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(57) ABSTRACT

One aspect of the present invention relates to a method of
synthesizing a multicomponent and biocompatible nanocom-
posite material, which includes: synthesizing a gold/hy-
droxyapatite (Au/HA) catalyst; distributing the Aw/HA cata-
lyst into a thin film; and heating the thin film in a reactor with
a carbon source gas to perform radio frequency chemical
vapor deposition (RF-CVD) to form the nanocomposite
material, where the nanocomposite material includes a
graphene structure and Au/HA nanoparticles formed by the
Au/HA catalyst and distributed within the graphene structure.
In another aspect, a multicomponent and biocompatible
nanocomposite material includes: a graphene structure
formed with a plurality of graphene layers and Au/HA nano-
particles distributed within the graphene structure. The nano-
composite material is formed by heating an Au/HA catalyst
thin film with a carbon source gas to perform radio frequency
chemical vapor deposition (RF-CVD).
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synthesizing a gold/hydroxyapatite (Au/HA) catalyst
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distributing the Au/HA catalyst into a thin film
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heating the thin film in a reactor with a carbon source gas to
perform radio frequency chemical vapor deposition (RF-CVD)
to form the nanocomposite material, where the nanocomposite
material includes a graphene matrix and Au/HA nanoparticles
formed by the Au/HA catalyst and distributed within the
graphene matrix

FIG. 1A
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immersing HA nanocrystals and gold trichloride trihydrate
(HAuCls+3H20) in water to form a mixture
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stirring the mixture at a stirring temperature such that Au
nanoparticles deposits on the HA nanocrystals
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drying the mixture at a drying temperature to obtain the Au/HA
catalyst

FIG. 1B
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introducing an inert gas to the reactor at a first flow rate for a
first time
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heating the reactor to a first temperature

i /— S133

introducing hydrogen to the reactor at a second flow rate for a
second time
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heating the reactor to a second temperature
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introducing the carbon source gas to the reactor at a third flow
rate for a third time
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cooling the reactor

FIG. 1C
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MULTICOMPONENT AND BIOCOMPATIBLE
NANOCOMPOSITE MATERIALS, METHODS
OF SYNTHESIZING SAME AND
APPLICATIONS OF SAME

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

[0001] This application claims priority to and the benefit of,
pursuant to 35 U.S.C. §119(e), U.S. provisional patent appli-
cation Ser. No. 61/532,810, filed Sep. 9, 2011, entitled
“MULTICOMPONENT AND BIOCOMPATIBLE NANO-
COMPOSITE MATERIALS AND APPLICATIONS OF
SAME;,” by Alexandru S. Biris and Alexandru R. Biris, the
disclosure of which is incorporated herein in its entirety by
reference.

[0002] Some references, which may include patents, patent
applications and various publications, are cited and discussed
in the description of this invention. The citation and/or dis-
cussion of such references is provided merely to clarify the
description of the present invention and is not an admission
that any such reference is “prior art” to the invention
described herein. All references cited and discussed in this
specification are incorporated herein by reference in their
entireties and to the same extent as if each reference was
individually incorporated by reference. In terms of notation,
hereinafter, “[n]” represents the nth reference cited in the
reference list. For example, [ 10] represents the 10th reference
cited in the reference list, namely, Dervishi, E.; Li, Z.;
Watanabe, F., Xu,Y.; Saini, V.; Biris, A.R.; Biris, A. S. J. Mat.
Chem., 2009, 19, 3004-3012.

FIELD OF THE INVENTION

[0003] The present invention relates generally to nanocom-
posite materials, and more particularly to multicomponent
and biocompatible nanocomposite materials, methods of syn-
thesizing the same, and applications of the same.

BACKGROUND OF THE INVENTION

[0004] Calcium phosphate, Ca,,(PO,),(OH),, also known
as hydroxyapatite (HA), is the major component of natural
bone tissues and is characterized by an excellent bio-compat-
ibility; as a result, it is currently widely used in various forms
and shapes in bone and tissue engineering [1]. Nonetheless,
the mechanical properties of hydroxyapatite, such as its low
toughness of about 0.8-1.2 MP and low flexural strength (less
than about 140 MPa), limit its use in the regeneration of
various parts of the bone systems, especially those under
significant mechanical tension. Moreover, the difficulty of
generating three-dimensional (3D) bone re-growth structures
from HA further restricts its use in the regeneration of com-
plex bone systems [2].

[0005] In order to overcome these limitations, a number of
HA-based composite materials has been developed and stud-
ied based on both natural and synthetic polymers [3-5] with
inorganic compounds such as alumina (Al,O;) [6, 7], tita-
nium (11) or Ti alloys [8, 9]. The characteristics of the carbon
nanotubes (CNTs), such as high aspect ratio (hundreds or
thousands) [10, 11], a good electrical [12] and thermal con-
ductivity, and excellent mechanical properties (modulus of
elasticity of about 1.25 TPa) [13], suggest that these materials
could be an excellent candidate for a scaffold or as a doping
agent in the composites used for bone engineering. It has been
shown [14] that the utilization of CNTs along with HA and
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polymethyl methacrylate (PMMA) resulted in the develop-
ment of a new composite material with superior mechanical
properties as compared to those without the CNT addition for
biomedical scaffolding in bone engineering and regeneration.
Previous studies have reported the use of both single-walled
carbon nanotubes (SWCNTs) [15] and multi-walled carbon
nanotubes (MWCNTs) for such applications [16, 17].
[0006] However, it remains extremely difficult to accom-
plish a perfectly homogeneous composition of the CNT-
based composites by traditional mixing technology, given the
possible development of defects in the nanotube walls, with
major influences on the macroscopic properties of the com-
posites. To overcome this limitation, the development of such
composites is performed through sintering [18] or in-situ
growth of the CNTs in the HA matrix [19] or over the catalytic
Fe, Ni, and Co nanoparticles supported on the surface of HA
[20].

[0007] Therefore, a heretofore unaddressed need exists in
the art to address the aforementioned deficiencies and inad-
equacies.

SUMMARY OF THE INVENTION

[0008] One aspect of the present invention relates to a
method of synthesizing a multicomponent and biocompatible
nanocomposite material, which includes: immersing
hydroxyapatite (HA) nanocrystals and gold trichloride trihy-
drate (HAuCl,.3H,0) in water to form a mixture; stirring the
mixture at about 80° C. such that gold (Au) nanoparticles
deposits on the HA nanocrystals; drying the mixture at about
100° C. to form an Aw/HA catalyst; distributing the Au/HA
catalyst in a crucible to form a thin film; and heating the thin
film in a reactor with a carbon source gas to perform radio
frequency chemical vapor deposition (RF-CVD) to form the
nanocomposite material, where the nanocomposite material
includes a graphene structure and AwHA nanoparticles
formed by the AwHA catalyst and distributed within the
graphene structure.

[0009] Inoneembodiment, the heating of the thin film with
the carbon source gas includes: introducing an inert gas to the
reactor at a first flow rate for a first time; heating the crucible
in the reactor to a first temperature; introducing hydrogen to
the reactor at a second flow rate for a second time; heating the
reactor to a second temperature; introducing the carbon
source gas to the reactor at a third flow rate for a third time;
and cooling the reactor. In a further embodiment, the inert gas
includes Ar. In some embodiments, the first flow rate is about
150-600 ml/min, and the first period is about 5-20 minutes;
the second flow rate is about 50-300 ml/min, and the second
period is about 5-20 minutes; and the first temperature is
about 400-600° C.

[0010] Inone embodiment, the carbon source gas includes
acetylene (C,H,). In a further embodiment, the second tem-
perature is about 750-900° C., the third flow rate is about 5-30
ml/min, and the third time is about 15-90 minutes.

[0011] Inone embodiment, the carbon source gas includes
methane (CH,). In a further embodiment, the second tem-
perature is about 850-1000° C., the third flow rate is about
40-240 ml/min, and the third time is about 15-60 minutes.
[0012] In another aspect, the present invention relates to a
multicomponent and biocompatible nanocomposite material.
In one embodiment, the nanocomposite material includes a
graphene structure formed with a plurality of graphene lay-
ers; and Au/HA nanoparticles distributed within the graphene
structure. The nanocomposite material is formed by heating
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an Au/HA catalyst thin film with a carbon source gas to
perform RF-CVD. In some embodiments, the graphene struc-
ture includes few-layer graphene.

[0013] Inone embodiment, the carbon source gas includes
acetylene. In one embodiment, the carbon source gas includes
methane.

[0014] Inone embodiment, the Au/HA catalyst thin film is
formed by: immersing HA nanocrystals and gold trichloride
trihydrate in a liquid to form a mixture; stirring the mixture at
a stirring temperature such that Au nanoparticles deposits on
the HA nanocrystals; drying the mixture at a drying tempera-
ture to obtain the Aw/HA catalyst; and distributing the Au/HA
catalyst to form the AuW/HA catalyst thin film. In a further
embodiment, the stirring temperature is about 70-90° C., and
the drying temperature is about 100° C.

[0015] A further aspect of the present invention relates to a
method of synthesizing a multicomponent and biocompatible
nanocomposite material, which includes: synthesizing an
Au/HA catalyst; distributing the Au/HA catalyst into a thin
film; and heating the thin film in a reactor with a carbon
source gas to perform RF-CVD to form the nanocomposite
material, where the nanocomposite material includes a
graphene structure and Au/HA nanoparticles formed by the
Au/HA catalyst and distributed within the graphene structure.
[0016] In one embodiment, the Au/HA catalyst is synthe-
sized by: immersing HA nanocrystals and gold trichloride
trihydrate in a liquid to form a mixture; stirring the mixture at
a stirring temperature such that Au nanoparticles deposits on
the HA nanocrystals; and drying the mixture at a drying
temperature to obtain the AwWHA catalyst. In a further
embodiment, the stirring temperature is about 70-90° C., and
the drying temperature is about 100° C.

[0017] Inoneembodiment, heating of the thin film with the
carbon source gas includes: introducing an inert gas to the
reactor at a first flow rate for a first time; heating the reactor to
a first temperature; introducing hydrogen to the reactor at a
second flow rate for a second time; heating the reactor to a
second temperature; and introducing the carbon source gas to
the reactor at a third flow rate for a third time. In a further
embodiment, the inert gas includes Ar. In some embodiments,
the first flow rate is about 150-600 ml/min, and the first period
is about 5-20 minutes; the second flow rate is about 50-300
ml/min, and the second period is about 5-20 minutes; and the
first temperature is about 400-600° C.

[0018] Inone embodiment, the carbon source gas includes
acetylene. In a further embodiment, the second temperature is
about 750-900° C., the third flow rate is about 5-30 ml/min,
and the third time is about 15-90 minutes.

[0019] Inone embodiment, the carbon source gas includes
methane. In a further embodiment, the second temperature is
about 850-1000° C., the third flow rate is about 40-240
ml/min, and the third time is about 15-60 minutes.

[0020] In another aspect, the present invention relates to a
method of regenerating bone tissues. In one embodiment, the
method includes: synthesizing a multicomponent and bio-
compatible nanocomposite material, including: (i) synthesiz-
ing an Au/HA catalyst; (ii) distributing the Aw/HA catalyst
into a thin film; and (iii) heating the thin film in a reactor with
a carbon source gas to perform RF-CVD to form the nano-
composite material, where the nanocomposite material
includes a graphene structure and Auw/HA nanoparticles
formed by the AwWHA catalyst and distributed within the
graphene structure; and applying the nanocomposite material
in an area of bone regeneration.
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[0021] Inyetanotheraspect, a method of regenerating bone
tissues includes: synthesizing a multicomponent and biocom-
patible nanocomposite material, the nanocomposite material
including a graphene structure formed with a plurality of
graphene layers and Au/HA nanoparticles distributed within
the graphene structure; and applying the nanocomposite
material in an area of bone regeneration. The nanocomposite
material is formed by heating an Aw/HA catalyst thin film
with a carbon source gas to perform RF-CVD.

[0022] These and other aspects of the present invention will
become apparent from the following description of the pre-
ferred embodiment taken in conjunction with the following
drawings, although variations and modifications therein may
be affected without departing from the spirit and scope of the
novel concepts of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The accompanying drawings illustrate one or more
embodiments of the invention and together with the written
description, serve to explain the principles of the invention.
Wherever possible, the same reference numbers are used
throughout the drawings to refer to the same or like elements
of an embodiment.

[0024] FIG. 1A shows a flowchart of synthesizing a multi-
component and biocompatible nanocomposite material
according to one embodiment of the present invention.
[0025] FIG. 1B shows a flowchart of synthesizing the
Au/HA catalyst according to one embodiment of the present
invention.

[0026] FIG. 1C shows a flowchart of heating the thin film
with the carbon source gas according to one embodiment of
the present invention.

[0027] FIG. 2 shows TEM micrographs of the Au/HA cata-
lyst collected at about 200 kV according to one embodiment
of the present invention.

[0028] FIG. 3 shows the Au/HA catalyst collected at about
200 kV according to one embodiment of the present inven-
tion, where (a) shows HAAD STEM (about 200 kV) images
of AWHA catalyst; (b) shows a nanoparticle with Au EDS
X-ray signal overlay (dots); (¢) shows a EDS X-ray spectrum
from the imaged region of Au/HA given in (a); and (d) shows
a EDS line scan over the nanoparticle shown in (b) (top) and
the Au signal distribution (bottom).

[0029] FIG. 4 shows TEM images (about 80 kV) for the
few-layer graphene structures synthesized according to
embodiments of the present invention, over the Au/HA cata-
lysts out of acetylene for the different synthesis time accord-
ing to embodiments of the present invention, where (a) and
(b) show the nanocomposite material structures synthesized
over the Au/HA catalysts out of acetylene for the synthesis
time of about 30 minutes; (¢) and (d) show the nanocomposite
material structures synthesized over the AwWHA catalysts out
of acetylene for the synthesis time of about 60 minutes; (e)
shows the nanocomposite material structures synthesized
over the Au/HA catalysts out of acetylene for the synthesis
time of about 90 minutes; and (f) shows the nanocomposite
material structures synthesized over the AwWHA catalysts out
of CH, for the synthesis time of about 30 minutes.

[0030] FIG. 5 shows SEM images of the nanocomposite
material according to embodiments of the present invention,
where (a) shows the nanocomposite material corresponding
to about 30 minutes reaction time for C,H,, and (b) shows the
nanocomposite material corresponding to about 60 minutes
for CH,, respectively.
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[0031] FIG. 6 shows charts for the nanocomposite materi-
als synthesized out of acetylene according to embodiments of
the present invention, where (a) shows a TGA chart of the
variation of the graphitic mass as a function of the synthesis
time, and (b) shows the corresponding DTA curves of the
variation of the decomposition temperature of the graphitic
materials as a function of the synthesis time.

[0032] FIG. 7 shows Raman spectrum images for the nano-
composite materials according to embodiments of the present
invention, where (a) shows the nanocomposite materials syn-
thesized out of C,H, for 30 minutes, and (b) shows the nano-
composite materials synthesized out of CH, for 60 minutes.
The insets of the figures show the deconvolution of the 2D
band into the corresponding Lorentzian curves according to
one embodiment of the present invention.

[0033] FIG. 8 shows cellular proliferation charts and
images of nanocomposite material films composed of the
nanocomposites grown with C,H, as the carbon source gas
for about 90 minutes according to one embodiment of the
present invention, where (A) shows a chart of cellular prolif-
eration analysis of the cells incubated at a density of about
2x10°/35 mm tissue culture petri dishes (control) and over
Au/HA@graphene films coating polymeric petri dishes; (B)
shows representative photomicrograph images of the bone
osteoblastic cells (MC3T3) incubated over control about 35
mm polysterene tissue culture dishes for (a) about 3 days and
(c) about 6 days (c), and over Au/HA @Graphene films for (b)
about 3 days and (d) about 6 days; and (C) shows a SEM
image of the osteoblast cells growing over the
Au/HA@graphene nanocomposite materials according to
one embodiment of the present invention.

[0034] FIG. 9 shows charts of studies for the MC3T3-E1
bone cells when incubated for about 24 hours with the nano-
composite materials in various concentrations according to
embodiments of the present invention, where (a) shows MTT
studies, and (b) shows LDH release studies. For the MTT
studies, saponin was used as a positive control. All studies
were done in triplicates according to one embodiment of the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0035] The present invention is more particularly described
in the following examples that are intended as illustrative only
since numerous modifications and variations therein will be
apparent to those skilled in the art. Various embodiments of
the invention are now described in detail. Referring to the
drawings, like numbers indicate like components throughout
the views. As used in the description herein and throughout
the claims that follow, the meaning of “a”, “an”, and “the”
includes plural reference unless the context clearly dictates
otherwise. Also, as used in the description herein and
throughout the claims that follow, the meaning of “in”
includes “in” and “on” unless the context clearly dictates
otherwise. Moreover, titles or subtitles may be used in the
specification for the convenience of a reader, which shall have
no influence on the scope of the present invention. Addition-
ally, some terms used in this specification are more specifi-
cally defined below.

DEFINITIONS

[0036] The terms used in this specification generally have
their ordinary meanings in the art, within the context of the
invention, and in the specific context where each term is used.
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Certain terms that are used to describe the invention are
discussed below, or elsewhere in the specification, to provide
additional guidance to the practitioner regarding the descrip-
tion of the invention. For convenience, certain terms may be
highlighted, for example using italics and/or quotation marks.
The use of highlighting has no influence on the scope and
meaning of a term; the scope and meaning of a term is the
same, in the same context, whether or not it is highlighted. It
will be appreciated that same thing can be said in more than
one way. Consequently, alternative language and synonyms
may be used for any one or more of the terms discussed
herein, nor is any special significance to be placed upon
whether or not a term is elaborated or discussed herein. Syn-
onyms for certain terms are provided. A recital of one or more
synonyms does not exclude the use of other synonyms. The
use of examples anywhere in this specification including
examples of any terms discussed herein is illustrative only,
and in no way limits the scope and meaning of the invention
or of any exemplified term. Likewise, the invention is not
limited to various embodiments given in this specification.

[0037] It will be understood that when an element is
referred to as being “on’ another element, it can be directly on
the other element or intervening elements may be present
therebetween. In contrast, when an element is referred to as
being “directly on” another element, there are no intervening
elements present. As used herein, the term “and/or” includes
any and all combinations of one or more of the associated
listed items.

[0038] It will be understood that, although the terms first,
second, third etc. may be used herein to describe various
elements, components, regions, layers and/or sections, these
elements, components, regions, layers and/or sections should
not be limited by these terms. These terms are only used to
distinguish one element, component, region, layer or section
from another element, component, region, layer or section.
Thus, a first element, component, region, layer or section
discussed below could be termed a second element, compo-
nent, region, layer or section without departing from the
teachings of the present invention.

[0039] Furthermore, relative terms, such as “lower” or
“bottom” and “upper” or “top,” may be used herein to
describe one element’s relationship to another element as
illustrated in the figures. It will be understood that relative
terms are intended to encompass different orientations of the
device in addition to the orientation depicted in the Figures.
For example, if the device in one of the figures is turned over,
elements described as being on the “lower” side of other
elements would then be oriented on “upper” sides of the other
elements. The exemplary term “lower”, can therefore,
encompasses both an orientation of “lower” and “upper,”
depending of the particular orientation of the figure. Simi-
larly, ifthe device in one of the figures is turned over, elements
described as “below” or “beneath” other elements would then
be oriented “above” the other elements. The exemplary terms
“below” or “beneath” can, therefore, encompass both an ori-
entation of above and below.

[0040] Unless otherwise defined, all terms (including tech-
nical and scientific terms) used herein have the same meaning
as commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood
that terms, such as those defined in commonly used dictio-
naries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art
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and the present disclosure, and will not be interpreted in an
idealized or overly formal sense unless expressly so defined
herein.

[0041] As used herein, “around”, “about” or “approxi-
mately” shall generally mean within 20 percent, preferably
within 10 percent, and more preferably within 5 percent of a
given value or range. Numerical quantities given herein are
approximate, meaning that the term “around”, “about” or
“approximately” can be inferred if not expressly stated.
[0042] As used herein, “plurality” means two or more.

[0043] As used herein, the terms “comprising”, “includ-

ing”, “carrying”, “having”, “containing”, “involving”, and
the like are to be understood to be open-ended, i.e., to mean
including but not limited to.

[0044] The terms “scanning electron microscope” or its
abbreviation “SEM?”, as used herein, refers to a type of elec-
tron microscope that images the sample surface by scanning
it with a high-energy beam of electrons in a raster scan pat-
tern. The electrons interact with the atoms that make up the
sample producing signals that contain information about the
sample’s surface topography, composition and other proper-
ties such as electrical conductivity.

[0045] The term “transmission electron microscope” or its
abbreviation “TEM?”, as used herein, refers to a microscope
formed with the microscopy technique whereby a beam of
electrons is transmitted through an ultra thin specimen, inter-
acting with the specimen as it passes through. An image is
formed from the interaction of the electrons transmitted
through the specimen; the image is magnified and focused
onto an imaging device, such as a fluorescent screen, on a
layer of photographic film, or to be detected by a sensor such
as a CCD camera.

[0046] As used herein, if any, the term “scanning transmis-
sion electron microscope” or its abbreviation “STEM” refers
to a type of TEM. STEM is distinguished from conventional
TEM by focusing the electron beam into a narrow spot which
is scanned over the sample in a raster.

[0047] As used herein, if any, the term “annular dark-field
imaging” is a method of mapping samples in a STEM. These
images are formed by collecting scattered electrons with an
annular dark-field detector. The term ‘“high-angle annular
dark-field imaging” or its abbreviation “HAAD” or
“HAADEF”, as used herein, refers to the technique of forming
an annular dark field image only by very high angle, incoher-
ently scattered electrons—as opposed to Bragg scattered
electrons—which is highly sensitive to variations in the
atomic number of atoms in the sample (Z-contrast images).
[0048] As used herein, if any, the term “energy-dispersive
X-ray spectroscope” or its abbreviation “EDS” refers to an
analytical technique used for the elemental analysis or chemi-
cal characterization of a sample. It relies on the investigation
of an interaction of some source of X-ray excitation and a
sample. Its characterization capabilities are due in large part
to the fundamental principle that each element has a unique
atomic structure allowing unique set of peaks on its X-ray
spectrum.

[0049] As used herein, the term “thermogravimetric analy-
sis” or its abbreviation “TGA” refers to a type of testing
performed on samples that determines changes in weight in
relation to a temperature program in a controlled atmosphere.
Such analysis relies on a high degree of precision in three
measurements: weight, temperature, and temperature
change. Specifically, TGA is the process of heating a mixture
to a high enough temperature so that one of the components
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decomposes into a gas, which dissociates into the air. The
TGA process utilizes heat and stoichiometry ratios to deter-
mine the percent by mass ratio of a solute.

[0050] Asused herein, if any, the term “differential thermal
analysis” or its abbreviation “DTA” is a thermoanalytic tech-
nique, similar to differential scanning calorimetry. In DTA,
the material under study and an inert reference are made to
undergo identical thermal cycles, while recording any tem-
perature difference between sample and reference. This dif-
ferential temperature is then plotted against time, or against
temperature (DTA curve or thermogram). Thus, a DTA curve
provides data on the transformations that have occurred to.

[0051] The term “Raman spectrum”, as used herein, refers
to a spectrum obtained using the spectroscopic technique of
Raman spectroscopy to study vibrational, rotational, and
other low-frequency modes in a system. Raman spectroscopy
relies on inelastic scattering, or Raman scattering, of mono-
chromatic light, usually from a laser in the visible, near infra-
red, or near ultraviolet range. The laser light interacts with
molecular vibrations, phonons or other excitations in the sys-
tem, resulting in the energy of the laser photons being shifted
up or down. The shift in energy gives information about the
vibrational modes in the system.

[0052] As used herein, the term “3-(4,5-Dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide” or its abbreviation
“MTT” refers to a yellow tetrazole, which is reduced to purple
formazan in living cells. A solubilization solution can be
added to dissolve the insoluble purple formazan product into
a colored solution. The absorbance of this colored solution
can be quantified by measuring at a certain wavelength (usu-
ally between about 500 and about 600 nm) by a spectropho-
tometer. MTT may be applied to assess the viability (cell
counting) and the proliferation of cells (cell culture assays) or
to determine cytotoxicity of potential medicinal agents and
toxic materials, since those agents would stimulate or inhibit
cell viability and growth.

[0053] Asused herein, the term “lactate dehydrogenase™ or
its abbreviation “LLDH” refers to an enzyme (biological mol-
ecules that catalyze chemical reactions) present in a wide
variety of organisms, including plants and animals. Tissue
breakdown releases LDH, and therefore LDH can be mea-
sured as a surrogate for tissue breakdown, e.g., hemolysis.
Other disorders indicated by elevated LDH include cancer,
meningitis, encephalitis, acute pancreatitis, and HIV.

[0054] As used herein, “nanoscopic-scale”, “nanoscopic”,
“nanometer-scale”, “nanoscale”, “nanocomposites”, “nano-
particles”, the “nano-" prefix, and the like generally refers to
elements or articles having widths or diameters of less than
about 1 um, preferably less than about 100 nm in some cases.
In all embodiments, specified widths can be smallest width
(i.e. awidth as specified where, at that location, the article can
have a larger width in a different dimension), or largest width
(i.e. where, at that location, the article’s width is no wider than
as specified, but can have a length that is greater).

[0055] Asused herein, a “nanostructure” refers to an object
of intermediate size between molecular and microscopic (mi-
crometer-sized) structures. In describing nanostructures, the
sizes of the nanostructures refer to the number of dimensions
on the nanoscale. For example, nanotextured surfaces have
one dimension on the nanoscale, i.e., only the thickness of the
surface of an object is between about 0.1 and about 1000 nm.
A list of nanostructures includes, but not limited to, nanopar-
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ticle, nanocomposite, quantum dot, nanofilm, nanoshell,
nanofiber, nanoring, nanorod, nanowire, nanotube, nanocap-
illary structures, and so on.

Overview of the Invention

[0056] The present invention relates to nanocomposite
materials, methods of synthesizing the same, and applications
of'the same. The nanocomposite material includes a graphene
structure formed with a plurality of graphene layers; and
gold/hydroxyapatite (Au/HA) nanoparticles distributed
within the graphene structure. The nanocomposite material is
formed by synthesizing an Au/HA catalyst, distributing the
Au/HA catalyst into a thin film, and heating the thin film with
a carbon source gas to perform radio frequency chemical
vapor deposition (RF-CVD) such that the graphene structure
is formed with the Aw/HA nanoparticles distributed therein.

[0057] Recently discovered carbon-based two-dimen-
sional (2D) nanostructures, known as graphenes [21], have
electrical, thermal, and mechanical properties relatively simi-
lar to those of the carbon nanotubes (but in a 2D manner) and,
as a result, have potential for use in major scientific and
technological applications. In the bio-medical processes,
graphenes have been used along with chitosan in composites
that were reported to show a 200 times increase in the elas-
ticity modulus compared to undoped chitosan [22]. The cyto-
toxic effects of these 2D materials have recently been studied
in comparison to those of the SWCNTs, and it has been shown
that the graphene layers induce fewer undesirable toxic
effects [23]. The development of novel multifunctional nano-
systems for bone regeneration should therefore use nanoma-
terials with low toxicity in order for the final composite not to
be rejected or induce tissue inflammation once introduced
inside the organism.

[0058] Taking into consideration that gold nanoparticles
(Au NPs) do not exhibit significant cytotoxicity in biological
systems and based on the goal to develop low toxicity multi-
component nanocomposite materials, the present invention
discloses the in situ synthesis of few-layer graphenes over an
Au/HA nanocomposite catalyst by using the method of radio-
frequency chemical vapor deposition (RF-CVD)[11, 24, 25].
The catalytic activity of Au nanoclusters supported over HA
nanoparticles has not been previously studied with respect to
the growth of highly ordered graphitic structures and in par-
ticular to the generation of few-layer graphenes. According to
the present invention such nanocomposite materials (also
referred hereinafter to as “Auw/HA@graphene”) can be syn-
thesized in situ by one stem growth process and that they
present high bio-compatibility towards the proliferation of
bone-osteoblast cells in vitro.

[0059] One aspect of the present invention discloses a syn-
thesis method of few-layer graphenes over a novel Au/hy-
droxyapatite catalytic system by RF-CVD, with acetylene
and methane as the carbon sources. The synthesis time is
found to influence linearly the dimensions of the graphitic
layers and asymptotically their corresponding thermal
decomposition temperature. The resulting multicomponent
nanocomposite material formed out of graphene layers, Au
nanoparticles supported on the surface of hydroxyapatite
nanoparticles, is found to have good biocompatibility and
induce excellent bone cellular proliferation. Such multicom-
ponent composites can find excellent applications in the area
of'bone regeneration given the excellent biocompatibility, 3D
structure, and unique composition. The multicomponent
composites can be further included in other more complex
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tissue (bone) regeneration scaffolds. Some of these scaffolds
could be based on polymeric nanomaterials that are decorated
with antibiotics and growth factors. Also, AWHA@Graphene
could be decorated by themselves with genes, antibiotics, or
growth factors.

[0060] In one embodiment, the method of synthesizing a
multicomponent and biocompatible nanocomposite material
includes: immersing HA nanocrystals and HAuCl,.3H,O in
water to form a mixture; stirring the mixture at about 80° C.
such that Au nanoparticles deposits on the HA nanocrystals;
drying the mixture at about 100° C. to form an AwWHA cata-
lyst; distributing the Aw/HA catalyst in a crucible to form a
thin film; and heating the thin film in a reactor with a carbon
source gas to perform RF-CVD to form the nanocomposite
material, where the nanocomposite material includes a
graphene structure and Au/HA nanoparticles formed by the
Au/HA catalyst and distributed within the graphene structure.
[0061] Inoneembodiment, the heating of the thin film with
the carbon source gas includes: introducing an inert gas to the
reactor at a first flow rate for a first time; heating the crucible
in the reactor to a first temperature; introducing hydrogen to
the reactor at a second flow rate for a second time; heating the
reactor to a second temperature; introducing the carbon
source gas to the reactor at a third flow rate for a third time;
and cooling the reactor. In a further embodiment, the inert gas
includes Ar. In some embodiments, the first flow rate is about
150-600 ml/min, and the first period is about 5-20 minutes;
the second flow rate is about 50-300 ml/min, and the second
period is about 5-20 minutes; and the first temperature is
about 400-600° C.

[0062] Inone embodiment, the carbon source gas includes
acetylene (C,H,). In a further embodiment, the second tem-
perature is about 750-900° C., the third flow rate is about 5-30
ml/min, and the third time is about 15-90 minutes.

[0063] Inone embodiment, the carbon source gas includes
methane (CH,). In a further embodiment, the second tem-
perature is about 850-1000° C., the third flow rate is about
40-240 ml/min, and the third time is about 15-60 minutes.
[0064] In another aspect, the present invention relates to a
multicomponent and biocompatible nanocomposite material.
In one embodiment, the nanocomposite material includes a
graphene structure formed with a plurality of graphene lay-
ers; and Au/HA nanoparticles distributed within the graphene
structure. The nanocomposite material is formed by heating
an Au/HA catalyst thin film with a carbon source gas to
perform RF-CVD.

[0065] Inone embodiment, the carbon source gas includes
acetylene. In one embodiment, the carbon source gas includes
methane.

[0066] Inone embodiment, the Au/HA catalyst thin film is
formed by: immersing HA nanocrystals and gold trichloride
trihydrate in a liquid to form a mixture; stirring the mixture at
a stirring temperature such that Au nanoparticles deposits on
the HA nanocrystals; drying the mixture at a drying tempera-
ture to obtain the Au/HA catalyst; and distributing the Au/HA
catalyst to form the Au/HA catalyst thin film. In a further
embodiment, the stirring temperature is about 70-90° C., and
the drying temperature is about 100° C.

[0067] A further aspect of the present invention relates to a
method of synthesizing a multicomponent and biocompatible
nanocomposite material, which includes: synthesizing an
Au/HA catalyst; distributing the Au/HA catalyst into a thin
film; and heating the thin film in a reactor with a carbon
source gas to perform RF-CVD to form the nanocomposite
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material, where the nanocomposite material includes a
graphene structure and Au/HA nanoparticles formed by the
Au/HA catalyst and distributed within the graphene structure.
[0068] In one embodiment, the Au/HA catalyst is synthe-
sized by: immersing HA nanocrystals and gold trichloride
trihydrate in a liquid to form a mixture; stirring the mixture at
a stirring temperature such that Au nanoparticles deposits on
the HA nanocrystals; and drying the mixture at a drying
temperature to obtain the AwWHA catalyst. In a further
embodiment, the stirring temperature is about 70-90° C., and
the drying temperature is about 100° C.

[0069] Inoneembodiment, heating of the thin film with the
carbon source gas includes: introducing an inert gas to the
reactor at a first flow rate for a first time; heating the reactor to
a first temperature; introducing hydrogen to the reactor at a
second flow rate for a second time; heating the reactor to a
second temperature; and introducing the carbon source gas to
the reactor at a third flow rate for a third time. In a further
embodiment, the inert gas includes Ar. In some embodiments,
the first flow rate is about 150-600 ml/min, and the first period
is about 5-20 minutes; the second flow rate is about 50-300
ml/min, and the second period is about 5-20 minutes; and the
first temperature is about 400-600° C.

[0070] Inone embodiment, the carbon source gas includes
acetylene. In a further embodiment, the second temperature is
about 750-900° C., the third flow rate is about 5-30 ml/min,
and the third time is about 15-90 minutes.

[0071] Inone embodiment, the carbon source gas includes
methane. In a further embodiment, the second temperature is
about 850-1000° C., the third flow rate is about 40-240
ml/min, and the third time is about 15-60 minutes.

[0072] In another aspect, the present invention relates to a
method of regenerating bone tissues. In one embodiment, the
method includes: synthesizing a multicomponent and bio-
compatible nanocomposite material by the synthesizing
method as discussed above; and applying the nanocomposite
material in an area of bone regeneration.

[0073] Inyetanotheraspect, a method of regenerating bone
tissues includes: synthesizing a multicomponent and biocom-
patible nanocomposite material having the structure as dis-
cussed above; and applying the nanocomposite material in an
area of bone regeneration. The nanocomposite material is
formed by heating an Au/HA catalyst thin film with a carbon
source gas to perform RF-CVD.

[0074] These and other aspects of the present invention are
more specifically described below.

Implementations and Examples of the Invention

[0075] Without intent to limit the scope of the invention,
exemplary methods and their related results according to the
embodiments of the present invention are given below. Note
that titles or subtitles may be used in the examples for con-
venience of a reader, which in no way should limit the scope
of the invention. Moreover, certain theories are proposed and
disclosed herein; however, in no way they, whether they are
right or wrong, should limit the scope of the invention so long
as the invention is practiced according to the invention with-
out regard for any particular theory or scheme of action.

[0076] FIG. 1A shows a flowchart of synthesizing a multi-
component and biocompatible nanocomposite material
according to one embodiment of the present invention. As
shown in FIG. 1A, according to one aspect of the present
invention, a method of synthesizing a multicomponent and
biocompatible nanocomposite material includes: synthesiz-
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ing an AuW/HA catalyst (step S110); distributing the Aw/HA
catalyst into a thin film (step S120); and heating the thin film
in a reactor with a carbon source gas to perform radio fre-
quency chemical vapor deposition (RF-CVD) to form the
nanocomposite material, where the nanocomposite material
includes a graphene structure and AwHA nanoparticles
formed by the AwHA catalyst and distributed within the
graphene structure (step S130).

[0077] FIG. 1B shows a flowchart of synthesizing the
Au/HA catalyst according to one embodiment of the present
invention. As shown in FIG. 1B, in one embodiment, the
Au/HA catalyst is synthesized by: immersing HA nanocrys-
tals and gold trichloride trihydrate (HAuCl,.3H,0) ina liquid
to form a mixture (step S112); stirring the mixture at a stirring
temperature such that Au nanoparticles deposits on the HA
nanocrystals (step S114); and drying the mixture at a drying
temperature to obtain the AwWHA catalyst (step S116). In one
embodiment, the liquid may be water. In one embodiment, the
stirring temperature may be about 70-90° C., and the drying
temperature may be about 100° C.

[0078] FIG. 1C shows a flowchart of heating the thin film
with the carbon source gas according to one embodiment of
the present invention. As shown in FIG. 1C, in one embodi-
ment, heating of the thin film with the carbon source gas
includes: introducing an inert gas to the reactor at a first flow
rate for a first time (step S131); heating the reactor to a first
temperature (step S132); introducing hydrogen to the reactor
atasecond flow rate for a second time (step S133); heating the
reactor to a second temperature (step S134); introducing the
carbon source gas to the reactor at a third flow rate for a third
time (step S135); and cooling the reactor (step S136).
[0079] In one embodiment, the inert gas includes Ar. In
some embodiments, the first flow rate is about 150-600
ml/min, and the first period is about 5-20 minutes; the second
flow rate is about 50-300 ml/min, and the second period is
about 5-20 minutes; and the first temperature is about 400-
600° C.

[0080] Inone embodiment, the carbon source gas includes
acetylene (C,H,). In a further embodiment, the second tem-
perature is about 750-900° C., the third flow rate is about 5-30
ml/min, and the third time is about 15-90 minutes.

[0081] Inone embodiment, the carbon source gas includes
methane (CH,). In a further embodiment, the second tem-
perature is about 850-1000° C., the third flow rate is about
40-240 ml/min, and the third time is about 15-60 minutes.
[0082] Another aspect of the present invention relates to a
multicomponent and biocompatible nanocomposite material.
In one embodiment, the nanocomposite material includes a
graphene structure formed with a plurality of graphene lay-
ers; and Au/HA nanoparticles distributed within the graphene
structure. The nanocomposite material is formed by heating
an Au/HA catalyst thin film with a carbon source gas to
perform radio frequency chemical vapor deposition (RF-
CVD), as described in the step S130 of FIG. 1A.

[0083] Inone embodiment, the carbon source gas includes
acetylene. In one embodiment, the carbon source gas includes
methane.

[0084] Insome embodiments, the nanocomposite material
may be formed by the method as shown in FIG. 1A. In some
embodiments, the Au/HA catalyst thin film may be formed by
the synthesizing method as shown in FIG. 1B and the distrib-
uting step S120 of FIG. 1A. In some embodiments, the heat-
ing of the Au/HA catalyst thin film may be performed by the
method as shown in FIG. 1C.
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[0085] As described above, embodiments of the nanocom-
posite material and the synthesizing method may be used in a
variety of applications, such as regeneration of bone tissues
for the high bio-compatibility of the material. For example,
one aspect of the present invention relates to a method of
regenerating bone tissues. In one embodiment, the method
includes: synthesizing a multicomponent and biocompatible
nanocomposite material as disclosed in any of the above-
mentioned embodiments, and applying the nanocomposite
material in an area of bone regeneration. In some embodi-
ments, other applications of the nanocomposite material and
the synthesizing method may include coatings for various
implantable devices, tissue regeneration, and other such suit-
able applications.

Example

[0086] Inthis example, the synthesis of the nanocomposite
material (few-layer graphenes over a novel Au/hydroxyapa-
tite catalytic system) was performed by RF-CVD, with acety-
lene and methane as the carbon source gases. The synthesis
time was found to influence linearly the dimensions of the
graphitic layers and asymptotically their corresponding ther-
mal decomposition temperature. The resulting multicompo-
nent nanocomposite material, formed out of graphene layers
and Au nanoparticles supported on the surface of HA nano-
particles, was found to have good biocompatibility and
induce excellent bone cellular proliferation. Such multicom-
ponent nanocomposite materials could find excellent appli-
cations in the area of bone regeneration given the excellent
biocompatibility, 3D structure, and unique composition.

Synthesis Conditions

[0087] The Au/HA catalystin this example was prepared by
homogeneous deposition-precipitation with urea. The Au tar-
get concentration was of about 1%. The preparation method
and metal concentration were chosen such that a catalyst with
very small (about 3-10 nm) and well-dispersed Au nanopar-
ticles over the support is obtained.

[0088] In this example, the support (nanocrystals of HA)
(Berkeley Advanced Biomaterials, Inc.) was immersed in
water together with the corresponding quantity of HAuCl,.
3H,0 (Merk) and urea (Merk) in excess. The mixture was
vigorously stirred at about 80° C. over night. The final pH of
the solution was found to be about 8.5. In these conditions, the
slow generation of OH™ groups by slow decomposition of
urea ensures the precipitation and deposition of gold as small
nanoparticles mainly on the support and not in solution. The
resulting precipitate was thoroughly washed with water to
remove the chlorine, dried in air at about 100° C. for 6 hours,
and then calcined in air at about 250° C. for about 2 hours.

[0089] The few-layer graphene synthesis was done by RF-
CVD, which has been presented previously and which allows
high temperature heating rates of over 350° C./min [24, 25].
The synthesis reactor is composed of a water-cooled quartz
tube which allows accurate control of the reaction conditions
[11].

[0090] For the catalytic synthesis in this example, approxi-
mately 50 mg of Au/HA catalyst has been distributed into a
thin film on the flat bottom of a graphite crucible, which was
introduced in a horizontal quartz reactor (diameter about 30
mm and length about 50 cm) placed in the middle of a water-
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cooled inductive coil made out of a copper tube and con-
nected to a high frequency generator (about 1.2 MHz, about 5
kW) [11].

[0091] The catalyst and the crucible in the closed reactor
were washed in Ar at the first flow rate of about 300 ml/min
for about 10 minutes as the first time. Then, the crucible was
heated to the first temperature of about 500° C. in Ar. At this
point, over Ar was also introduced a flow of H, at the second
flow rate of about 100 ml/min that was maintained for about
10 min as the second time. The temperature was further
increased to the second temperature of about 850° C. When
C,H, was used as the carbon source gas, the Ar was stopped,
and, over the H, flow, C,H, was introduced at the third flow
rate of about 10 ml/min. The reaction time (the third time) was
varied for about 10, 20, 30, 60, and 90 minutes, after which
the C,H, and H, flows were stopped. Then, Ar was re-intro-
duced into the reactor, and the reactor was disconnected from
the generator and allowed to cool down naturally.

[0092] Identically, when CH, was used as the carbon source
gas, the second temperature was at about 950° C., the synthe-
sis reactions were carried out with CH, being introduced at
the third flow rate of about 80 ml/min, and the reaction time
(the third time) was varied for about 30-60 minutes.

[0093] Throughout all of these reactions, the temperature
was monitored and maintained constant by the use of an
infrared thermometer (Impac, IGA 8 plus).

Analytical Characterization of Samples

[0094] The thorough structural and morphological charac-
terization of the Au/HA catalyst and the resulting nanocom-
posite materials of Au/HA@graphene was performed by
scanning and transmission electron microscopy (SEM-JSM-
7000F and TEM-JEM-2100F, both JEOL Inc.), energy-dis-
persive X-Ray spectroscopy (EDS) (EDAX Inc.), thermo-
gravimetrical analysis (TGA), and Raman spectroscopy. The
total surface area (S,) and pores volume (V) and size (R,,) for
hydroxyapatite and Aw/HA catalyst were calculated from N,
adsorption-desorption isotherms at 77K, using BET method
(for surface area) and Dollimore Heal method (for porosity).
The isotherms were registered using a Sorptomatic 1990
instrument (Thermo Electron Corporation). Prior to analysis,
the catalyst sample was degassed in vacuum (1 Pa) at about
150° C. for about 3 hours.

[0095] For the TEM analysis, the samples were homoge-
neously dispersed by sonication (about 30 minutes) in 2-pro-
panol. A few drops of the suspensions were placed on the
TEM grid, dried, and analyzed. Au/HA catalysts were imaged
at about 200 kV both in TEM and STEM modes. STEM
images were collected in HAAD mode to detect Au nanopar-
ticle shapes. Distribution of EDS spectra were often collected
along with the HAAD STEM images to produce elemental
mappings. The EDS elemental maps can be overlaid on the
STEM images to confirm the existence of Au nanoparticles.
All graphenes images and electron diffraction patterns were
collected at about 80 kV.

[0096] The Raman spectra were collected at room tempera-
ture by using a JASCO type NRS 3300 spectrophotometer in
abackscattering geometry coupled to a CCD (-69° C.) detec-
tor with an about 600 mm™" grid and a spectral resolution of
about 1.45 cm™". The incident laser beam with a diameter of
1 um?® was focused through an Olympus microscope (100x
objective), and the calibration was made by using the Si peak
at about 521 cm™. The excitation was done by using an
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Ar-ion laser with a wavelength of 514 nm and a power at the
sample surface of about 4.5 mW.

[0097] The thermogravimetric analysis was performed
using a SDT Q 600 (TA Instruments) instrument in air flow
(about 100 ml./min) for the temperature range of about
25-750° C. and with a heating rate of about 5° C./min.

Osteoblastic Cell Cultures Incubation

[0098] The murine calvaria-derived MC3T3-E1 osteo-
blast-like cells were obtained from the American Type Cul-
ture Collection (ATCC) and maintained using established
procedures. Cells were normally grown in about 75 cm? flasks
(106 cells) with phenol red free alpha-modified minimum
essential medium containing 10% fetal bovine serum (FBS),
about 1% penicillin (about 500 units/ml), and streptomycin
(500units/ml) atabout 37° C. in an about 5% CO, atmosphere
for about 7 days prior to seed coating. The cells were kept in
aseptic conditions, and the medium was changed about every
2 days. Cells were seeded in about 35 mm tissue culture
dishes and over Au/Ha@graphene-coated identical culture
dishes, in both cases at a density of about 25x10* cells/dish.
The cells were incubated for up to about 6 days. For micros-
copy evaluation, the cells were washed thoroughly with about
10 mM phosphate buffered saline (PBS, pH 7.4) three times
and fixed with about 10% formaldehyde solution for about 10
min, washed three times with PBS and stained with ethidium
bromide-acridine orange fluorescent dye. The cells were
observed under UV light by light transmission microscopy
using an Olympus BX 51 microscope.

Osteoblastic Cell SEM Samples Preparation

[0099] Cell samples that were grown for about 24 hours
over the HA/graphene substrates were first fixed with about
3% glutaraldehyde and secondly with about 2% osmium tet-
raoxide. After dehydration with an increasing graded ethanol
series, the cells were dried using a critical point dryer Sam-
dri®-PVT-3D, Tousimis Research Corporation. The dried
samples were coated with a few nm layer of gold by sputter-
ing and were mounted on SEM aluminum stubs using carbon
double-sided tape. High resolution images were obtained
using filed emission Scanning Flectron Microscopy SEM
(JSM-7000F) with accelerating voltage about 15 kV and a
working distance of about 10 mm.

MTT Based Cytotoxicity Assay

[0100] The assay (CytoSelect™ Cell Viability and Cyto-
toxicity Assay kit, USA) is based on scrutinizing the ability of
living cells to metabolize a water-soluble tetrazolium yellow
dye 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium
bromide (MTT) into an insoluble purple formazan salt. The
metabolic activity of the cell is proportional to the color
density formed. The cells were seeded in 96 well plates at a
density of about 5x10* cells/well. Growth medium was used
as a negative control. The provided cytotoxic saponine solu-
tion was used as a positive control. The AwWHA@graphene
nanocomposite materials were incubated at concentrations of
about 0.1, 1, 10, and 50 pg/ml with the cells. Prior to incuba-
tion, the cells were washed twice with fresh cold culture
media. About 100 pl fresh medium was added with about 10
pl of MTT reagent to each well, and the cells were incubated
overnight at about 37° C. Once the purple precipitation was
clearly visible in each well, about 100 pul of detergent solution
was added to each well; the plates were covered, and the cells
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were incubated for 4 hours in the dark. The absorbance of
each sample at about 570 nm was measured by using a micro-
titer plate reader (BioRad, iMark, USA).

Lactase Dehydrogenase (LDH) Release

[0101] Lactase dehydrogenase release was measured using
the LDH assay kit (Cayman Chemicals, Ann Arbor, Mich.,
USA) to evaluate the cell membrane integrity. Released LDH
in culture supernatants was measured with a coupled enzy-
matic assay that results in the conversion of a reduced tetra-
zolium salt (INT) into a highly colored formazan product
which absorbs strongly at about 490 nm. MC3T-E1 cells were
seeded in a 96-well plate at a density of (about 5x10* cells)
and treated with  different concentrations  of
Au/HA@graphene nanocomposite materials (about 0.1, 1,
10, and 50 pg/ml) freshly dispersed in culture medium and
incubated for about 24 hours. Next, about 120 ul of superna-
tant was transferred into about 1.5 ml tubes and centrifuged
for 5 minutes at about 400 g. About 100 pul of the supernatant
was transferred to new 96-well plates, followed by the addi-
tion of about 100 pl of LDH reaction solution. The plate was
incubated for about 30 minutes at room temperature on the
orbital shaker. Absorbance was recorded at 490 nm using a
microplate reader for colorimetric detection (BioRad, iMark,
USA).

Synthesis and Characterization of the Au/HA@Graphene
Nanostructures

[0102] The N, adsorption-desorption isotherms registered
at 77K for HA and Au/HA catalysts are of type II, specific to
mezoporous solids. Size distribution of the pores is very large
and situated in the middle portion of the mezoporous domain
[26]. Table 1 presents the total surface area (S,), pores volume
(V,), and size (R,,) for both the hydroxyapatite support and
the Aw/HA catalyst. As shown in Table 1, the surface area and
porosity values of Au/HA catalysts are very close to the
values measured for HA, proving that the textural character-
istics of the material were not damaged in the catalyst prepa-
ration process.

TABLE 1

The total surface area (8S,), pores volume
(V) and size (R..) for HA and Auw/HA catalyst

Nr. Sample S, (m%/g) vV, (cm/g) R, (A)

1 HA 35 0.06 131-176

2 AwWHA 34 0.07 152-176
[0103] FIG. 2 shows TEM micrographs of the Au/HA cata-

lyst collected at about 200 kV according to one embodiment
of the present invention. In FIG. 2, the TEM images are
presented for the Au/HA catalyst after the calcination. As
shown in FIG. 2, it can be observed that the Au/HA catalyst
has a granular structure, formed of nanocrystals with elon-
gated morphologies, similar to findings presented in previous
reports [27].

[0104] The presence of such granular structures (marked
with red arrows) is clearly evident in the TEM analysis of the
Au/HA catalyst. A granule with a diameter of about 20 nm
and a length of 45 nm along and another with a diameter of
about 10 nm and a length of about 200 nm is shown in FIG. 2.
Such elongated granules with a diameter between about
10-20 nm and lengths of about 100-200 nm have also been
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observed in other TEM images of the catalyst. Also visible is
the presence of dark spherical clusters (marked with white
arrows) distributed over the entire surface of the catalyst and
EDS studies indicated that these morphologies are the Au
nanoparticles deposited over the surface of the HA structures.
[0105] FIG. 3 shows the Au/HA catalyst collected at about
200 kV according to one embodiment of the present inven-
tion, where (a) shows HAAD STEM (about 200 kV) images
of AWHA catalyst; (b) shows a nanoparticle with Au EDS
X-ray signal overlay (dots); (¢) shows a EDS X-ray spectrum
from the imaged region of Au/HA given in (a); and (d) shows
a EDS line scan over the nanoparticle shown in (b) (top) and
the Au signal distribution (bottom).

[0106] As shown in FIG. 3, HAAD images of the Au(1%)/
HA catalyst with 1% Au obtained in STEM mode along with
EDS analysis. Inthe STEM HAAD images as shown in figure
(a), elements with higher atomic numbers appear brighter
while those with lower atomic numbers appear darker, which
clearly shows the uniform size distribution of the catalyst Au
nanoparticles. These nanoparticles have slightly elliptic
shapes with average minor and major dimensions of about
3.6£0.5 nm and about 4.1+0.5 nm, respectively.

[0107] To confirm that these particles are indeed Au nano-
particles, two-dimensional mappings and line scans in EDS
mode were carried out. As shown in figure (b) of FIG. 3, a
slightly higher magnification HAAD image of a single Au
nanoparticle present on the surface of the HA catalyst is
shown along with the EDS elemental mapping of the Au-
specific X-ray signal overlaid (as dots). Figure (c) shows the
EDS spectrum collected while capturing this set of image and
elemental mapping. Au is clearly present along with Ca, O,
and P, which are the major components of HA, even though
the Au peaks are not as large as these other components since
Au content is only about 1%. The Au peak (shoulder) which
is close to P line can be clearly recognized in figure (c). Cu
and C signals come from the carbon film coated Cu TEM grid
which was used to support the catalyst specimen in the TEM
image.

[0108] In figure (d) of FIG. 3, an EDS line scan across this
bright nanoparticle, as shown in figure (b), also proves it to be
a Au nanoparticle. Au L-a X-ray peak intensity variation
along the white line shown in figure (d) is plotted on the
bottom matching the profile of this bright particle. These
results clearly show that the bright particles shown in the
HAAD images are undoubtedly Au nanoparticles, which are
the catalytically active clusters responsible for the growth of
graphenes in the CVD experiments.

[0109] FIG. 4 shows TEM images (about 80 kV) for the
few-layer graphene structures synthesized according to
embodiments of the present invention, over the Aw/HA cata-
lysts out of acetylene for the different synthesis time accord-
ing to embodiments of the present invention, where (a) and
(b) show the nanocomposite material structures synthesized
over the Au/HA catalysts out of acetylene for the synthesis
time of about 30 minutes; (¢) and (d) show the nanocomposite
material structures synthesized over the AwW/HA catalysts out
of acetylene for the synthesis time of about 60 minutes; (e)
shows the nanocomposite material structures synthesized
over the Au/HA catalysts out of acetylene for the synthesis
time of about 90 minutes; and (f) shows the nanocomposite
material structures synthesized over the AwW/HA catalysts out
of CH, for the synthesis time of about 30 minutes.

[0110] InFIG. 4, the TEM images show the carbonaceous
structures synthesized over the Au/HA catalyst with about 1%
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Au out of acetylene or methane. These TEM images indicate
that the resulting carbonaceous nanostructures for both C,H,
and CH,, were few-layer graphenes. Since no additional puri-
fication was performed on any of these products, the nano-
composite materials are referred to as AwWHA@graphene
composites. It should be noted that the dimension of the
graphitic layers increased with the reaction time. The same
observation was also made previously when graphene layers
were synthesized on a Fe:Co:MgO catalyst [28].

[0111] For about 10 min of reaction time, the TEM analysis
did not indicate the presence of well-defined graphenes
sheets, and for about 20 min reaction time, these graphitic
layers are very rare and with dimensions of about 50-70 nm
(not shown here). Beyond about 30 minutes of synthesis, they
are well-structured with dimensions of about 100-150 nm, as
shown in figures (a) and (b) of FIG. 4, while for about 60 min,
as shown in figures (c¢) and (d), and for about 90 min, as shown
in figure (e), the graphitic layers had dimensions of about
1-1.5 pum. Figures (a) and (b) also show Au nanoparticles
(black circular structures) that were lifted oft the support and
moved during the growth of the carbonaceous structures
(marked with black arrows). Their dimensions range between
3 and 6 nm. Such nanostructures have been observed in all of
the images of the structures obtained for various synthesis
conditions. The white arrows in figure (b) indicate defects in
the circular shape of the graphitic layers. The inset of figure
(d) presents the electron diffraction pattern obtained for the
few-layer graphene structures indicating their high crystallin-
ity and the fact that the structures are composed of a small
number of layers.

[0112] In figure (f) of FIG. 4, the TEM image shows the
graphitic layers obtained out of CH, with about 30 minutes of
reaction time, and the inset shows the corresponding electron
diffraction pattern. The graphene structures obtained from
CH, are polycrystalline and have dimensions in the order of
micrometers, but have lower density over the catalyst as com-
pared to the case when C,H, was used as the carbon source.
The same observations were made for the reaction time of
about 60 minutes. As the synthesis time further increased past
about 90 minutes for C,H, and past about 60 minutes for CH,,,
respectively, the formation of a few nanofibers was observed,
which is the reason that all of the reactions were stopped after
about 60 minutes.

[0113] FIG. 5 shows SEM images of the nanocomposite
material according to embodiments of the present invention,
where (a) shows the nanocomposite material corresponding
to about 30 minutes reaction time for C,H,, and (b) shows the
nanocomposite material corresponding to about 60 minutes
for CH,, respectively.

[0114] AsshowninFIG. 5, the SEM images show that all of
these nanocomposite materials were found to have a flattened
structure with rounded edges. As supported by the TEM
analysis, the presence of clusters corresponding to the Au
nanoparticles that are incased in the graphitic layers with
dimensions of around 10 nm is also shown in the SEM images
(marked with darker and lighter arrows).

[0115] FIG. 6 shows charts for the nanocomposite materi-
als synthesized out of acetylene according to embodiments of
the present invention, where (a) shows a TGA chart of the
variation of the graphitic mass as a function of the synthesis
time, and (b) shows the corresponding DTA curves of the
variation of the decomposition temperature of the graphitic
materials as a function of the synthesis time.
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[0116] As shown in FIG. 6, the presence of a single profile
of mass loss of the carbonaceous compound
Auw/HA@Graphene which was formed during the catalytic
reactions may be observed. This observation is evident for
longer times of synthesis. The inset of figure (a) of FIG. 6
presents the variation in the mass of the graphitic layers that
were synthesized over the Au/HA catalysts as a function of
the reaction time, indicating an almost linear relationship of
these parameters. The DTA curves as shown in figure (b) give
information on the thermal decomposition temperature—
given by the position of the maximum peak relative to the
temperature axis of the graphene layers present in the
Auw/HA@Graphene composites [29, 30].

[0117] This decomposition temperature grows asymptotic
for the Aw/HA@graphene structures with the synthesis time,
possibly due to the increase in the dimensionality and crys-
tallinity of the graphene layers, as was also observed by the
TEM analysis. Furthermore, no mass decrease was observed
for the temperature range of about 300-400° C., which cor-
responds to the non-crystalline or amorphous carbon decom-
position, indicating the presence of only crystalline graphitic
structures in the Au/HA@graphene composites [31, 32].
[0118] FIG. 7 shows Raman spectrum images for the nano-
composite materials according to embodiments of the present
invention, where (a) shows the nanocomposite materials syn-
thesized out of C,H, for about 30 minutes, and (b) shows the
nanocomposite materials synthesized out of CH, for about 60
minutes. The insets of the figures show the deconvolution of
the 2D band into the corresponding Lorentzian curves
according to one embodiment of the present invention.
[0119] The TGA analysis for the structures synthesized out
of CH, indicated the presence of significantly smaller
amounts of graphene layers: about 0.3% and 0.5% for 30 and
60 min synthesis time, respectively. As shown in FIG. 7, the
inset for each figure shows the decomposition of the 2D band
into Lorentzian curves.

[0120] The Raman spectra of these structures indicate the
presence of graphitic layers and are characteristic of
graphenes with structural defects or damaged graphenes [33,
34]. It has been shown [33, 35, 36] that the shape of the 2D
band (second order harmonic of the D band) positioned in the
spectral domain of about 2500-2800 cm™" is strongly depen-
dent upon the number of graphitic layers composing the few-
layer graphene structures. In conformity with the published
literature, the analysis of the 2D bands indicates the presence
of four Lorentzian curves for the AWHA@graphene synthe-
sized out of C,H,, and of one to two for those synthesized out
of CH,. These studies further show the presence of only
few-layer of graphenes in the nanocomposite material struc-
tures. The peaks situated at about 426, 580.2, and 958.8 cm™
in the spectrum as shown in figure (b) of FIG. 7 correspond to
the HA [37]. The fact that these peaks are only present for the
composites grown from CH, further shows the small amount
of graphitic structures synthesized in these conditions over
the Au/HA catalyst, which is in good agreement with the
TEM and TGA studies.

Osteoblast Cells Proliferation Over AwHA@Graphene
Films

[0121] FIG. 8 shows cellular proliferation charts and
images of nanocomposite material films composed of the
nanocomposites grown with C,H, as the carbon source gas
for about 90 minutes according to one embodiment of the
present invention, where (A) shows a chart of cellular prolif-
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eration analysis of the cells incubated at a density of about
2x10°/35 mm tissue culture petri dishes (control) and over
Au/HA@graphene films coating polymeric petri dishes; (B)
shows representative photomicrograph images of the bone
osteoblastic cells (MC3T3) incubated over control about 35
mm polysterene tissue culture dishes for (a) about 3 days and
(c) about 6 days (c), and over Au/HA @ Graphene films for (b)
about 3 days and (d) about 6 days; and (C) shows a SEM
image of the osteoblast cells growing over the
Au/HA@graphene nanocomposite materials according to
one embodiment of the present invention.

[0122] Nanostructural materials have proved to be excel-
lent candidates as components in multifunctional coatings for
implantable devices to promote higher cellular differentiation
and proliferation [38]. The primary properties that these
nanomaterials must have in order to be successfully used in
bio-medical applications are good biocompatibility, high sta-
bility in biological environments, high ability of allowing
cells to proliferate and differentiate, and low toxicity. The
Au/HA@graphene nanocomposite materials have tremen-
dous potential for use as multicomponent materials in bone
regeneration applications, especially given that HA is a natu-
ral component of the bone, Au nanoparticles have low cyto-
toxicity, and the few-layer graphene structures offer the 2D
morphology that is required for the cells to proliferate. To
study the ability of these materials to interact with bone cells,
films of AwHA@graphene were sprayed over the surface of
culture petri dishes, and murine calvaria-derived MC3T3-E1
osteoblast-like cells were cultured over these films at a con-
centration of about 25x10* cells/dish. The proliferation of the
cells over the resulting films was investigated and compared
to the uncoated petridishes for about 3 and 6 incubation days.
The results of these experiments are shown in FIG. 8.
[0123] As shown in figures (A) and (B) of FIG. 8, the cells
were incubated at a density of about 2x10°/35 mm tissue
culture petri dishes (control) and over AwWHA@graphene
films coating polymeric petri dishes. The cells were incubated
for about 3 and 6 days, and the medium was changed about
every 48 hours. Three separate experiments were performed
for each data point. The cellular proliferation over the
Au/HA@graphene nanocomposite thin films was found to be
statistically similar to the one over the control petri dish
substrates. A slightly smaller number of cells was observed
for the controls after about 3 days of incubation, but, for about
6 days, the difference in the number of cells growing on the
control and the AwHA @graphene films became almost iden-
tical.

[0124] Given these findings, the Au/HA@graphene com-
posite materials could find excellent possible applications as
coatings for various implantable devices to increase their
osseointegration and to limit their rejection. To exemplify, the
inventors have presented that the same murine calvaria-de-
rived MC3T3-E1 osteoblast-like cells had significantly lower
proliferation rates as a function of time when incubated in
identical conditions over TiO, substrates as compared to the
Au/HA@graphene nanocomposites [39]. In this study, the
cells were plated initially at a density of about 10%well, and,
after about 7 days of incubation, their density over the TiO,
nanotubular substrates was found to be approximately 5x10*
as compared to about 15x10* for the petri dish controls.
[0125] As shown in figure (C) of FIG. 8, the SEM studies
clearly indicate that the osteoblast cells have a high ability to
grow over the AwHA@graphene films without any observ-
able variation in their morphology or size. These findings
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indicate that the nanocomposite materials do not seem to
induce undesired cellular toxic effects. It can be concluded
that the use of individual components with low toxicity in the
Au/HA@graphene composite structure, such as gold nano-
particles deposited on the HA support as the biocompatible
functional component and few-layer graphene structures, do
not seem to significantly alter the morphology of the cells or
to hinder the cellular proliferation and to have limited undes-
ired cytotoxic effects.

[0126] FIG. 9 shows charts of studies for the MC3T3-E1
bone cells when incubated for 24 hours with the nanocom-
posite materials in various concentrations according to
embodiments of the present invention, where (a) shows MTT
studies, and (b) shows LDH release studies. For the MTT
studies, saponin was used as a positive control. All studies
were done in triplicates according to one embodiment of the
present invention.

[0127] One of the major concerns in using nanomaterials
for various bio-medical applications is their potential toxicity
and ability to induce undesired effects when in contact with
various cell lines. The toxicity of carbonaceous nanostruc-
tures has been previously shown to be both shape- and con-
centration-dependent [23]. To further understand the poten-
tial toxicity of the Auw/HA@graphene nanocomposite
materials to the murine calvaria-derived MC3T3-E1 osteo-
blast-like cells, they were dispersed in cell medium at con-
centrations of about 0.1, 1, 10, and 50 pg/ml and incubated
with the cells for about 24 hours. Commonly used MTT and
LDH release studies were performed, and the results are
shown in FIG. 9.

[0128] MTT assay is a commonly used method to under-
stand the possible negative effects that nanomaterials induce
in cells by quantifying the cellular mitochondria activity
when exposed to the nanomaterials. As shown in figure (a) of
FIG. 8, after 24 hours of incubation with the
Au/HA@graphene nanocomposite materials, the metabolic
activity of the cells was found to be, as expected, concentra-
tion-dependent, but the overall variations were relatively
small. The results indicate that, at higher concentrations, the
Au/HA@graphene induce a more intense toxic response as
compared to lower concentrations. An interesting finding is
that, for all concentration values of up to 50 pug/ml (highest
concentration investigated), the decrease in the metabolic
activity of the MC3T3-E1 cells was significantly smaller
compared to that observed for graphene-only nanostructures,
as reported in [23]. This indicates a possibly lower toxicity of
Auw/HA@Graphene nanocomposite materials compared to
the few-layer graphene structures alone. Graphene and
Au/HA@Graphene nanocomposite materials are expected to
have dissimilar interactions with the cells, given the varia-
tions in dimension, shape, surface chemistry, and their vari-
able ability to agglomerate on the cellular membranes.

[0129] To further understand the cytotoxic effects induced
by the AwWHA@graphene structures to the bone MC3T3-E1
cells, lactate dehydrogenase (LDH) release was analyzed in
order to evaluate the cellular membrane damage, which is
considered a necrosis marker. Similar to the MTT studies, the
LDH release values also showed a concentration-dependent
trend with the highest values corresponding to the higher
concentrations of nanomaterials. These values are again in
excellent correlation with the previously reported values for
LDH release for graphene materials exposed to PC12 cells
[23] but are significantly lower than those measured for
single-walled carbon nanotubes. These studies clearly indi-
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cate that the AWHA@graphene nanocomposite materials
have a high biocompatibility with the MC3T3-E1 bone cells
and could be the foundation for multifunctional technologies
in the bone and tissue regeneration field. The presence of the
Au nanoparticles within the graphitic structure of the few-
layer graphenes (as shown in FIG. 5) is not believed to play a
major role in the overall toxicity of the composites, even in the
case of becoming free from the crystalline structures of the
sheets. Toxicity evaluation assays (such as those presented in
FIGS. 8 and 9) have shown that Au nanoparticles with a
concentration of up to about 150 pug/ml did not induce any
significant cytotoxic effects in the MC3T3-E1 bone cells
(data not presented here). Therefore, the combination of the
graphene sheets with Au nanoparticles will form as a multi-
functional nanocomposite with low undesired cytotoxic
effects and therefore major potential applications in nano-
medicine. Moreover, the presence of carbon graphene struc-
tures that can be easily functionalized with various bio-mol-
ecules, including growth factors, proteins, or drugs, gives
these materials great potential in the development of novel
functional scaffolds in stem cell biology for fast tissue for-
mation.

[0130] In sum, the analysis demonstrated the ability of a
new catalytic system AwW/HA (with 1% Au) to generate few-
layer graphene structures by RF-CVD with acetylene or
methane as the carbon sources. The surface area and pores
analysis did not indicate major variations between the HA and
Au/HA structures, indicating no major structural or surface
changes induced by the addition of the Au catalytic nanoclus-
ters. The electron microscopy indicated the presence of Au
nanoclusters arranged uniformly over the surface of the HA
particles with diameters between about 2 and 7 nm. The
catalyst was found to produce graphitic layers with dimen-
sions and morphologies that depended upon the growth con-
ditions. The dimension of the graphitic layers was found to
increase with the synthesis time. Also the mass of the
graphene layers was found to grow linearly with the reaction
time, while the thermal decomposition temperature increases
asymptotically. Raman analysis and the deconvolution of the
2D band indicated the presence of graphitic materials with
only a few graphene layers but with possible structural
defects. These structures were found to have good biocom-
patibility towards the bone cells’ proliferation and growth.
Moreover, the MTT and LDH release assays indicated that
the Auw/HA@graphene multicomponent nanocomposite
materials have a very low toxic effect, but one that is dose-
dependent, when exposed to the MC3T3-E1 bone cells. Such
complex nanostructural systems could be the foundation for
the formation of highly active scaffolds for tissue and bone
regeneration and formation.

[0131] The foregoing description of the exemplary
embodiments of the invention has been presented only for the
purposes of illustration and description and is not intended to
be exhaustive or to limit the invention to the precise forms
disclosed. Many modifications and variations are possible in
light of the above teaching.

[0132] The embodiments were chosen and described in
order to explain the principles of the invention and their
practical application so as to enable others skilled in the art to
utilize the invention and various embodiments and with vari-
ous modifications as are suited to the particular use contem-
plated. Alternative embodiments will become apparent to
those skilled in the art to which the present invention pertains
without departing from its spirit and scope. Accordingly, the
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scope of the present invention is defined by the appended
claims rather than the foregoing description and the exem-
plary embodiments described therein.
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What is claimed is:

1. A method of synthesizing a multicomponent and bio-

compatible nanocomposite material, comprising:

(a) immersing hydroxyapatite (HA) nanocrystals and gold
trichloride trihydrate (HAuCl,.3H,0) in water to form a
mixture;

(b) stirring the mixture at about 80° C. such that gold (Au)
nanoparticles deposits on the HA nanocrystals;

(c) drying the mixture at about 100° C. to form an Au/HA
catalyst;

(d) distributing the Au/HA catalyst in a crucible to form a
thin film; and

(e) heating the thin film in a reactor with a carbon source
gas to perform radio frequency chemical vapor deposi-
tion (RF-CVD) to form the nanocomposite material,
wherein the nanocomposite material comprises a
graphene structure and Au/HA nanoparticles formed by
the AwHA catalyst and distributed within the graphene
structure.
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2. The method of claim 1, wherein the heating of the thin
film with the carbon source gas comprises:

(a) introducing an inert gas to the reactor at a first flow rate

for a first time;

(b) heating the crucible in the reactor to a first temperature;

(c) introducing hydrogen (H,) to the reactor at a second

flow rate for a second time;

(d) heating the reactor to a second temperature;

(e) introducing the carbon source gas to the reactor at a

third flow rate for a third time; and

(f) cooling the reactor.

3. The method of claim 2, wherein the inert gas comprises
Ar.

4. The method of claim 2, wherein the first flow rate is
about 150-600 ml/min, and the first period is about 5-20
minutes.

5. The method of claim 2, wherein the second flow rate is
about 50-300 ml/min, and the second period is about 5-20
minutes.

6. The method of claim 2, wherein the first temperature is
about 400-600° C.

7. The method of claim 2, wherein the carbon source gas
comprises acetylene (C,H,).

8. The method of claim 7, wherein the second temperature
is about 750-900° C., the third flow rate is about 5-30 ml/min,
and the third time is about 15-90 minutes.

9. The method of claim 2, wherein the carbon source gas
comprises methane (CH,).

10. The method of claim 9, wherein the second temperature
is about 850-1000° C., the third flow rate is about 40-240
ml/min, and the third time is about 15-60 minutes.

11. A multicomponent and biocompatible nanocomposite
material, comprising:

(a) a graphene structure formed with a plurality of

graphene layers; and

(b) gold/hydroxyapatite (Au/HA) nanoparticles distrib-

uted within the graphene structure;

wherein the nanocomposite material is formed by heating

an Au/HA catalyst thin film with a carbon source gas to
perform radio frequency chemical vapor deposition
(RF-CVD).

12. The nanocomposite material of claim 11, wherein the
carbon source gas comprises acetylene (C,H,).

13. The nanocomposite material of claim 11, wherein the
carbon source gas comprises methane (CH,).

14. The nanocomposite material of claim 11, wherein the
Au/HA catalyst thin film is formed by:

(a) immersing HA nanocrystals and gold trichloride trihy-

drate (HAuCl,.3H,0) in water to form a mixture;

(b) stirring the mixture at a stirring temperature such that

Au nanoparticles deposits on the HA nanocrystals;
(c) drying the mixture at a drying temperature to obtain
Au/HA catalyst; and

(d) distributing the Au/HA catalyst to form the Aw/HA

catalyst thin film.

15. The nanocomposite material of claim 14, wherein the
stirring temperature is about 70-90° C., and the drying tem-
perature is about 100° C.

16. A method of synthesizing a multicomponent and bio-
compatible nanocomposite material, comprising:

(a) synthesizing a gold/hydroxyapatite (Auw/HA) catalyst;

(b) distributing the Aw/HA catalyst into a thin film; and

(c) heating the thin film in a reactor with a carbon source

gas to perform radio frequency chemical vapor deposi-
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tion (RF-CVD) to form the nanocomposite material,
wherein the nanocomposite material comprises a
graphene structure and Au/HA nanoparticles formed by
the AwHA catalyst and distributed within the graphene
structure.

17. The method of claim 16, wherein the Au/HA catalyst is
synthesized by:

(a) immersing HA nanocrystals and gold trichloride trihy-

drate (HAuCl,.3H,0) in a liquid to form a mixture;

(b) stirring the mixture at a stirring temperature such that

Au nanoparticles deposits on the HA nanocrystals; and

(c) drying the mixture at a drying temperature to obtain the

Au/HA catalyst.

18. The method of claim 17, wherein the stirring tempera-
ture is about 70-90° C., and the drying temperature is about
100° C.

19. The method of claim 16, wherein the heating of the thin
film with the carbon source gas comprises:

(a) introducing an inert gas to the reactor at a first flow rate

for a first time;

(b) heating the reactor to a first temperature;

(c) introducing hydrogen (H,) to the reactor at a second

flow rate for a second time;

(d) heating the reactor to a second temperature; and

(e) introducing the carbon source gas to the reactor at a

third flow rate for a third time.

20. The method of claim 19, wherein the inert gas com-
prises Ar.

21. The method of claim 19, wherein the first flow rate is
about 150-600 ml/min, and the first period is about 5-20
minutes.

22. The method of claim 19, wherein the second flow rate
is about 50-300 ml/min, and the second period is about 5-20
minutes.

23. The method of claim 19, wherein the first temperature
is about 400-600° C.

24. The method of claim 19, wherein the carbon source gas
comprises acetylene (C,H,).

25. The method of claim 24, wherein the second tempera-
ture is about 750-900° C., the third flow rate is about 5-30
ml/min, and the third time is about 15-90 minutes.

26. The method of claim 19, wherein the carbon source gas
comprises methane (CH,).

27. The method of claim 26, wherein the second tempera-
ture is about 850-1000° C., the third flow rate is about 40-240
ml/min, and the third time is about 15-60 minutes.

28. A method of regenerating bone tissues, comprising:

(a) synthesizing a multicomponent and biocompatible

nanocomposite material, comprising:

(1) synthesizing a gold/hydroxyapatite (Au/HA) cata-
lyst;

(ii) distributing the AW/HA catalyst into a thin film; and

(iii) heating the thin film in a reactor with a carbon
source gas to perform radio frequency chemical vapor
deposition (RF-CVD) to form the nanocomposite
material, wherein the nanocomposite material com-
prises a graphene structure and Aw/HA nanoparticles
formed by the Au/HA catalyst and distributed within
the graphene structure; and

(b) applying the nanocomposite material in an area of bone

regeneration.

29. The method of claim 28, wherein the Au/HA catalyst is
synthesized by:
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(a) immersing HA nanocrystals and gold trichloride trihy-

drate (HAuCl,.3H,0) in a liquid to form a mixture;

(b) stirring the mixture at a stirring temperature such that

Au nanoparticles deposits on the HA nanocrystals; and

(c) drying the mixture at a drying temperature to obtain the

Au/HA catalyst.

30. The method of claim 29, wherein the stirring tempera-
ture is about 70-90° C., and the drying temperature is about
100° C.

31. The method of claim 28, wherein the heating of the thin
film with the carbon source gas comprises:

(a) introducing an inert gas to the reactor at a first flow rate

for a first time;

(b) heating the reactor to a first temperature;

(c) introducing hydrogen (H,) to the reactor at a second

flow rate for a second time;

(d) heating the reactor to a second temperature; and

(e) introducing the carbon source gas to the reactor at a

third flow rate for a third time.

32. The method of claim 31, wherein the inert gas com-
prises Ar.

33. The method of claim 31, wherein the first flow rate is
about 150-600 ml/min, and the first period is about 5-20
minutes.

34. The method of claim 31, wherein the second flow rate
is about 50-300 ml/min, and the second period is about 5-20
minutes.

35. The method of claim 31, wherein the first temperature
is about 400-600° C.

36. The method of claim 31, wherein the carbon source gas
comprises acetylene (C,H,).

37. The method of claim 36, wherein the second tempera-
ture is about 750-900° C., the third flow rate is about 5-30
ml/min, and the third time is about 15-90 minutes.

38. The method of claim 31, wherein the carbon source gas
comprises methane (CH,).
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39. The method of claim 38, wherein the second tempera-
ture is about 850-1000° C., the third flow rate is about 40-240
ml/min, and the third time is about 15-60 minutes.

40. A method of regenerating bone tissues, comprising:

(a) synthesizing a multicomponent and biocompatible

nanocomposite material, the nanocomposite material

comprising:

(1) a graphene structure formed with a plurality of
graphene layers; and

(i) gold/hydroxyapatite (Au/HA) nanoparticles distrib-
uted within the graphene structure; and

(b) applying the nanocomposite material in an area of bone

regeneration;

wherein the nanocomposite material is formed by heating

an Au/HA catalyst thin film with a carbon source gas to
perform radio frequency chemical vapor deposition
(RF-CVD).

41. The method of claim 40, wherein the Au/HA catalyst
thin film is formed by:

(a) immersing HA nanocrystals and gold trichloride trihy-

drate (HAuCl,.3H,0) in a liquid to form a mixture;

(b) stirring the mixture at a stirring temperature such that

Au nanoparticles deposits on the HA nanocrystals;
(c) drying the mixture at a drying temperature to obtain an
Au/HA catalyst; and

(d) distributing the Au/HA catalyst to form the Au/HA

catalyst thin film.

42. The method of claim 41, wherein the stirring tempera-
ture is about 70-90° C., and the drying temperature is about
100° C.

43. The method of claim 40, wherein the carbon source gas
comprises acetylene (C,H,).

44. The method of claim 40, wherein the carbon source gas
comprises methane (CH,).
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