation of nano-structured
hydroxyapatite (HA) as the primary phase after immersion in
PBS indicating the probable phase that would likely form in
vivo. The cements also showed excellent cell attachment and
cellular migration results indicating their strong biocompat-
ibility. The formation of nano-structured HA and the resulting
higher specific surface area were added indications of the
likely faster resorption kinetics of the cement when
implanted.

[0109] All animals from all the groups wherein scaffolds
were implanted, survived until the day of euthanasia. There
were no complications encountered in terms of local or sys-
temic adverse effects with regard to the implantation of the
scaffolds.

Ulnae Critical Size Detect Results

[0110] The results showed that the bone substitute compo-
sition prepared in accordance with the present invention (in
the absence of BMP-2) had the ability to regenerate an ulnae
critical size bone defect. When BMP-2 was added to the bone
substitute composition, increased bone regeneration was
observed and faster cement resorption was achieved as com-
pared to the bone substitute composition without the presence
of BMP-2. Both cements with and without BMP-2, yielded
higher regeneration potential than the control sample of an
organic matrix without the BMP-2. The discussion below
details the radographic, micro-CT and histological assess-
ment of the bone regenerative strategy that was employed
using the moldable porous calcium phosphate (CaP)-based
cements and its results.
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Craniofacial Critical Size Defect Results

[0111] The results showed that the bone substitute compo-
sition prepared in accordance with the present invention (in
the absence of BMP-2) had the ability to regenerate a calva-
rial critical size bone defect. When BMP-2 was added to the
bone substitute composition, increased bone regeneration
was observed and faster cement resorption was achieved
compared to the bone substitute composition without the
presence of BMP-2. Both cements, with and without BMP-2,
yielded higher regeneration potential than the control of
organic matrix without BMP-2. The discussion below details
the radographic, micro-CT and histological assessment of the
bone regenerative strategy that was employed using the mold-
able porous CaP-based cements and its results.

Subcutaneous Cement Implantation Results

[0112] The data showed that the biocompatible porous
cement was infiltrated by cells from the adjacent wound area.
These cells, upon their interaction with the cement, appeared
to start differentiating into bone cells as shown by the depo-
sition of an organic matrix that contained extracellular matrix
bone proteins such as bone sialoproteins (BSP) (FIG. 14).
This data provided support for the osteo-inductivity charac-
teristic of the cement to induce cells to differentiate towards
the bone lineage.

Cement Results

[0113] Post implant 8 weeks in vivo results on PCC-CPC
without BMP-2 scaffolds implanted in an ulnae and cranio-
facial critical size defect model using radiographical, micro-
CT and histological assessment (FIGS. 10 and 13) demon-
strated the formation of new bone on the surface and bulk of
the porous scaffold thus indicating rapid dissolution of the
cement.

Cement with rhBMP-2 Results

[0114] FIG. 11(c) shows the radiographic images of the
ulnae immediately following post surgery, after 2 weeks and
after 8 weeks. The radiograph after 8 weeks shows complete
resorption of the cement with the formation of new bone
filling the original defect shown in FIG. 11(c). MicroCT
analysis (FIGS. 11 and 13) in both the ulnae and calvarial
bones show full bone regeneration and bridging of the defect
with bone as shown by histological analysis (FIG. 11(a)).

[0115] FIG. 12 shows the radiograph of the ulna following
8 weeks of surgical implantation of the 3-D printed scaffold
structures as described and shown in F1G. 9. The results show
the closure of the non-union.

[0116] The Subcutaneous cement implantation results
demonstrated that the cement is osteo-inductive. FIG. 14
shows an H&E staining of the decalcified cement implant
infiltrated by cells from the adjacent wound area. The cells
have deposited an extracellular matrix that can be visualized
by the H&E stain. This matrix already at 4 weeks post-im-
plantation contains bone specific proteins such as bone sia-
loproteins (BSP) as shown by immunohistochemistry stain-
ing using an ani-BSP antibody (FIG. 14).

[0117] Whereas particular embodiments of the invention
have been described herein for purposes of illustration, it will
be evident to those skilled in the art that numerous variations
of the details may be made without departing from the inven-
tion as set forth in the appended claims.
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1-41. (canceled)

42. A method of repairing or replacing defective native
bone tissue, comprising:

preparing a bone substitute composition, comprising:

combining calcium phosphate, acidic calcium salt, basic
calcium salt, material selected from the group con-
sisting of monosodium hydrogen phosphate, diso-
dium hydrogen phosphate and mixtures thereof, and
porogen to form a powder component; and

mixing the powder component with a liquid colloidal
mixture comprising nanoparticulate calcium phos-
phate and calcium salt;

obtaining a patient having defective native bone tissue; and

administering in vivo the bone substitute composition in a

form selected from the group consisting of paste, putty
and cement, into the patient at the site of the defective
native bone tissue.

43. The method of claim 42, wherein the repairing or
replacing defective native bone tissue is carried out in the
absence of a biological growth component.

44. The method of claim 42, wherein the native bone tissue
is in an area selected from the group consisting of orthopedic,
dental and craniofacial.

45. The method of claim 42, wherein the administering of
the bone substitute composition is selected from the group
consisting of injecting and implanting the bone substitute
composition into the patient.

46. The method of claim 42, wherein surface area of the
bone substitute composition is greater than surface area of the
powder component.

47. A method for delivering cellular and biological mate-
rial to a target site in a patient, comprising:

preparing a bone substitute composition, comprising:

combining calcium phosphate, acidic calcium salt, basic
calcium salt, material selected from the group con-
sisting of monosodium hydrogen phosphate, diso-
dium hydrogen phosphate and mixtures thereof, and
porogen to form a powder component; and

mixing the powder component with a liquid colloidal
mixture comprising nanoparticulate calcium phos-
phate and calcium salt, the colloidal mixture being
complexed with at least one of a compound selected
from the group consisting of protein, peptide, DNA,
drug, stem cell, normal cell, and combinations
thereof;

obtaining a patient having defective native bone tissue; and

administering in vivo the bone substitute composition in a

form selected from the group consisting of paste, putty
and cement, into the patient at the target site.

48. A bone substitute composition, comprising:

a powder component, comprising:

calcium phosphate;

acidic calcium salt;

basic calcium salt;

material selected from the group consisting of monoso-
dium hydrogen phosphate, disodium hydrogen phos-
phate, and mixtures thereof; and

porogen; and
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a liquid component, comprising:

a colloidal mixture comprising nanoparticulate calcium
phosphate and calcium salt, the nanoparticulate cal-
cium phosphate formed by reaction of calcium and
non-acidic ionic phosphate in the presence of
hydroxyl ions,

wherein the composition is effective to regenerate bone in

the absence of a biological growth component.

49. The composition of claim 48, wherein the calcium
phosphate is selected from the group consisting of monocal-
cium monophosphate anhydrite, calcium hydrogenphosphate
dihydrate, calcium hydrogenphosphate anhydrite, hydroxya-
patite, alpha-tricalcium phosphate, beta-tricalcium phos-
phate, fluorapatite, octacalcium phosphate, tetracalcium
phosphate, carbonated calcium phosphate and mixtures
thereof.

50. The composition of claim 48, wherein the acidic cal-
cium salt is selected from the group consisting of calcium
sulfate, calcium hydrogenphosphate dihydrate, calcium
hydrogenphosphate anhydrite, calcium oxalate, calcium cit-
rate, calcium tartrate, calcium picrate and mixtures thereof.

51. The composition of claim 48, wherein the basic cal-
cium salt is selected from the group consisting of calcium
carbonate, calcium bicarbonate, calcium dihydroxide, and
mixtures thereof.

52. The composition of claim 48, wherein the porogen is
selected from the group consisting of recrystallized organic
salt, recrystallized inorganic salt, engineered peptide, natural
polymer, a composite of natural and synthetic polymers, syn-
thetic biodegradable polymer, natural extra cellular matrix
protein, and mixtures thereof.

53. The composition of claim 48, wherein the colloidal
mixture comprising nanoparticulate calcium phosphate is
complexed with at least one of a compound selected from the
group consisting of protein, peptide, DNA, drug, stem cell,
normal cell, and combinations thereof.

54. The composition of claim 48, having a porosity of
about 80 percent or greater.

55. The composition of claim 48, wherein calcium ions are
present in excess in the reaction as compared to phosphate
ions.

56. A bone substitute composition, comprising:

a powder component, comprising:

calcium phosphate;

acidic calcium salt;

basic calcium salt;

material selected from the group consisting of monoso-
dium hydrogen phosphate, disodium hydrogen phos-
phate, and mixtures thereof; and

porogen; and

a liquid component, comprising:

a colloidal mixture comprising nanoparticulate calcium
phosphate and calcium salt, the nanoparticulate cal-
cium phosphate formed by reaction of calcium and
non-acidic ionic phosphate in the presence of
hydroxyl ions,

wherein the porogen is present in an amount such that the

composition has a porosity of about 80% or greater.

57. The composition of claim 56, wherein the composition
has a surface area from about 60 m*/g to about 120 m?/g.
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