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INJECTABLE PASTES BASED ON
OPPOSITELY CHARGED
POLYMER/CALCIUM PHOSPHATE
NANOPARTICLES

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to U.S. Provisional
Patent Application No. 62/307,755 filed Mar. 14, 2016,
which is incorporated by reference herein and for all pur-
poses.

STATEMENT OF GOVERNMENTAL SUPPORT

[0002] This invention was made with government support
under 70NANB14HO012 awarded by NIST CHiMAD, and
DE-ACO2-06CH11357 awarded by DOE office of Science.
The government has certain rights in the invention.

SUMMARY

[0003] One aspect of the disclosure relates to a nanopar-
ticle including a calcium phosphate nanosphere and an
organic polyelectrolyte. According to various implementa-
tions, the organic polyelectrolyte may be an organic poly-
anion or an organic polycation. In some implementations,
the calcium phosphate nanosphere has a largest dimension
of less than 50 nm. In some implementations, the calcium
phosphate nanosphere has a largest dimension of less than
30 nm. In some implementations, the calcium phosphate
nanosphere has a largest dimension of less than 20 nm. In
some implementations, the calcium phosphate nanosphere is
amorphous. In some implementations, the calcium phos-
phate nanosphere is between 25 wt % and 75 wt % of the
nanoparticle and the organic polyelectrolyte is between 15
wt % and 65 wt % of the nanoparticle. The nanoparticle may
further include water, e.g., about 5 wt % to 15 wt %. The
nanoparticle may be part of an injectable paste. The inject-
able paste may further include one or more additional
bioactive materials. Examples of organic polyelectrolytes
include poly(aspartic acid), poly(acrylic acid), poly(acrylic
acid sodium salt), poly(methacrylic acid) salts, poly(styre-
nesulfonic acid) salts, poly(2-acrylamido-2-methylpropane
sulfonic acid), DNA, carboxymethyl cellulose, amelogenin,
osteopontin, sulfonated dextran, poly(glutamic acid), poly
(vinylphosphonic acid) and poly(vinyl sulphonic acid. Fur-
ther examples include poly(allylamine hydrochloride), poly
(allylamine), poly(ethyleneimine), poly(vinylpyridine) salts,
poly(L-lysine), chitosan, gelatin, poly(diallyldimethylam-
monium chloride), and protamine. In some implementations,
the nanoparticle is an organic polyanion and the nanoparticle
is in a composition with a second nanoparticle that includes
calcium phosphate nanosphere and an organic polycation.

[0004] Another aspect of the disclosure relates to compo-
sitions including a plurality of amorphous calcium phos-
phate nanospheres distributed within a polyelectrolyte
matrix. In some implementations, the composition is
lyophilized. The polyelectrolyte matrix may be a polyanion
or a polycation matrix according to various implementa-
tions. In some implementations, the calcium phosphate
nanospheres have an average largest dimension of less than
50 nm. In some implementations, the calcium phosphate
nanospheres have an average largest dimension of less than
30 nm. In some implementations, the calcium phosphate
nanospheres have an average largest dimension of less than
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20 nm. In some implementations, the polyelectrolyte matrix
includes at least one of poly(allylamine hydrochloride),
poly(allylamine), poly(ethyleneimine), a poly(vinylpyri-
dine) salt, poly(L-lysine), chitosan, gelatin, poly(diallyldim-
ethylammonium chloride), and protamine. In some imple-
mentations, the polyelectrolyte matrix includes at least one
of poly(aspartic acid), poly(acrylic acid), poly(acrylic acid
sodium salt), poly(methacrylic acid) salts, poly(styrenesul-
fonic acid) salts, poly(2-acrylamido-2-methylpropane sulfo-
nic acid), DNA, carboxymethyl cellulose, amelogenin,
osteopontin, sulfonated dextran, poly(glutamic acid), poly
(vinylphosphonic acid) and poly(vinyl sulphonic acid).
[0005] Another aspect of the disclosure relates to an
injectable composition including a plurality of nanoparticles
of an amorphous calcium phosphate nanosphere and a
polyanion; and a plurality of a nanoparticles of an amor-
phous calcium phosphate nanosphere and a polycation. The
injectable composition may further include a growth factor
in some implementations. The injectable composition may
further include a bone-derived material in some implemen-
tations. The injectable composition may further include one
or more of a bone-morphogenic protein, osteocalcin,
osteonectin, osteopontin, bone sialoprotein, decorin, and
biglycan. The injectable composition may further include
one or more of an anti-resorption agent, an anti-biotic agent,
an anti-viral agent, an anti-tumor agent, and an immuno-
suppressive agent. In some implementations, the polyanion
and polycation are present in substantially equivalent
amounts by weight. In some implementations, the the nano-
particles of an amorphous calcium phosphate nanosphere
and a polyanion and the nanoparticles of an amorphous
calcium phosphate nanosphere and a polycation are present
in substantially equivalent amounts by weight.

[0006] In some implementations, the composition further
includes one or more bioactive components. Examples of
bioactive components include graphene-based materials,
silicate nanosheets, bioactive glasses, hydroxyapatite (HA),
layered double hydroxides (LDHs) such as hydrotalcite and
hydrocalumite (natural and synthetic), hexagonal boron
nitride (hBN), graphitic carbon nitride (C3N4), transition
metal oxides (TMOs) such as manganese dioxide (MnO2),
titanium dioxide (TiO2), and transition metal dichalco-
genides (TMDs) such as titanium disulfide (TiS2), molyb-
denum disulfide (MoS2), tungsten disulfide (WS2). In some
implementations, the composition includes a graphene-
based material and a silicate nanosheet.

[0007] Another aspect of the disclosure relates to a com-
position including a plurality of nanoparticles including
calcium phosphate nanosphere and organic polyelectrolytes;
a graphene-based material; and a silicate. In some imple-
mentations, the the composition is capable of recovering
greater than 90% of initial elasticity after structural destruc-
tion.

[0008] In some implementations, the plurality of nanopar-
ticles include nanoparticles of an amorphous calcium phos-
phate nanosphere and a polyanion and nanoparticles of an
amorphous calcium phosphate nanosphere and a polycation.
In some implementations, the composition is an injectable
paste. In some implementations, the composition is in the
form of a free-standing film. In some implementations, the
composition is in the form of a 3D porous scaffold. In some
implementations, the composition is a biocompatible coat-
ing. In some implementations, the composition further
includes stem cells.
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[0009] Another aspect of the disclosure relates to a com-
position including a plurality of nanoparticles including
calcium phosphate nanosphere and organic polyelectrolytes,
wherein the composition is in the form of a free-standing
film or 3D porous scaffold.

[0010] Another aspect of the disclosure relates to a com-
position including a plurality of nanoparticles each including
calcium phosphate nanosphere and an organic polyelectro-
lyte; and a bioactive material selected from a graphene-
based material, a silicate nanosheet, a bioactive glasse,
hydroxyapatite (HA), layered double hydroxides (LDHs),
hexagonal boron nitride (hBN), graphitic carbon nitride
(C3N4), a transition metal oxide and a transition metal
dichalcogenide

[0011] Another aspect of the disclosure relates methods of
forming nanoparticles. In some embodiments, the methods
involve mixing polyanion and calcium ion solutions
together to form a mixture; and adding a phosphate ion
solution to the mixture to form negatively charged polymer-
stabilized calcium phosphate nanoparticles. In some
embodiments, the methods involve mixing polycation and
phosphate ion solutions together to form a mixture; and
adding a calcium ion solution to the mixture to form
positively charged polymer-stabilized calcium phosphate
nanoparticles.

[0012] These and other aspects are discussed further with
reference to the Figures.

BRIEF DESCRIPTION OF DRAWINGS

[0013] FIG. 1 shows an example of a method of forming
hybrid CaP/polymer(-) nanoparticles.

[0014] FIG. 2 shows an example of a method of forming
hybrid CaP/polymer™ nanoparticles.
[0015] FIG. 3a shows the intensity averaged hydrody-

namic radius of polymer/CaP hybrid particles in the pres-
ence of PAH-17.5 K (JPAH]=0-2000 pg/ml.) versus time.
[0016] FIG. 3b is a graph showing the effect of polymer
concentration on particle size.

[0017] FIG. 3¢ is a graph showing the effect of multiplying
the solution concentrations at a constant polymer-to-ions
ratio on the size of the particles.

[0018] FIG. 3d shows images of solutions during forma-
tion of PAH/CaP hybrid nanoparticles.

[0019] FIG. 3e shows dynamic light scattering (DLS)
measurements of the solutions shown in FIG. 3d.

[0020] FIG. 3f shows zeta potential data measured for
solutions containing only PAH, PAH/phosphate complexes,
and PAH/CaP nanoparticles.

[0021] FIG. 4a shows synchrotron scattering profiles of
CaP-PAH nanoparticles, CaP-PAA nanoparticles, and CaP
control nanoparticles.

[0022] FIG. 45 shows Fourier transform infrared (FTIR)
spectra of CaP-PAH nanoparticles and CaP-PAA nanopar-
ticles.

[0023] FIGS. 4¢ and 4d show scanning electron micros-
copy (SEM) images of the hybrid CaP-polymer nanopar-
ticles.

[0024] FIG. 4f'shows a thermogravimetric analysis (TGA)
of the polymer/CaP hybrid nanoparticles and the control
sample prepared in the absence of polymer.

[0025] FIG. 5a is a transmission electron microscopy
(TEM) micrograph showing a PAH/CaP nanoparticle pre-

Feb. 21, 2019

pared at 2x concentration: 10 mM CaCl,, 5 mM K,HPO,
and 1000 pg/ml polymer. FIG. 5 is an close-up of a portion
of FIG. 5a.

[0026] FIG. 5¢ shows synchrotron small-angle X-ray scat-
tering profiles (log-log representation of scattering intensity
versus scattering vector q) measured for freeze-dried poly-
mer/CaP hybrid nanoparticles and the control sample pre-
pared at 2x concentration.

[0027] FIG. 5d is a Kratky plot (I(q)xq® vs q) of the data
in FIG. 5c.
[0028] FIG. 6a is a graph of aggregate size as a function

of time mixtures of as-prepared PAH/CaP and PAA/CaP
dispersions synthesized at different concentrations (1x-5x).
[0029] FIGS. 65 and 6c¢ are TEM images of as-prepared
PAH/CaP and PAA/CaP synthesized at 1x concentration
(FIG. 6b) and synthesized at 4x concentration (FIG. 6c¢).
[0030] FIG. 6d is a TEM image that shows the formation
of cohesive aggregates several micrometers in size after
mixing.

[0031] FIG. 7a shows the variation of the storage modulus
G' as a function of time showing the structural recovery
behavior of pastes made of PAA8/CaP, PAH200/CaP and a
mixture of PAA8/CaP and PAH200/CaP hybrid nanopar-
ticles after destruction by a 1000% oscillatory shear strain
(solid content=20 w/v %).

[0032] FIGS. 76-7d show images of continuous homoge-
neous threads of the viscoelastic paste injected through
conventional medical syringes equipped with needles of
different sizes.

[0033] FIG. 8a shows an image of paste including a
mixture) of polymer/ACaP hybrid nanoparticles, silicate
nanosheets (SNs), and graphene oxide (GO) being dis-
pensed.

[0034] FIG. 85 shows variation of storage and loss moduli
as a function of time of a paste (composition: PAH/CaP:
PAA/CaP:SNs:GO 50:50:100:2; solid content=10 w/v %)
after destruction by a 500% oscillatory shear strain.

[0035] FIG. 9a an optical microscopy image of iMAD
mesenchymal stem cells on PAH-CaP/PAA-CaP/SNs/GO
hybrid scaffolds

[0036] FIG. 94 is an SEM image showing morphology and
interaction of the stem cells with the hybrid scaffold.

[0037] FIG. 10a shows curves of gelatin/Laponite mate-
rials.
[0038] FIGS. 105 and 10c are SEM images of gelatin/

Laponite materials.

[0039] FIG. 104 is a TEM image of a gelatin/Laponite
powder.
[0040] FIG. 10e shows a mesoporous structure of gra-

phene-like layers in a gelatin/Laponite powder, where the
inset shows a photograph of a scaffold standing on a spider
plant.

[0041] FIG. 10fillustrates a X-ray photoelectron spectros-
copy (XPS) survey spectrum of a graphene Laponite (GL)
scaffold.

[0042] FIG. 10g shows XPS high-resolution spectrum of a
GL scaffold.
[0043] FIG. 10~ shows Raman spectra of GL-scaffolds

with different compositions.

[0044] FIG. 10/ shows Raman spectra showing the evo-
Iution of hydroxyapatite characteristic peaks on a GL scaf-
fold immersed in 10x concentration simulated body fluid
(SBF).
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[0045] FIG. 10/ shows SEM images showing the deposi-
tion of minerals on a GL-scaffold after 6 hrs. of immersion
in 10x SBF.

[0046] FIG. 11 shows images related to the attachment,
proliferation and morphology of mesenchymal stem cells
(MSCs) on GL-scaffolds.

[0047] FIG. 12 shows images related to the effect of GL
scaffolds on cell morphology and mineralization of MSCs.
[0048] FIG. 13A shows graphs illustrating the effect of
GL-powder on BMP9-induced alkaline phosphotase (ALP)
activity of iMADS immortalized Mouse Adipose-Derived
mesenchymal stem cells and immortalized Mouse Embryo
Fibroblast iMEF) mesenchymal stem cells.

[0049] FIG. 13B shows representative images showing the
effect of GL-powder on ALP activity and matrix mineral-
ization of MSCs.

[0050] FIGS. 14A and 14B are graphs showing the effect
of GL-powder on the expression of osteogenic markers.
[0051] FIG. 15A shows comparative pCT imaging analy-
sis of ectopic bone mass and a graph showing average bone
volumes.

[0052] FIG. 15B shows images showing staining of the
bone masses.

DETAILED DESCRIPTION

[0053] Calcium phosphate (CaP)-based biomaterials are
used in numerous applications including healing of bone
defects, total joint replacement, orthopedics, dental fillings,
and periodontal treatments, where they serve, for example,
to enhance bone formation, fill bone voids, and deliver
beneficial components to bone voids.

[0054] Provided herein are polymer-stabilized CaP nano-
particle formulations and related methods of manufacture. In
certain embodiments, the methods reliably and selectively
form nanoparticles with homogenous size, charge, and mor-
phology. The CaP nanoparticles include calcium ions and
phosphate ions with an ionic polymer, thereby forming
stable hybrid nanoparticles. The CaP nanoparticle formula-
tions include powders, suspensions and injectable pastes.
According to various embodiments, the polymer-stabilized
CaP nanoparticles may be polycation-stabilized (CaP/poly-
mer™ nanoparticles) or polyanion-stabilized (CaP/polymer
& nanoparticles). The CaP/polymer nanoparticles can be
freeze-dried and stored for months with no loss of properties
or changes to their morphology.

[0055] The polymer-stabilized CaP nanoparticles may be
referred to alternately as hybrid CaP/polymer nanoparticles
or hybrid polymer/CaP nanoparticles. In some embodi-
ments, the nanoparticles include amorphous CaP particles,
which may be referred to as ACaP.

[0056] As used herein, the term “nanoparticle” refers to a
particle, the largest dimension of which is less than 1 pm.
The term “nanosphere” refers to a generally spherical par-
ticle, the largest dimension of which is less than 1 pum.
Nanospheres are distinct from needle-like and other non-
spherical formations, however it is understood that nano-
spheric particles disclosed herein may deviate from perfect
spheres. It should be noted that although the below discus-
sion refers chiefly to nanoparticles, in some embodiments,
particles having sizes greater than 1 um are provided.
[0057] The term “polyelectrolyte” refers to a polymer
whose repeating units include an electrolyte group. Poly-
electrolytes include polycations and polyanions. The term
“amorphous” refers to a non-crystalline solid, having no
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regions of crystallinity. “Crystalline” refers to a relatively
well-defined crystal structure.

[0058] As used herein the term “hybrid” refers to a com-
posite material of an organic constituent and an inorganic
constituent.

[0059] Also provided herein stable formulations including
oppositely charged polymer-stabilized CaP nanoparticles,
i.e., a formulation including CaP/polymer™ and CaP/poly-
mer™. For example, in some embodiments, rehydrating a
mixture of CaP/polymer™ and CaP/polymer®™ powders or
combining suspensions of CaP/polymer™ with CaP/poly-
mer™, an injectable paste can be prepared with excellent
control of rheological properties. In some embodiments, the
formulations are neutral, containing approximately equal
amounts of the cationic and anionic particles.

[0060] The size of amorphous CaP/polymer hybrid nano-
particles can be finely tuned in a range from 10 nm to 1 pm
by controlling the polymer identity and composition, con-
centration, molecular weight, initial salt concentration, and
mixing order. Unlike conventional methods, in certain
embodiments, the methods disclosed herein can achieve
control of nanoparticle size through initial salt concentration
and work across a variety of mixing orders and preparation
conditions. In one example, a phosphate ion solution at
physiological conditions is combined with a polycation
solution to form a suspension of phosphate/polymer aggre-
gates. Subsequently, a calcium ion solution can be added to
the phosphate/polymer complexes to yield CaP/polymer™
nanoparticles. In another example, polyanion may be added
to calcium to make a calcium/polymer complex, followed by
addition of a phosphate solution to yield CaP/polymer®
nanoparticles.

[0061] Depending on the physicochemical conditions of
the synthesis and the concentrations of the salts and poly-
mers used, the calcium phosphate may range from about 25
wt %-75 wt % and the polymer from about 15 wt %-65 wt
%. The samples will typically include 5 wt %-10 wt % water.
[0062] In some embodiments, the methods disclosed
herein permit control over the morphology of CaP/polymer
nanoparticles. For example, the amorphous structure of CaP
can be preserved in all formulations. This is significant
because amorphous CaP has greater bioavailability than
crystalline CaP. In some embodiments, the amorphous CaP
nanoparticles are provided by controlling charge completely
across polymer identity and composition, concentration,
molecular weight, initial salt concentration, and mixing
order. This is unlike conventional CaP nanoparticles, which
deliver CaP in a crystalline state, especially at larger sizes
(greater than 50 nm). The methods disclosed herein can
prepare amorphous nanoparticles across a large size range,
from 10 nm to greater than 1 pum.

[0063] As indicated above, oppositely charged CaP/poly-
mer hybrid nanoparticles (i.e., CaP/polymer™ and CaP/
polymer™) can be combined to form a neutral, stable,
injectable formulation such as a paste or gel. The mechanical
properties of this formulation may be controlled as described
above (polymer identity and composition, concentration,
molecular weight, initial salt concentration, and mixing
order), enabling tunable control of rheological properties.
[0064] FIG. 1 shows an example of a method of forming
hybrid CaP/polymer®™ nanoparticles. First, anionic polymer
and calcium ion solutions are mixed to form an anionic
polymer/calcium mixture. Block 10. Examples of anionic
polymers include poly(aspartic acid), poly(acrylic acid),
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poly(acrylic acid sodium salt), poly(methacrylic acid) salts,
poly(styrenesulfonic acid) salts, poly(2-acrylamido-2-meth-
ylpropane sulfonic acid), DNA, carboxymethyl cellulose,
amelogenin, osteopontin, sulfonated dextran, poly(glutamic
acid), poly(vinylphosphonic acid) and poly(vinyl sulphonic
acid). Next a phosphate ion solution is added to the anionic
polymer/calcium mixture. Block 12. This forms negatively
charged hybrid CaP/polymer nanoparticles.

[0065] FIG. 2 shows an example of a method of forming
hybrid CaP/polymer™ nanoparticles. First, cationic polymer
and phosphate ion solutions are mixed to form a cationic
polymer/phosphate mixture. Block 20. Examples of cationic
polymers include poly(allylamine hydrochloride), poly(al-
lylamine), poly(ethyleneimine), poly(vinylpyridine) salts,
poly(L-lysine), chitosan, gelatin, poly(diallyldimethylam-
monium chloride), and protamine. Next a calcium ion solu-
tion is added to the cationic polymer/phosphate mixture.
Block 22. This forms positively charged hybrid CaP/poly-
mer nanoparticles.

[0066] The tunability of the size, charge, morphology, and
rheological properties of the hybrid CaP/polymer nanopar-
ticle compositions is described further below with respect to
FIGS. 3-7.

[0067] First, FIGS. 3a-3f show results of analysis of the
formation of as-synthesized polymer/CaP hybrid nanopar-
ticles. CaP/polymer™ and CaP/polymer hybrid nanopar-
ticles were synthesized according to the methods disclosed
in FIGS. 1 and 2 and as described further below in the
Examples using poly(allylamine hydrochloride) (PAH) and
poly(acrylic acid) sodium salt (PAA), respectively.

[0068] To investigate how the PAA and PAH control the
kinetics of nanoparticle formation, dynamic light scattering
(DLS) was used to monitor the size (intensity averaged
hydrodynamic radius) of the as-synthesized particles as a
function of time and over a range of polymer concentration
(0-2000 pg/ml) and salt concentration (5-25 mM CaCl, and
2.5-12.5 mM K,HPO,). The results are shown in FIGS.
3a-3c.

[0069] FIG. 3a shows the intensity averaged hydrody-
namic radius of the polymer/CaP hybrid particles in the
presence of PAH-17.5 K (JPAH]=0-2000 ng/ml) versus
time. At [PAH]=50 and above, the size of the formed
nanoparticles remains unchanged over 24 h. The concentra-
tions of calcium and phosphate solutions were 5 and 2.5
mM, respectively. At salt concentrations of 5 mM CaCl, and
2.5 mM K,HPO,, in the absence of polymer, large aggre-
gates in the form of apatite platelets formed and precipitated
within 20 min. The same behavior was observed when a very
low concentration of the polymer (20 pg/ml.) was used. At
higher polymer concentration, however, stable particles
formed with a negligible size increase after 24 h.

[0070] FIG. 35 shows the effect of polymer concentration
on size. Generally, smaller nanoparticles form at higher
polymer concentration and, at the same polymer concentra-
tion, the nanoparticles that form in the presence of low
molecular weight PAAs are smaller. For both polymers, the
size of the particles decreased when the polymer concen-
tration increased. For the systems containing highest poly-
mer/ions ratios no precipitation occurred and these systems
remained clear over several months. FIG. 35 shows that
polymers with lower molecular weights formed smaller
particles and particles containing PAA of lower molecular
weight were smaller than particles prepared by PAH.
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[0071] FIG. 3¢ shows the effect of multiplying the solution
concentrations at a constant polymer-to-ions ratio on the size
of the particles. 1x concentration: 5 mM CaCl,, 2.5 mM
K,HPO, and 500 pg/mL polymer; 5x concentration: 25 mM
CaCl,, 12.5 mM K,HPO, and 2500 pg/ml. polymer. At a
constant polymer-to-ions ratio, increasing the polymer and
ions concentration considerably increased the size of the
formed particles.

[0072] FIG. 3d shows images of solutions during forma-
tion of PAH/CaP hybrid nanoparticles. In this representative
example, a polymer solution (here PAH) is added to a
phosphate solution. The solution immediately became turbid
indicating formation of highly hydrated polymer/phosphate
complexes. After pouring the calcium solution into the
PAH/phosphate complex the turbidity decreases consider-
ably and stable hybrid nanoparticles form. This indicates
that the formation of stable hybrid nanoparticles is mediated
by counter-ion-induced phase separation.

[0073] The observations described with respect to FIG. 34
were quantified by DLS measurements shown in FIG. 3e.
FIG. 3e shows that, in the case of PAH-stabilized particles,
highly hydrated colloidal particles were formed by the
complexation of PAH with phosphate ions. The average size
of these complexes was about 900 nm, 1 min after addition
of PAH solution to the phosphate solution. After addition of
calcium solution, much smaller particles (about 100 nm)
were formed which remained stable over months.

[0074] FIG. 3f shows zeta potential data measured for
solutions containing only PAH, PAH/phosphate complexes,
and PAH/CaP nanoparticles. The binding of phosphate ions
to form phosphate-PAH highly hydrated complexes was
confirmed by the decrease in the zeta potential of PAH after
mixing with phosphate solution.

[0075] At pH 7.4, the amine groups on PAH are highly
protonated and therefore the PAH molecules are expected to
undergo microphase separation induced by phosphate ions.
Depending on the concentration of polymer and salts, after
addition of calcium ions, less turbid mixtures containing
dehydrated calcium phosphate/polymer hybrid nanopar-
ticles formed, as shown in FIG. 3d. The dehydration process
is very rapid and can be ascertained by detection of smaller
particle sizes after calcium ions were added, as shown in
FIG. 3e. Moreover, detection of more positive zeta potential
for the hybrid particles as shown in FIG. 3f can be consid-
ered a sign of calcium and phosphate ions reaction.

[0076] Returning to FIG. 3a, the concentration depen-
dency and the constancy of the particle sizes over a long
period of time (about 24 h) confirms the formation of
calcium phosphate inside the polymer containing areas, i.e.,
hybrid nanoparticles. It can be inferred that PAH/phosphate
complexation reduces the free phosphate ion concentration
in the solution and therefore prevents mineralization of CaP
apatite outside the particles. Furthermore, concentration
independent, large negative or positive zeta potentials of the
nanoparticles confirm that they are stabilized mainly due to
the electrostatic repulsion effect. In summary, although there
might be differences in particular mechanisms, both PAH
and PAA can inhibit mineralization of CaP apatite in a
concentration dependent manner and stimulate the forma-
tion of amorphous calcium phosphate inside the nanopar-
ticles with high polymer concentration.

[0077] FIGS. 4a-4f demonstrate the structure and mor-
phology of lyophilized samples of hybrid CaP nanoparticles.
FIG. 4a shows synchrotron scattering profiles (using recip-
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rocal d-spacing) of CaP-PAH nanoparticles, CaP-PAA nano-
particles, and CaP control nanoparticles (including commer-
cial hydroxyapatite nanoparticles (Sigma-Aldrich)). While
the control sample shows the distinct Bragg reflections of
hydroxyapatite, the absence of any Bragg diffraction peaks
in the hybrid nanoparticle samples clearly indicate that these
samples are structurally amorphous and composed of amor-
phous CaP (ACaP).

[0078] FIG. 456 shows Fourier transform infrared (FTIR)
spectra of CaP-PAH nanoparticles and CaP-PAA nanopar-
ticles. Regardless of the polymer used, the FTIR spectrum
has featureless and broadened phosphate bands at 900-1150
cm™' and at 565-605 cm™ which confirm the amorphous
structure of the hybrid CaP-polymer nanoparticles. For
comparison, the FTIR spectrum of the CaP control nano-
particles is also shown.

[0079] FIGS. 4¢ and 4d show scanning electron micros-
copy (SEM) images of the hybrid CaP-polymer nanopar-
ticles. The images confirm that the hybrid CaP-polymer
nanoparticles are submicron-sized spherical particles. FIG.
4e shows an SEM image of the CaP control nanoparticles for
comparison. Unlike the hybrid polymer/CaP nanoparticles,
the control sample is in the form of densely aggregated
needle-like crystals. The average size of the hybrid polymer/
ACaP nanoparticles are in a good agreement with the DLS
results confirming the dehydration during formation of these
hybrid nanoparticles

[0080] FIG. 4f'shows a thermogravimetric analysis (TGA)
of the polymer/CaP hybrid nanoparticles and the control
sample prepared in the absence of polymer. FIG. 4f also
shows the first derivatives of the TGA curves. The compo-
sition of the hybrid nanoparticles was further assessed by the
TGA, which shows that a significant amount of polymer has
been incorporated into the particles. Quantitatively, the TGA
analysis shows that the particles are about 35-40 wt % of
polymer, 50-55 wt % of ACaP, and water. The weight loss
up to 200° C. is attributed to dehydration. The weight losses
at 330-600° C. and 375-600° C. are due to degradation of
PAH and PAA, respectively. Compared to the decomposition
profile of pure PAH and PAA, it can be concluded that
complexation of the polymers with calcium or phosphate
ions has increased the thermal stability of the polymers.
[0081] The internal structures of the freeze-dried particles
were evaluated using transmission electron microscopy
(TEM). TEM analysis reveals the presence of the small CaP
spheres with a size of 3-6 nm inside the particles with a
higher population near the center. FIG. 5a is a TEM micro-
graph showing a PAH/CaP nanoparticle prepared at 2x
concentration: 10 mM CaCl,, 5 mM K,HPO, and 1000
ng/ml. polymer. The fast Fourier transform (inset) of the
high-resolution image in FIG. 5a confirms that these nano-
spheres are non-crystalline in nature. (Imaging at higher
magnification was not possible because of the structural
instabilities in the samples by electron, which was revealed
by the formation of voids on the particle surfaces.) Overall,
the TEM analysis suggests that both the PAA/CaP and
PAH/CaP particles are amorphous structures of ACaP nano-
spheres dispersed in a polymer matrix.

[0082] FIG. 5¢ shows synchrotron small-angle X-ray scat-
tering profiles (log-log representation of scattering intensity
versus scattering vector q) measured for freeze-dried poly-
mer/CaP hybrid nanoparticles and the control sample pre-
pared at 2x concentration. FIG. 5¢ shows a representation of
the scattering data by Kratky plot (Ixq> versus q). The high
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q features in the profiles of the hybrid nanoparticles signify
structural complexity at the length scale of a few nanome-
ters.

[0083] The shape of SAXS pattern depends on the par-
ticles shape and their local arrangement, although the pres-
ence of any scattering substructure might complicate the
SAXS pattern. The control sample shows a scattering profile
of aggregated hydroxyapatite platelets. The polymer stabi-
lized particles, however, exhibit a SAXS pattern with three
characteristic regions. At the low-q region, the signal is
controlled by the overall shape of the particle. The slope in
this region decreases as q* indicative of scattering from
aggregates of spherical particles with smooth interfaces. At
intermediate q values (0.01-0.06 A™') a small feature is
observed for both samples, although at slightly different q
values. These features are better shown when the data are
plotted on a Kratky plot (I(q)xq? vs q) as in FIG. 54 and can
be ascribed to a characteristic length scale resulted from
nanoparticles of smaller size or the mean spacing of calcium
phosphate nanospheres present inside the particles. Another
prominence at high q values, about 0.08-0.3 A~ can be
observed for both samples. These features can be attributed
to the presence of CaP nanoparticles with size of about 3-6
nm dispersed in polymer matrix. The SAXS results confirm
the morphological feature inferred from TEM analysis, in
which the PAH/CaP and PAA/CaP particles can be consid-
ered as hybrid composites composed of amorphous calcium
phosphate nanospheres dispersed in a polymer matrix. Inter-
estingly, the projected internal structure is reminiscent of the
internal structure of casein micelles in which colloidal
calcium phosphate nanoclusters are proposed to be dispersed
in a matrix of casein proteins.

[0084] The tunable size and surface charge of the hybrid
particles make them promising for various applications. In
some embodiments, injectable gels based on self-assembly
of'the polymer/ ACaP hybrid nanoparticles are provided. The
electrostatic self-assembly between the oppositely charged
hybrid particles results in a cohesive paste that is suitable for
injection. FIGS. 6a-6d demonstrate the aggregation behav-
ior of the oppositely charged polymer/CaP hybrid nanopar-
ticles by electrostatic self-assembly. In particular, DLS mea-
surements and TEM analysis demonstrate formation of the
large aggregates were detected after mixing dilute disper-
sions of the oppositely charged hybrid nanoparticles. FIG.
6a is a graph of the size of the aggregates as a function of
time mixtures of as-prepared PAH/CaP and PAA/CaP dis-
persions synthesized at different concentrations (1x-5x). All
samples were diluted to a solid content of about 0.03 w/v %.
Regardless of the size of the particles that were mixed, the
size of the formed aggregates was the same and increased
linearly in time. FIGS. 6b and 6¢ are TEM images of
as-prepared PAH/CaP and PAA/CaP synthesized at 1x con-
centration (FIG. 6b) and synthesized at 4x concentration
(FIG. 6c¢). The leftmost solution in FIGS. 65 and 6c¢ is
PAA/CaP, the middle solution in FIGS. 65 and 6c is PAA/
CaP, and the rightmost solution is the combined PAH/CaP
and PAA/CaP. After 1-2 h of equilibration, the aggregates
precipitated and a two-phase system was formed (rightmost
solution in FIGS. 65 and 6c¢). TEM analysis also confirmed
the formation of cohesive aggregates several micrometers in
size after mixing (FIG. 6d).

[0085] The viscoelastic properties of the pastes prepared
by mixing of 20 wt % dispersions of oppositely charged
hybrid nanoparticles were investigated by low amplitude
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oscillatory rheometry within the linear viscoelastic region.
The linear viscoelastic region was detected by oscillatory
strain sweeps. Oscillatory time sweep measurements were
used to measure the storage modulus G' and loss modulus
G". Indeed, the binary mixture of oppositely charged hybrid
nanoparticles showed solid-like behavior as verified by the
larger storage modulus than the loss modulus, i.e. tan d<1.
Furthermore, the viscoelastic properties of the dispersions of
similarly charged hybrid nanoparticles were strongly influ-
enced by the molecular weight of the polymer used. How-
ever, at the same solid concentration the G' value of the
binary mixtures was always higher than that of systems
containing similarly charged hybrid nanoparticles. This is
the case for all samples including polymers of different
molecular weights and can be considered as another indi-
cation for the formation of electrostatic attractions between
the building blocks of the paste, i.e. oppositely charged
hybrid nanoparticles. As the pastes are made up of the
electrostatically bound PAA/CaP and PAH/CaP hybrid par-
ticles, a structural recovery can be expected for these mate-
rials.

[0086] The structural recovery after structural destruction
at high oscillatory strain amplitudes (1000%) was measured
by a simple rheological test, with the results shown in FIGS.
7a-7d. FIG. 7a shows the variation of G' as a function of
time showing the structural recovery behavior of pastes
made of PAAS8/CaP, PAH200/CaP and a mixture of PAAS/
CaP and PAH200/CaP hybrid nanoparticles after destruction
by a 1000% oscillatory shear strain (solid content=20 w/v
%). The immediate result of high oscillatory strain (1000%
for 1 min, t,,=300 s, t,-==360 s) was complete structural
disruption evidenced by transformation of the pastes into a
liquid-like material. Right after cessation of destructive
strain (t=360 s), all pastes exhibited solid gel responses, with
values of immediately restored G' of with values of ~15000
Pa. At t=660 s (5 min after destruction), the values of
recovered G' for the paste were ~30% that of the original
moduli prior to fracture (FIG. 7a). Although, the ultimate
storage modulus of the paste is clearly lower than the
preshear values, its elasticity is still considerable and reaches
to about 20000 Pa. This means that the pastes have rapid
self-healing capabilities and can be easily processed as low
viscosity materials, for example in minimally invasive
approaches, and subsequently form an elastic paste. This
rapid recovery property can prevent the paste from flowing
and being washed out after injection to a bone defect.

[0087] FIGS. 76-7d show images of continuous homoge-
neous threads of the viscoelastic paste injected through
conventional medical syringes equipped with needles of
different sizes. Interestingly, the paste can preserve its
thread-like structure after injection into an aqueous solution.
The filter-pressing phenomenon, a common problem related
to injectable calcium phosphate formulations, was only
observed when the pastes were made of nanoparticles with
sizes smaller than 60 nm mainly because of very strong
interactions between the oppositely charged nanoparticles.

[0088] According to various embodiments, the injectable
formulations may be self-setting or non-setting formula-
tions. The injectable compositions may include additional
components with examples including, but not limited to,
osteo-inductive agents, bone-derived materials (e.g., demin-
eralized bone powder), therapeutic agents, and other com-
ponents suitable for a particular application. For example,
the injectable composition may include one or more growth
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factors, or one or more bone-morphogenic proteins and
other proteins such as osteocalcin, osteonectin, osteopontin,
bone sialoprotein, decorin, and biglycan.

[0089] Examples of growth factors include insulin growth
factor (IGF), transforming growth factor-f (TGF-p),
osteoinductive factor (GIF), basic fibroblast growth factor
(bFGF), acidic fibroblast growth factor (aFGF), epidermal
growth factor (EGF), vascular endothelial growth factor)
(VEGF), growth and differentiation factor (GDF) and plate-
let-derived growth factor (PDGF).

[0090] The composition may further include one or more
agents such as anti-resorption agents, antibiotic agents,
antiviral agents, antitumor agents, and immunosuppressive
agents.

[0091] In some embodiments, the polymer/ACaP hybrid
nanoparticles can be mixed with other biocompatible
charged nanoparticles to prepare new viscoelastic materials.
These materials can be easily processed into multifunctional
macrostructures including free-standing films, biocompat-
ible coatings, ready-to-use injectable pastes, and 3D porous
scaffolds. For example, a mixture (10 w/v % in water) of
polymer/ACaP hybrid nanoparticles, silicate nanosheets
(SNs), and graphene oxide (GO) results in an injectable
paste. FIG. 8a shows an image of the paste being dispensed.
An example synthesis is described below in Example 3.
[0092] FIG. 86 shows variation of storage and loss moduli
as a function of time of a paste (composition: PAH/CaP:
PAA/CaP:SNs:GO 50:50:100:2; solid content=10 w/v %)
after destruction by a 500% oscillatory shear strain. The
structural recovery behavior of the pastes is shown in FIG.
8b. These pastes show a better capability for recovery of
initial viscoelastic properties compared to the system made
up of electrostatically bound PAA/CaP and PAH/CaP hybrid
nanoparticles without the SN and GO components. As seen
in FIG. 85, within 5 min after complete structural destruc-
tion, almost 95% of initial elasticity was recovered, verify-
ing remarkable self-healing performance of the multi-com-
ponent paste.

[0093] Moreover, by molding and freeze-drying injectable
hybrid systems of polymer/ACaP hybrid nanoparticles, SN,
and GO, free-standing structures in the form of 3D porous
scaffolds can be prepared. Experiments show that these
hybrid structures are biocompatible and promote in vitro
osteogenic differentiation of a variety of mesenchymal stem
cells in the absence of osteoinductive factors or boost the
potency of bone morphogenetic proteins (BMPs) in inducing
stem cell osteogenesis. For example, immortalized Mouse
Adipose-Derived (iMAD) and immortalized Mouse Embryo
Fibroblast (iMEF) mesenchymal stem cells (MSC) cultured
on the porous scaffolds remained viable and showed a
long-term proliferation and osteogenic differentiation with-
out any osteogenic inducers, as confirmed by optical micros-
copy (FIG. 9a) and scanning electron microscopy (SEM)
(FIG. 9b). The iMAD and iMEF mesenchymal stem cell
lines were infected with Adenovirus Containing Green Fluo-
rescent Protein (Ad-GFP), seeded on the surface of the
scaffold and maintained in complete Dulbecco’s Modified
Eagle Medium (DMEM), containing 10% (v/v) fetal bovine
serum (FBS), 100 U ml™* penicillin and 100 pg/ml strepto-
mycin at 37° C. in 5% CO,.

[0094] FIG. 9a an optical microscopy image of iMAD
mesenchymal stem cells on PAH-CaP/PAA-CaP/SNs/GO
hybrid scaffolds. Optical microscopy images revealed a
homogeneous attachment and viability of cells on the scaf-
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fold at day 3. FIG. 95 is an SEM image showing morphology
and interaction of the stem cells with the hybrid scaffold.
Cells were fixed at day 7 for SEM imaging. Arrows indicate
some of the MSCs.

[0095] Moreover, SEM images showed cells with elon-
gated morphology and with several long protrusions
stretched out from the cell body.

[0096] This is one example of a multi-component system
based on the self-assembly of three bioactive nanomaterials
(ACaP, GO, and silicate nanosheets) into macrostructures
for bone tissue engineering. The ACaP nanoparticles are
expected to be easily resorbed in vivo and provide calcium
and phosphate ions required for fast bone regeneration.
Moreover, in aqueous solution, silicates nanosheets can
dissociate into Na*, Li~, Mg®* ions and Si(OH), with a
positive impact on cells behavior. The high elastic modulus
of graphene materials is also believed to be a driving force
for osteogenic differentiation. Therefore, these methods and
materials can be adjusted to create new hybrid functional
materials based on a spectrum of bioactive nanomaterials
that could synergistically direct the differentiation of stem
cells toward osteogenic lineage.

[0097] Further discussion of graphene and silicate
nanosheet materials that may be used in the multi-compo-
nent systems is below in Example 4. Further example of
bioactive materials that may be used in multi-component
systems that include calcium phophate/polymer hybrid
nanoparticles include bioactive glasses, hydroxyapatite
(HA), layered double hydroxides (LDHs) such as hydrotal-
cite and hydrocalumite (natural and synthetic), hexagonal
boron nitride (hBN), graphitic carbon nitride (C;N,), tran-
sition metal oxides (TMOs) such as manganese dioxide
(MnQO,), titanium dioxide (TiO,), and transition metal
dichalcogenides (TMDs) such as titanium disulfide (TiS,),
molybdenum disulfide (MoS,), tungsten disulfide (WS,).

EXAMPLES
Example 1

Preparation of Hybrid Nanoparticles and Injectable
Compositions

[0098] Amorphous hybrid nanoparticles were synthesized
by first mixing the poly(acrylic acid) sodium salt (PAA) and
CaCl, solutions and then pouring a K,HPO, solution into the
PAA/CaCl, mixture at room temperature and at pH=7.4. In
the case of positively charged nanoparticles, the mixing
order was inverse, i.e., the CaCl, solution was poured into a
premixed poly(allylamine hydrochloride) (PAH) and
K,HPO, solution. Except for the system prepared at the
lowest concentration, the particles were collected immedi-
ately by centrifugation and stored at -80° C. before
lyophilization at —4° C. At the selected working conditions,
each polymer exhibited a net similar charge on the formed
hybrid nanoparticles. Details of the syntheses are provided
below

[0099] Materials: Poly(acrylic acid) sodium salt (PAA,
MW=7000 g/mol, 15000 g/mol and 225000 g/mol), poly
(allylamine hydrochloride) (PAH, MW=17500 g/mol), cal-
cium chloride dihydrate (CaCl,-2H,0), and potassium phos-
phate dibasic (K,HPO,) were purchased from Sigma-
Aldrich. PAH (MW~200000 g/mol) was purchased from
Alfa-Aeser.
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[0100] Preparation of hybrid nanoparticles: Stock solu-
tions of PAA (30 mg/mL), PAH (30 mg/mL), calcium (1 M)
and phosphate (0.5 M) were prepared in Tris-buffered saline
(TBS 1x) and the pH was adjusted to 7.4. The negatively
charged hybrid nanoparticles were prepared by first mixing
of PAA stock solution (v=0.167, 0.334, 0.501, 0.668 or
0.835 mL) with 10-v mL calcium stock solution diluted to
c=10, 20, 30, 40 or 50 mM concentration by TBS, respec-
tively. Immediately after, 10 mL phosphate stock solution
diluted to ¢/2 concentration was added to the PAH/calcium
complex mixture without stirring. The suspensions were
then centrifuged at 13000 rpm for 20 min, washed with
ethanol, stored at —80° C. and freeze-dried at —4° C. for 24
h. The same procedure was used to prepare positively
charged nanoparticles but here calcium solution
(concentration=c/2) were added to a PAH/phosphate com-
plex mixture. Control samples were also prepared using the
same concentrations described above, but in the absence of
the polymers.

[0101] Preparation of injectable compositions: The freeze
dried hybrid nanoparticles were dispersed in Milli-Q water
(20% w/v %) and sonicated for 20 minutes. The pastes
containing oppositely charged hybrid nanoparticles were
prepared by mixing of equal amounts of the PAH/CaP and
PAA/CaP as-synthesized dispersions (solid content of ~0.03
wiv %).

Example 2

Large-Scale Production using High Concentrations

[0102] For large-scale production of calcium phosphate,
calcium and phosphate ions are used at higher concentra-
tions, e.g. 100 mM and higher. However, increasing the ion
concentration results in forming of larger particles with a
broad size distribution and therefore alters their suitability
for using in injectable formulations or solid structures. To
address this problem, the synthesis procedure is modified so
that the system is subjected to ultrasonication immediately
after formation of the polymer-stabilized calcium phosphate
hybrid particles. As an example, negatively charged hybrid
nanoparticles were prepared by first mixing 50 mL of PAA
solution (3 wt %) with 100 mL calcium solution (200 mM)
followed by addition of 150 mL phosphate solution (100
mM) to the PAA/calcium complex mixture without stirring.
The suspension was then subjected to ultrasonication using
an ultrasonic homogenizer (Branson Sonifier S-450A) for 5
min and at 30% power output, centrifuged at 5000 rpm for
20 min, washed with ethanol, stored at -80° C. and freeze-
dried at —4° C. for 24 h. Using ultrasonication for 5 min
decreased the particle size and polydispersity index (PI)
from ~700 nm and 0.5 to less than 300 nm and 0.25,
respectively. The time, temperature, and power of the ultra-
sonication can be exploited to tune the particle size. The
polydispersity index is a measure of the size distribution of
the nanoparticles as determined by dynamic light scattering
(DLS). It is the squared ratio of deviation from the mean size
and the mean size (i.e., (deviation/mean)?). For a perfectly
uniform sample, it is 0; for monodisperse systems, it is <0.1,
for systems with moderate dispersity, it is between 0.1 and
0.4, and for polydisperse systems, it is greater than 0.4.
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Example 3

Injectable Paste of Polymer-ACaP: Silicate
Nanosheet:Graphene Oxide

[0103] An optically transparent dispersion of silicate
nanosheets, 10.0% (w/v), was prepared by mixing silicate
nanosheets (SNs) with milli-Q water for 2 h, followed by
ultrasonication using an ultrasonic homogenizer (Branson
Sonifier S-450A), for 5 min. A homogeneous suspension of
graphene oxide (GO) with a concentration of 2.0 mg m[~"
was obtained by dispersing GO in milli-Q water, followed
by sonication in a water bath for 90 min and ultrasonication
using an ultrasonic homogenizer (Branson Sonifier S-450A),
for 2 min. Then equal volumes of SNs and GO dispersions
were mixed with the freeze-dried polymer/ACaP hybrid
nanoparticles (PAH-CaP or a 50/50 mixture of PAH-CaP and
PAA-CaP) to form a homogeneous paste with a composition
of 100:100:2 (Polymer-ACaP:SNs:GO).

Example 4

Synthesis and Structural Characterization of
Graphene-Silicate Nanosheet Materials

[0104] Gelatin (type A, from porcine skin), from Sigma-
Aldrich Co. LLC, silicate nanosheets (Laponite XI.G, 25-30
nm in diameter and 1 nm thick) from BYK-Chemie GmbH,
Wesel, Germany, and Milli-Q®, registered trademark owned
by Merck KGaA, Germany, water were used. The materials
were prepared by complexation of gelatin and Laponite in an
aqueous solution followed by carbonization. A synthetic
procedure may involve the preparation of a stock solution of
2 percent weight per unit volume, i.e., the weight in grams
of solute per 100 mL of solution, (% (w/v)), gelatin by
adding of gelatin powder to milli-Q water at 40° C. to form
a mixture and then stirring the mixture for a pre-determined
time period, such as 2 hrs. An optically transparent disper-
sion of Laponite nanosheets, 1.5% (w/v), was prepared by
mixing Laponite with milli-Q water for 2 hrs., followed by
ultrasonication using an ultrasonic homogenizer (ie., a
Branson Sonifier S-450A), for 3 mins. until the pH of
Laponite dispersion is 9.8. The calculated volume of the
gelatin solution and Laponite dispersion was placed into
individual vials, then calculated milli-Q water was added to
each vial to reach a final volume of 10 ml.

[0105] Gelatin/Laponite complexes were prepared by add-
ing a designated amount of Laponite dispersion (pH 9.8) to
gelatin solution (weight ratio of Laponite: gelatin=1:1; 1:2;
1:5; 1:10) and mixing at 250 rpm for 45 sec. The mixtures
were cast in polyethylene dishes and stored at 4° C. over-
night and then transferred to freezer —-80° C. Gelatin/
Laponite acrogels were prepared by freeze-drying at —-4° C.
for 48 h. The aerogels were then heated to 800° C. under a
flowing nitrogen atmosphere at a rate of 10° C./min and
carbonized at this temperature for 2 hrs. to obtain gelatin-
derived carbon/Laponite hybrid aerogels (GL-scaffolds).
GL-powders were prepared by then grinding the GL-scaf-
folds. The samples were denoted as C[GEL/L.=X], where X
represented the ratio of gelatin (GEL) and Laponite, and C
indicates for carbonized.

[0106] The GL materials were characterized by transmis-
sion electron microscopy (TEM, FEI Tecnai F30 at an
accelerating voltage of 200 kV), scanning electron micros-
copy (SEM, Nova NanoSEM 230, USA), Raman spectros-
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copy (Horiba LabRamHR Evolution) with the laser excita-
tion at 633 nm, X-ray photoelectron spectroscopy (XPS,
Kratos AXIS Nova). The non-carbonized gelatin/Laponite
samples were also analyzed with the Thermogravimetric
Analyzer (TGA) (TA Instruments, Q600 SDT Simultaneous
DSC-TGA) with 10° C. min-1 heating rate in a 50 m[./min
nitrogen flow.

[0107] GL-scaffolds were prepared as 8 mm?>/cube, disin-
fected with 70% ethanol, incubated in 0.1% gelatin for lh
and dried before culturing as. MSC cells were infected with
AdGFP for 24 h, trypsinized and re-suspended at the con-
centration of 2x10%*ul. A total of 50 pl volume cell suspen-
sion was seeded onto each GL-scaffold and incubated for 2
h in the incubator, and then the GL-scaffolds were trans-
ferred into 24-well plates and cultured in complete DMEM.
[0108] Referring to FIG. 10, the structural characterization
of gelatin (herein “GEL”) derived graphene/Laponite mate-
rials is shown. Specifically, FIG. 10(a) shows thermogravi-
metric analyzer (TGA) curves of gelatin/Laponite, [GEL/L],
materials under N, flux. FIG. 10(b) illustrates typical mor-
phology of [GEL/L] materials. FIG. 10(c) shows a SEM
image of a C[GEL/L=2] scaffold. FIG. 10(d) shows a
transmission electron microscopy (TEM) image of ¢[GEL/
[L=2] powder, where the various arrows point to Laponite
nanosheets. FIG. 10(e) shows a mesoporous structure of
graphene-like layers in c[GEL/L=2] powder, where the inset
shows a photograph of the ¢[GEL/L=2] scaffold standing on
a spider plant. FIG. 10(f) illustrates a X-ray photoelectron
spectroscopy (herein “XPS”) survey spectrum of C[GEL/
[=2] scaffold. FIG. 10(g) shows XPS Cls high-resolution
spectrum of C[GEL/L=2]. FIG. 10(/) shows Raman spectra
of GL-scaffolds with different compositions. FIG. 10(7)
shows Raman spectra showing the evolution of hydroxy-
apatite characteristic peaks on C[GEL/L=2] scaffold
immersed in 10x concentration SBF. FIG. 10(j) shows SEM
images showing the deposition of minerals on a GL-scaffold
after 6 hrs. of immersion in 10x SBF. Representative images
of FIGS. 10(a)-(j) are shown.

[0109] Referring to the structural characterization of GL
materials, the carbonization process and the composition of
the obtained GL materials were assessed by thermogravi-
metric analysis (TGA) under N, flux. Specifically, carbon-
ization appeared to be completed below 800° C. as shown in,
for example, FIG. 10(a), confirming that the adopted experi-
mental conditions were adequate for the preparation of GL
materials. In the TGA results, the 6-8% weight loss up to
200° C. is attributed to dehydration and the weight losses at
300-750° C. are due to degradation of gelatin. No transfor-
mation of Laponite was observed below 800° C. Comparing
with the decomposition profile of pure gelatin (referred to as
“|GEL]” throughout FIG. 10), results show that complex-
ation with Laponite nanosheets increases the thermal stabil-
ity of the polymer. Quantitatively, almost 25% of the poly-
mer has been converted into the carbonaceous material and
incorporated into the GL materials. Therefore, the C[GEL/
L=5] sample, for instance, consists of 57 wt % of carbona-
ceous material, and 43 wt % of Laponite nanosheets, refer-
ring to FIG. 10(a).

[0110] SEM images reveal a porous structure of the
freeze-dried gelatin/Laponite materials before carboniza-
tion, as shown in, for example, FIG. 10(5), and preservation
of the 3D porous structure following carbonization, as
shown in, for example, FIG. 10(c). The size and distribution
of pores within porous scaffolds plays an important role in
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their ability to infiltrate the cells and direct their distribution
throughout the structure. Specifically, the GL materials
displayed pore sizes between 50-100 um, which remained
nearly unchanged after carbonization. Further, transmission
electron microscope (herein “TEM”) images confirmed the
uniform dispersion of Laponite nanosheets within the car-
bonaceous structure with no visible aggregates, as shown in,
for example, FIG. 10(d). The TEM images also confirmed
the 2D sheet-like structure of carbonaceous material in the
form of nanoparticles and the presence of mesopores in their
structure FIG. 10(e).

[0111] FIG. 10(f) shows X-ray photoelectron spectroscopy
(“XPS”) conducted to determine the elements and their
chemical states in the GL materials. The survey spectrum of
C[GEL/L=2] shows the presence of C (about 285 eV), O
(about 531 eV), Si (about 100 and 150 eV) and other
elements present in Laponite structure including Li, Ca, Mg
and Na as shown in, for example, FIG. 10(f). The Cls
spectrum was deconvoluted into four components as shown
in FIG. 10(g). The strong peak at 284.8 eV is attributed to
the graphitic (sp2 hybridized) carbon while the weak peaks
at higher binding energies may be ascribed to the carbon
combined with elements such as N and O with high elec-
tronegativity. Specifically, the peak at 285.6 eV is assigned
to the carbons on the C—N bonds (remained from gelatin).
Also shown in FIG. 10(g), the peaks at 286.9 eV and 288.9
eV correspond to the carbon from C—O bonds and C=0
bonds, respectively. Quantitatively, approximately 66% of
the carbonaceous material composed C—C bonds, which
implies the relatively low defect of carbon in the GL hybrids
and formation of graphene-like structures.

[0112] Formation of graphene was confirmed by Raman
spectroscopy. The Raman spectrum of the GL hybrids
showed the characteristic G-band (graphitic band) at (1580-
1600 cm™") assigned to B, vibrational mode, and a D-band
(defect band) at (1330-1340 cm™') associated with the
defect-activated breathing modes of A,, symmetry of aro-
matic rings, as shown in FIG. 10(%). These bands along with
2D-band (2500-2900 cm™") are well known to be indicative
of graphene. The intensity ratio of I,/I; of D and G bands
provide information of disordered structure. The intensity
ratio increased with increasing Laponite content in the GL
materials and changed from 0.95 in the case of pure gelatin
carbonized in the absence of Laponite, ¢c[GEL], to 1.07 for
C[GEL/L=1] sample. The higher I/l ratios indicate
increases in structural defects and bonding disorder poten-
tially due to the existence of a large amount of pores and
edges in the carbonaceous materials formed in the presence
of Laponite nanosheets.

[0113] To evaluate the bone-bonding ability of the GL-
scaffolds, in vitro biomineralization was analyzed by sub-
merging the GL-scaffolds in SBM and following deposition
of apatite-like deposits on their surfaces. Scanning electron
microscopy (SEM) and Raman spectroscopy clearly showed
the formation of hydroxyapatite (herein “HA™) layer on the
surface of C[GEL/L=2] after 6 hrs. of immersion in 10x
concentration SBF, as shown in FIGS. 10(i)-(j). The evolu-
tion of vibrational bands at 430-450 cm™" and 970 cm™',
corresponded to v, PO4>~ and v, PO4~ domains of HA are
shown FIG. 10(7).

[0114] Referring now to FIG. 11, images related to the
attachment, proliferation and morphology of MSCs on the
discussed GL-scaffolds are shown. FIG. 11A shows iMADs,
iMEFs and iCALs (immortalized mouse calvarial cells),
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which exhibited a homogeneous attachment at day 1 and
remained viable at day 7. FIG. 11B shows iMEFs, which
maintained proliferative after 15 days. Specifically, FIG.
11B shows, at day 13, a second dose of AAGFP, which was
added to the medium and also shows a GFP signal observed
at day 15. FIG. 11C further illustrates iMADs, iMEFs and
iCALs’ morphology and interaction with the GL-scaffolds.
Cells were fixed at day 7 for SEM imaging. MSCs were
indicated by arrows. Representative images are shown.
[0115] Further, with regard to cell attachment, morphol-
ogy and proliferation on the GL-Scaffold, the biocompat-
ibility of the GL-scaffold (C[GEL/L=2]) was tested. Three
MSC lines, iMADs, iMEFs and iCALs, were infected with
AdGFP, and seeded on the surface of the scaffold. As shown
in FIG. 11A, at day 1, a homogeneous attachment of cells on
the scaffold was observed. Certain cells were clear in shape
while others were not, indicating that cells may attach to, for
example, the outer and inner faces of the scaffold. At day 7,
all three lines were found viable, and cell proliferation was
clearly observed, as shown in FIG. 11A. Upon continued
culturing, the GFP signal dropped as cells proliferated and
divided. For example, at day 13, when another dose of
AdGFP was added to the medium, the cells were able to be
re-infected as the GFP signal was re-intensified at day 15 as
shown in, for example, FI1G. 11B, indicating that the infected
cells on the scaffold were still viable and maintained a high
proliferative capability after more than two weeks of culture
since adenoviruses primarily infect actively dividing cells.
Cell morphology and interactions with the scaffold were
confirmed by both microscopy. The iMADs and iMEFs had
an elongated morphology while iCALs adapted a relatively
round morphology. Additional morphological details were
revealed by SEM as the MSC cells populated on both the
outer and the inner face of the scaffold. Also, the iMADs had
many long protrusions stretched out from the cell body that
crossed the micro pores of the scaffold and attached to the
nearby surface as shown in FIG. 11C.

[0116] Referring now to FIG. 12, the effect of GL-scaf-
folds on cell morphology and mineralization of MSCs is
shown. In some embodiments, the MSCs were seeded on the
scaffolds and cultured for 15 days in mineralization medium
prior to SEM imaging. Well-mineralized matrix with many
mineral nodules on the surface of the cells and scaffolds are
indicated by arrows. Representative images are shown.
[0117] With regard to the induction of osteogenic differ-
entiation of the MSCs and the enhancement of matrix
mineralization by GL-Scaffold, MSCs-seeded scaffolds
were cultured in mineralization medium, and SEM was
performed at day 14. All three lines cultured on the scaffold
were found to show numerous well-mineralized nodules
with many mineral particles observed on the surface of the
scaffold, as shown in FIG. 12.

[0118] Referring now to FIG. 13, the effect of GL-powder
on alkaline phosphotase (ALP) activity and matrix miner-
alization of MSCs is shown. Specifically, FIG. 13A shows
GL-powder decreases BMP9-induced ALP activity of
iMADs (a), while enhances that of iMEFs (b). The cells
were infected with AAGFP or AABMPY, relative ALP activ-
ity was quantitatively determined at 3, 5, and 7 days after
infection. Assays were done in triplicate. FIG. 13B shows
that GL-powder promotes BMP9-indcued matrix mineral-
ization of both iMADs (a) and iMEFs (b). Cells were
infected with AAGFP or AABMP9Y, cultured in mineraliza-
tion medium for 10 days and stained with Alizarin Red S.
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Assays were done in triplicate. Representative images are
shown. For FIG. 13A, “*”, p<0.05 when compared to BMP9
group; “*”, p<0.05 when compared to GFP group.

[0119] Generally, FIG. 13 relates to the synergistic aug-
mentation of BMP9-induced osteogenic differentiation of
stem Cells by GL-Powder. For example, the osteoinductivity
of the GL-powder in iMEFs and iMADs in the presence or
absence of BMP9 stimulation was tested. In MSC lines,
GL-powder alone induced negligible ALP activity while
BMP9 alone induced robust ALP activities, as shown in FIG.
13A. When iMADs were infected with AABMP9, the ALP
activity was shown to decrease in the presence of GL-
powder, as shown in FIG. 13B(a). Conversely, when cul-
tured with AABMP9, iMEFs’ ALP activity was increased by
the GL-powder at days 3, 5 and 7, as shown in FIG. 13B(b).
This opposite effect of GL-powder on iMADs when com-
pared to iMEFs may be due to the relative increased differ-
entiation of iIMADs cells relative to iMEFs, such that
GL-powder treatment may further accelerate the BMP9-
induced osteogenic differentiation process, leading to the
decrease in the early osteogenic marker ALP activity. Fur-
ther, Alizarin Red S staining showed that the GL-powder
significantly promoted matrix mineralization in both iIMADs
and iMEFs when treated with AABMP9, but failed to do so
when AdBMP9 was absent, as shown in FIG. 13B(a)-(b).
Thus, these results indicate that GL-powder may accelerate
BMP9-induced terminal osteogenic differentiation of MSCs.

[0120] Referring to FIG. 14, the effect of GL-powder on
the expression of osteogenic markers is shown. Specifically,
FIG. 14(A) shows that GL-powder up-regulates the expres-
sion of Sox9 and Runx-2 while has limited impact on PPARy
expression. Subconfluent iMADs cells were infected with
AdGFP or AABMP9, cultured with or without GL-powder.
Total RNA was isolated at 48 h and subjected to TqPCR
analysis using gene-specific primers for mouse Runx2,
PPARy and Sox9. FIG. 14(B) shows that GL-powder pro-
motes the expression of osteogenic markers Osx, Ocn, and
Opn. Subconfluent iMADs cells were infected with AAGFP
or AdBMP9, cultured with or without GL-powder. Total
RNA was isolated at 48 h and subjected to TqPCR analysis
using gene-specific primers for mouse-derived Osx, Opn,
and Ocn. GAPDH was used as a reference gene. Reactions
were done in triplicate. “*”, p<0.05 when compared to GFP
group, “**”_ p<0.001 when compared to GFP group.

[0121] Since MSCs are able to differentiate into different
lineages, the expression of the markers for osteogenic,
chondrogenic and adipogenic lineages when cultured with
the GL-powder were tested. The expression of chondrogenic
and osteogenic markers Sox9 and Runx2, but not adipogenic
marker PPARy, was significantly increased by the GL-
powder, as shown in FIG. 14A. Consistent with earlier
observations, the induction of Runx2 expression was not
apparent at 48 hrs. after AdBMP infection although
AdBMP9 induced robust PPARYy expression. Furthermore,
the expression of Runx2 downstream target gene Osterix
was induced by GL-powder, which was potentiated in the
presence of BMP9, as shown in FIG. 14B(a). Afterwards,
bone markers Opn and Ocn were also significantly up-
regulated by GL-powder independent of BMP9 stimulation
FIG. 14B (b)-(c). When viewed collectively, the results
shown in FIG. 14 may demonstrate that GL-powder can
induce osteogenic differentiation to certain extent by itself
and/or act synergistically to promote BMP9-induced osteo-
genic differentiation of MSCs.
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[0122] Referring now to FIG. 15, the augmentation of
BMP9-induced ectopic bone formation by GL-Powder is
shown. Specifically, FIG. 15A shows the pCT imaging
analysis of ectopic bone masses. The retrieved bone masses
from the iMEFs+BMP9 group and the iMEFs+BMP9+GL.-
powder group were imaged by nCT followed by 3D recon-
struction, as shown in FIG. 15A(a). Representative images
are shown. The average bone volumes for different groups
were determined and analyzed by using the Amira program,
as shown in FIG. 15(A)(b). FIG. 15B shows H & E staining
of the retrieved bone masses. Representative images are
shown.

[0123] The enhancement of BMP9-Induced ectopic bone
formation and mineralization of bony masses by GL-powder
was investigated further. Specifically, the effect of GL-
powder on BMP9-induced ectopic ossification in an ectopic
bone formation animal model was tested. When iMEFs were
infected with AdBMP9 or AdGFP and mixed with or without
GL-powder, the overall sizes were not found to differ
significantly among the bony masses recovered from
iMEFs+BMP9 and iMEFs+BMP9+GL-powder, as shown in
FIG. 15A(a), while no detectable masses were retrieved
from the AdGFP-transduced iMEFs only group and iMEFs+
GL-powder group FIG. 15A(b). Histological evaluation
revealed that consistent with our previous reports BMP9
induced robust bone formation of iMEF's although numerous
yet-to-be differentiated MSCs were readily detectable, as
shown in FIG. 15B(a). However, in the group of the BMP9-
transduced iMEFs mixed GL-powder more robust trabecular
bone structure and more mature bone, as shown in FIG.
15B(b), were found indicating that the inclusion of GL-
powder with BMP9-transduced MSCs can lead to more
robust bone formation in vivo, which was also mechanisti-
cally supported by in vitro studies.

1. A nanoparticle comprising:

a calcium phosphate nanosphere and an organic polyelec-

trolyte.

2. The nanoparticle of claim 1, wherein the organic
polyelectrolyte is an organic polyanion.

3. The nanoparticle of claim 1, wherein the organic
polyelectrolyte is an organic polycation.

4. The nanoparticle of claim 1, wherein the organic
polyelectrolyte is selected from poly(aspartic acid), poly
(acrylic acid), poly(acrylic acid sodium salt), poly(meth-
acrylic acid) salts, poly(styrenesulfonic acid) salts, poly(2-
acrylamido-2-methylpropane  sulfonic  acid), DNA,
carboxymethyl cellulose, amelogenin, osteopontin, sul-
fonated dextran, poly(glutamic acid), poly(vinylphosphonic
acid) and poly(vinyl sulphonic acid).

5. The nanoparticle of claim 1, wherein the organic
polyelectrolyte is selected from poly(allylamine hydrochlo-
ride), poly(allylamine), poly(ethyleneimine), poly(vi-
nylpyridine) salts, poly(L-lysine), chitosan, gelatin, poly
(diallyldimethylammonium chloride), and protamine.

6. The nanoparticle of claim 1, wherein the calcium
phosphate nanosphere has a largest dimension of less than
50 nm.

7. (canceled)

8. The nanoparticle of claim 1, wherein the calcium
phosphate nanosphere has largest dimension of less than 20
nm.

9. The nanoparticle of claim 1, wherein the calcium
phosphate nanosphere is amorphous.
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10. The nanoparticle of claim 1, wherein the calcium
phosphate nanosphere is between 25 wt % and 75 wt % of
the nanoparticle and the organic polyelectrolyte is between
15 wt % and 65 wt % of the nanoparticle.

11. The nanoparticle of claim 1, wherein the nanoparticle
further comprises water.

12. The nanoparticle of claim 1, wherein the nanoparticle
is part of an injectable paste.

13. The nanoparticle of claim 1, wherein the nanoparticle
is an organic polyanion and the nanoparticle is in a compo-
sition with a second nanoparticle that comprises calcium
phosphate nanosphere and an organic polycation.

14. The nanoparticle of claim 1, wherein the nanoparticle
is in a composition with a plurality of nanoparticles that
comprises calcium phosphate nanospheres and organic poly-
electrolytes.

15. A composition comprising:

a plurality of amorphous calcium phosphate nanospheres

distributed within a polyelectrolyte matrix.

16. The composition of claim 15, wherein the composi-
tion is lyophilized.

17. (canceled)

18. (canceled)

19. The composition of claim 15, wherein the polyelec-
trolyte matrix comprises at least one of poly(allylamine
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hydrochloride), poly(allylamine), poly(ethyleneimine), a
poly(vinylpyridine) salt, poly(L-lysine), chitosan, gelatin,
poly(diallyldimethylammonium chloride), and protamine.

20. The composition of claim 15, wherein the polyelec-
trolyte matrix comprises at least one of poly(aspartic acid),
poly(acrylic acid), poly(acrylic acid sodium salt), poly
(methacrylic acid) salts, poly(styrenesulfonic acid) salts,
poly(2-acrylamido-2-methylpropane sulfonic acid), DNA,
carboxymethyl cellulose, amelogenin, osteopontin, sul-
fonated dextran, poly(glutamic acid), poly(vinylphosphonic
acid) and poly(vinyl sulphonic acid).

21.-23. (canceled)

24. An injectable composition comprising:

a plurality of nanoparticles of an amorphous calcium
phosphate nanosphere and a polyanion; and
a plurality of a nanoparticles of an amorphous calcium
phosphate nanosphere and a polycation.
25. The injectable composition of claim 24, further com-
prising a growth factor.
26. The injectable composition of claim 24, further com-
prising a bone-derived material.
27.-44. (canceled)



