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Abstract

Graphene oxide/nano-hydroxyapatite (GO/nHAP) composites were synthesized by simultaneous titration method. The GO
powder was uniformly dispersed ultrasonically in a solution containing Ca(NOs3),. It was co-titrated with (NH,4),HPOy,, during
which NH3-H,O was used to maintain pH of about 10. Transmission electron microscopy (TEM) showed that HAP had a drusy
acicular crystal structure with 100-200 nm length in the composite. The Ca* ions were attracted by the negatively charged
oxygen functional groups present on GO sheets. They also oriented the growth of hydroxyapatite preferentially along (112)
plane, which was also consistent with X-ray diffractometry (XRD) results. According to X-ray photoelectron spectroscopic
(XPS) results, the peak intensities of the C—O and C—C groups increased in the GO/nHAP composite. However, the number of —
COO- and C—O—C groups was reduced as well as the position of peaks shifted due to electrostatic interactions. These results were
also corroborated with Fourier transform infrared spectroscopy (FTIR). MTT assay indicated that GO/nHAP composites had a
significant effect on proliferation of 293 T cells and good biomimetic mineralization as shown by in vitro bioactivity assays. EDS
spectroscopy confirmed that the Ca/P ratio in calcium phosphate deposits was 1.62, which was close to the ratio of 1.64 in natural
bone. The biological performance of GO/mMHAP composite proved it to be a promising candidate for bone regeneration and
implantation.
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Introduction

Hydroxyapatite (HAP) is the main inorganic component of
natural bone, and it can spontanecously form a bioactive
bone-like apatite at the interface of implant and bone tissue.
The apatite can chemically bond with both, the implant and
bone tissue, which further induces the growth of new bone via
agglomeration and absorption of biological moieties.
Synthetic hydroxyapatite exhibits good biocompatibility, bio-
activity, and osteoconduction [1, 2]. However, the inherent
brittleness, low wear resistance, poor fracture toughness, and
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other shortcomings limit its applications as an ideal bone re-
placement for long-term implantation in humans [3].
Therefore, modification of synthetic hydroxyapatite with re-
inforcement materials, such as polymers [4], ceramics [5], and
carbon nanotubes [6], is necessary to improve its performance
and increase its applicability.

Graphene oxide (GO) is a graphene derivative, which has
excellent properties similar to that of graphene [7, 8]. The
excellent mechanical strength of GO makes it a good candi-
date for biomedical implant and as a filler or reinforcing agent
in tissue engineering [9]. Since GO also has good antibacterial
properties [10, 11], it has been used as surgical dressing to
prevent infection and heal external wounds [12]. Moreover, a
stable structure built by planting phospholipid bilayer on GO
[13] can promote cell adhesion [14] and proliferation [15].
Many reports suggest that GO is biocompatible [16] and
biostable [17] and hence serves as an interesting platform for
biomedical applications [18, 19]. More importantly, its large
specific surface area and two-dimensional planar structure
[20], with a large number of carboxyl, epoxy, hydroxyl, and
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other highly active functional groups present on the surface,
make it easier to combine with other substances for develop-
ing new composites through chemical bonding [21-23].

Graphene oxide-hydroxyapatite (GO/HAP) composites
show higher osseointegration ability, biocompatibility, and
excellent bone cellular proliferation induction with surround-
ing tissue [24-27]. Compared with pure HAP, the elastic mod-
ulus of GO/HAP composites was increased by 40%, in which
grain bridging effect and crack deflection at the GO/HAP
interface were the key factors responsible for the strengthen-
ing mechanism [26]. Recent reports have suggested that GO
combined with HAP nanoparticles can enhance the cell via-
bility and proliferative properties of osteoblasts [28, 29].
Oxygen-containing functional groups on the GO/HAP com-
posite surface contribute to formation of interfacial bonds and
homogeneous dispersion, which are also beneficial for the
growth of nanosized hydroxyapatite. Besides, according to
another report, oxygen-containing functional groups serve as
effective nucleation sites for precipitation of Ca®* ions. Their
contents and distribution have an influence on the subsequent
nucleation and growth of hydroxyapatite, as well as on the
interfacial bonding to the support [25]. However, nanoscale
HAP can grow on reduced graphene oxide, which lacks
oxygen-containing functional groups, simply by tuning the
precipitation condition itself [26]. This is an intriguing case,
wherein the bioactive behavior of the developed composites is
unknown. Hence, there is a need for systematically studying
the influence of type and density of oxygen functionalities of a
given type of carbon nanomaterial on the self-assembled
growth of HAP, its integration onto the support, as well as
its effect on the bioactivity of the respective composites.

GO/nHAP composites were synthesized by simultaneous
titration method. Scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), FTIR spectroscopy, X-
ray diffractometry (XRD), and X-ray photoelectron spectros-
copy (XPS) were employed to explore the morphology, crys-
talline size, and interfacial bonding of HAP with GO.
Furthermore, the biological performance of GO/HAP com-
posites was assessed by cellular viability test (MTT) and bio-
mineralization assays. Based on the results of structural eval-
uation and biological performance of GO/HAP composites, its
potential as a key material of 3D scaffold for bone tissue
engineering was verified.

Materials and methods

Materials

All the chemical reagents used for the preparation and analy-
ses, in this research work, were of analytical grade. Among

them, HzSO4, KMHO4, NH3‘H20, Ca(NO3)2'4H20,
(NH4),HPQOy,, and H,0, were supplied by Chengdu Kelong
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Chemical Industry Co. Ltd. Pristine graphite powder (500
mesh) was obtained from Qingdao Teng Shengda Carbon
Machinery Co. Ltd. All the sources for preparing simulated
body fluid (SBF) were offered by Hangzhou Sijiqing
Biological Engineering Materials Co. Ltd. Dulbecco’s modi-
fied Eagle’s medium (DMEM), dimethyl sulfoxide (DMSO,
analytical grade), trypsin—-EDTA solution, and 3-(4,5-
dimethyldiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT, guaranteed reagent) were purchased from Shanghai
Wei Macro Biological Technology Co. Ltd., whereas fetal
bovine serum (FBS) was purchased from Chengdu
Biomedical Technology Co. Ltd.

Synthesis of graphene oxide

GO was synthesized according to modified Hummers’ meth-
od [30]. Pristine graphite powder (2 g) and concentrated
H,S0,4 (50 mL) were added into a three-necked flask, placed
in an ice-water bath, and stirred for 1 h. KMnO, (10 g) was
gradually dropped into the mixture. After stirring for 30 min,
the bath temperature was slowly raised to 35 °C and stirred
until the mixture turned brown. Then the temperature was
slowly raised from 35 to 80 °C, when the brown colored
reaction mixture changed its color to dark green, after which
deionized water (120 mL) was slowly added. Subsequently,
H,0, (20 mL) was rapidly added, and the color of the suspen-
sion changed from dark green to bright yellow. Thereafter, the
obtained suspension was dialyzed against distilled water for
3 days using a dialysis membrane and then dispersed ultrason-
ically at 250 W power (Shanghai Kedao Co. Ltd.) for 180 min.
The product was finally dried to obtain graphene oxide as
powder.

Synthesis of GO/nHAP composites

The graphene oxide/nano-hydroxyapatite (GO/nHAP) com-
posite was prepared using a procedure, similar to the one
described by Prabhu [31] by simultaneous titration method.
Synthetic graphene oxide powder (0 and 0.01 g) and
Ca(NO3),"4H,0 (1.77 g) were added in a flask containing
distilled water (200 mL) and dispersed ultrasonically at room
temperature for 1 h to obtain 0% GO and 1 wt% GO of GO/
nHAP composites, respectively. Then the suspension was fur-
ther kept stirred for 0.5 h at 37 °C. (NH4),HPO,4 (0.59 g)
dissolved in deionized water (100 mL) was slowly titrated into
the above suspension over 2 h. During the titration, 30% of
ammonia solution was added to maintain the pH of the mix-
ture at 10 £0.5. After another 24 h of stirring, the suspension
was aged for 24 h and washed with distilled water to remove
the impurities, until the pH turned to about 7.0. Finally, the 0%
GO and 1% GO of GO/MHAP composites were obtained after
freeze-drying the precipitate for 24 h, respectively.
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Cellular viability test by MTT

Cytotoxic assessment and evaluation of bioactivity is an
effective tool in judging the biological performance of bio-
materials. The MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenylterazolium bromide) assay is a common method
for evaluating cell survival and growth. The method is
based on the ability of succinate dehydrogenase in mito-
chondria of living cells to reduce exogenous MTT to the
water-insoluble blue-violet crystalline formazan, which
gets deposited in the cells [32]. The third generation of
human renal epithelial 293T cells, transfected with adeno-
virus E1A gene, was chosen for determining the cell pro-
liferation ability. The concentration of the extract liquid
was maintained in the range of 0.05-0.4 g/mL by adding
10% heat-inactivated fetal bovine serum to the culture me-
dium. The entire preparation was allowed to stand for 24 h
under an atmosphere of 5% CO, at 37 °C. The number of
293T cells seeded into 10 pL media was 1 x 10%, which
was loaded in each well and distributed into the 96 wells
of the culture plate and incubated for 12 h. When the cells
were almost adhered, 100 puL of the extract liquid was
added in each well, and the media was further incubated
for another 24 h. Subsequently, 10 uL of MTT solution
was slowly added into each well, and the culture plate
was incubated for 4 h under an atmosphere of 5% CO, at
37 °C. Once the cell culturing was accomplished, the 96-
well culture plate was placed on a microplate reader, and
the optical density (OD) for each well was determined at
490 nm. The relative growth rates (RGR) of cells were
calculated by the following equation:

Average optical density

RGR = x 100%

Negative control optical density

In vitro bioactivity assay

In vitro bioactivity was determined by soaking the prepared
composite material in simulated body fluid (SBF). SBF acted
as an inorganic physiological solution, which had components
and contents similar to the inorganic part in human plasma.
The ion concentrations were Na* (142.0 mmol/L), K*
(5.0 mmol/L), Mg** (1.5 mmol/L), Ca** (2.5 mmol/L), Cl~
(147.8 mmol/L), HCO; (4.2 mmol/L), HPO,>~
(1.0 mmol/L), and SO,>~ (0.5 mmol/L), and it was prepared
according to Kokubo’s procedure [33]. GO/nHAP composites
were immersed in vials containing 10 mL SBF at 37 °C for
predetermined intervals of 1 to 28 days. After immersion, the
samples were gently rinsed thrice distilled water and dried at
37 °C for 12 h. The samples were designated as GO/nHAP1,
GO/nHAP2, and GO/nHAP3 corresponding to storage time in
SBF of 0 day, 14 days, and 28 days, respectively.

Characterization

The morphology, crystalline size, and interfacial bonding
were studied by scanning electron microscope (SEM) and
transmission electron microscopy (TEM). SEM images were
captured using FEI model Quanta 200, whereas the TEM
images were captured using JEOL JEM-2100 microscope that
operated at 200 kV. The FT-IR spectra were recorded in the
reflectance model in the spectral range of 500-4000 cm ' on
an EQUINOX-55 FT-IR spectrometer, using KBr back-
ground. Structural and compositional analyses were conduct-
ed by X-ray powder diffractometry on D/Max-220 diffractom-
eter, using CuKal1 radiation source (A=0.15406 nm) that
operated at a voltage of 36 kV. Measurements were carried
out from 5 to 90° with a step angle of 0.02° and the scanning
speed of 4°/min. X-ray photoelectron spectroscopic analysis
(XPS) was used to analyze the chemical constitution of the
composite using a PHIS000 Versa Probe spectrometer with a
monochromatic AIK, X-ray source (1486.6 eV).

Results and discussion

Synthesis and characterization of GO/nHAP
nanostructures

The GO/MHAP composites were successfully prepared by si-
multaneous titration method. Figure 1 is the schematic dia-
gram showing the nucleation process and crystal growth of
nHAP on GO sheets during the synthesis of GO/nHAP com-
posite. The basal planes of graphene oxide were decorated
with a large number of oxygen-containing functional groups.
The hydroxyl and epoxy groups were present on the surface,
whereas and the carboxyl groups were present along the edges
[34]. Acting as an anchoring site, these oxygen functional
groups induced the subsequent formation of nanostructural
HAP rods, which were attached to the surfaces and edges of
GO sheets [35]. At the beginning of preparation reaction, GO
were ultrasonically treated sufficiently for dispersion to form.
Ca”* ions were attracted to the GO sheets either due to the
negatively charged oxygen functional groups or through ion
exchange with H* of carboxyl groups [36]. When much num-
ber of Ca®* jons assembled on the sheets, the positively
charged GO began attracting the negatively charged PO,>
ions and OH ™ ions. Hence, these Ca®* ions linked with oxygen
functional groups became the nucleation sites for the forma-
tion of hydroxyapatite. With constantly added PO,* and OH ™
ions, the generated hydroxyapatite transformed into nano-rod
shaped during the course of reaction. The NH5-H,O not only
provided OH ions but also maintained the pH at 10+£0.5
during the reaction, when the reaction mixture was magnetic
stirring at 37 °C and thereafter aged for 24 h.
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Fig. 1 Diagram for the formation process of GO/nHAP

Figure 2 shows the TEM images of GO, nHAP, and GO/
nHAP composites. Figure 2 a showed the micron-scale of GO
with less layers. It was evident from Fig. 2b that the hydroxy-
apatite crystal clusters were composed of uniformly oriented
acicular nano-hydroxyapatite single crystals and some of them
showed partial agglomeration. The average size of a single
crystal was about 40—60 nm (length) x 5-13 nm (diameter),
whereas the total length of hydroxyapatite clusters could reach
to 100-200 nm. In Fig. 2b inset, the d-spacing was approxi-
mately 0.344 nm, which indicated that nHAP grew along the
c-axis of (002) plane [37]. Meanwhile, in Fig. 2¢, the length of
hydroxyapatite crystal clusters was 50-100 nm, in which the
nano-hydroxyapatite single crystal had dimensions of 30—
50 nm (length) x 5-18 nm (diameter). In comparison of
nHAP with GO/nHAP composites, the decrease in crystal size
of hydroxyapatite could be ascribed to the GO sheets, which
played the role of providing more number of nucleation sites
for the formation of nano-hydroxyapatite crystals, thereby
suppressing their growth relatively. Besides, with the addition
of graphene oxide, the acicular nano-hydroxyapatite displayed
a certain regularity of crystallographic orientation on the GO
sheets, which could be further verified from the fast Fourier
transform (FFT) results acquired at the interface between GO
sheet and nano-HAP from the HRTEM image in Fig. 2d. In
short, the nano-HAP showed two typical crystal lattice
fringes, with lattice spacing at 0.344 nm and 0.277 nm, corre-
sponding to (002) and (112) planes, respectively [38]. The
negatively charged GO sheets strongly bonded with the

@ Springer

37C, 24h

positively charged nHAP through electrostatic attraction and
induced it to grow along a preferred orientation of (112) plane,
although nHAP alone tended to grow along the c-axis of (002)
plane.

Structural information regarding GO and GO/nHAP com-
posite are provided by X-ray diffraction (XRD) analysis as
shown in Fig. 3. The appearance of Bragg reflections at
20=25.87° 31.77°, 32.20°, 32.90°, 34.05°, 39.82°, 46.71°,
and 49.47° corresponded to the standard diffraction peaks of
(002), (211), (112), (300), (202), (310), (222), and (213)
planes of HAP, respectively, according to JPCDS No. 09-
0432. The main diffraction peak positions of the composite
material centered at 26 matched with those of standard peaks
of HAP according to JPCDS Card No. 09-0432. This con-
firmed that the synthesized product contained HAP, which
formed the main phase of the composite. Its maximum value
and its broad width indicated a small crystallite size of the
hydroxyapatite nanoparticles, as shown in the systematic
study of the microscopic evolution of the (211) peak. Most
notably, the intensity of (112) peak was significantly in-
creased due to increase in the intensity of the (002) diffraction
peak at 25.87°. The nHAP microcrystals in the composites
showed significant preferential orientations, as evidenced by
variations in the intensity ratios of the three most intense peaks
(300), (211), and (112) [39]. According to PDF card 09-0432,
the reference intensity ratios for (002), (211), (112), and (300)
were 1(21 1)/1(002) = 25, ](21 1)/[(1 12)= 167, and 1(21 1)/1(3()0) =
1.67. To quantify the texture present, the parameter R was
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Fig. 2 TEM images of (a) GO
and (b) nHAP (the inset shows
the HRTEM images of nHAP)
and TEM (¢) and HRTEM (d)
images of GO/nHAP composite

proposed [49]. The intensity ratios for (002), (300), (211), and
(1 12) of the composites Were R(()()z) = [[(21 1)/1(002)]/2.5 = 070,
R(112) = [1(211)/1(112)]/1-67 =0.56, and R(300) = [1(211)/1(300)]/
1.67=0.89. The R values of (112) planes were lower than
those for (300) and (002) planes, which indicated the exis-
tence of preferred grain orientation [39]. These results proved

s - GO

GO/nHAP
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310)
(222)
@13)

g (JPCDS 09-0432)

gﬁ
A 1 TN

—(002)
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Fig. 3 XRD patterns of (a) GO, (b) GO/MHAP composite, and (c) the
standard HAP (JPCDS No. 09-0432) as a reference

~
it lﬂ.lf.l

that the hydroxyapatite crystals in the composites had prefer-
ential orientation, which tended in the direction of (112) and
was consistent with the results of TEM. Finally, although the
addition of graphene oxide caused broadening of the XRD
peaks of the composites, it had no obvious effect on the main
characteristic peaks of the composites.

FTIR spectroscopy was used to determine the functional
groups of the composite materials, as shown in Fig. 4. Figure 4
(a) is FTIR spectrum of nHAP, in which the absorption bands
at 1250 cm ', 1030 cm ™', and 573 cm™ ! were attributed to the
PO,*” in HAP [40]. Furthermore, the peaks at 3420 cm ' and
1630 cm ! corresponded to the characteristic ~OH and H,O
stretching vibrations. The spectrum of GO (Fig. 4 (b)) showed
a broad peak at around 1750 cm” !, due to C=0 stretching,
whereas the absorption peak at 1670 cm ™' could be ascribed
to C=C vibrations. Besides, the absorption peaks due to other
functional groups such as C—-OH (1350 cm™ ') and epoxy C—
O-C (1050 cm™") groups showed up on the surface of GO.
Particularly, the presence of hydrophilic functional groups
increased the stability of the graphene solution which rendered
the surface of the graphene oxide electronegative. It could
therefore adsorb a large number of Ca* from its aqueous
solution, which also contained phosphate ions, to form nucle-
ation sites. Then, Ca”>" ions combined with PO43_ ions and
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Fig. 4 FTIR spectra of (a) nHAP, (b) GO, and (c) GO/nHAP

controlled the nucleation and growth of hydroxyapatite grains.
The peaks at 2852 em !, 1595e¢m !, 1380 cm™!, and 875 cm ™!
were characteristic of C-H, C=0, C-OH, and C-O-C func-
tional groups of GO/nHAP (Fig. 4 (c)). The results of FTIR
indicated shifting of wave numbers of carboxyl functional
groups (such as C=0 and C—OH) and epoxy (C—O—C) groups,
compared to the original. Hence, it was confirmed that the GO
and nHAP bonded chemically.

Figure 5 shows the XPS spectra of graphene oxide and
graphene oxide/nano-hydroxyapatite. The Cls XPS spectra
of GO in Fig. 5a showed four peaks centered at 288.6,
287.2,285.9, and 284.7 eV, corresponding to —COO—, C=0,
C-0, and C—C groups in GO [41]. C—C bond corresponds to
the chemical bond form which by the carbon atom of the GO
carbon skeleton sz . The C-0O, C=0, and —-COO- functional
groups were formed in the graphite layers due to oxidation and
intercalation of C—-OH groups present on the edge of graphite.
After reaction (Fig. 5b), the intensities of C—O and C—C peaks
were enhanced, whereas peaks for -COO— and C—O—C bonds

were reduced, and their positions were shirted. The peaks at
288.9, 287.6, 286.3, and 284.9 eV corresponded to —COO—,
C=0, C-0, and C-C groups, respectively. The reduction in
peak intensities of -COO- groups on the surface of the
graphene oxide could be attributed to its interaction with the
Ca”* of the hydroxyapatite, which also showed a change in its
electronegativity. Meanwhile, some of the C=0 groups were
transformed into C—O, which caused changes in peak posi-
tions and intensities of oxygen functional groups and the XPS
curves. Results and conclusions of XPS analysis were consis-
tent with the FTIR results.

MTT assay

MTT assay, which quantifies cellular mitochondrial activity in
presence of a material, is commonly used to analyze the pos-
sible deleterious effects induced by the material on the cells
[42]. When the relative growth rate of cells exceeds 75%, the
material is qualified. However, if the relative growth rate of
cells is less than 75%, the material either fails the test or re-
quires further confirmation. The third generation of 293T cells
(human renal epithelial cells transfected with adenovirus E1A
gene) was chosen for detecting cell proliferation in the culture
medium containing the test material. The 293T cells were
seeded into the extract liquids containing nHAP and GO/
nHAP with concentration gradient of 0.05-0.4 g/mL for
24 h, wherein the mass percentage of graphene oxide in the
composites was 1 wt%. According to the data shown in Fig. 6,
the cell number decreased with increase in concentration of
extract liquid for all tested samples. For all concentration gra-
dients of extract liquid, the total number of viable cells on GO/
nHAP was always higher than on nHAP. Moreover, the rela-
tive growth rates of GO/nHAP groups were above 80% in all
case, the highest being about 150%. Thus, a certain amount of
graphene oxide in the composite showed a significant im-
provement in the proliferation of 293T cells.
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Intensity(a.u)

— C-C
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Fig. 5 Cls XPS spectra of (a) GO and (b) GO/nHAP
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Fig. 6 Cellular proliferation analysis. The concentration of extract liquid
for 0.05 g/mL, 0.10 g/mL, 0.20 g/mL, and 0.40 g/mL (the error bar
represents the standard deviation)

In vitro bioactivity analysis

The use of a biological material for bone graft mainly must
have two important properties: good ossecointegration of it
with surrounding tissues and excellent biocompatibility for
promotion of growth of osteoblast cells. As one of the
in vitro bioactivity assays, in vitro biomimetic mineralization
is an effective way to assess the osseointegration of a material
by immersing it in SBF with ion concentrations almost equal
to that of human blood plasma [33]. During the in vitro bio-
mimetic mineralization analysis, faster deposition of calcium
phosphate salt on the surface of material implies good bioac-
tivity. Figure 7 shows the SEM images of GO/nHAP compos-
ites after soaking in SBF for various time periods. Figure 7 a
shows the reference sample that was not being soaked in SBF.
After 14 days of soaking, some small plate-like and sphere-
like deposits of calcium phosphate salt were found on the
surface of material as indicated by the arrows (Fig. 7b).
After soaking in the SBF for 28 days (Fig. 7c), a large number
of'the sphere-like deposits were found, and the size of deposits

Fig. 7 SEM images of GO/nHAP composites after soaking in SBF for 0 (a), 14 (b), and 28 (¢) days and EDAX spectra of GO/nHAP composites after

soaking in SBF for 28 days (d)
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was also increased. Figure 7 d shows the EDS spectra of
calcium phosphate deposits on the surface of GO/nHAP com-
posites, which were soaked in SBF for 28 days. The data in
Fig. 7d also showed the presence of C, O, P, Ca, and Au
elements, in which Au element was due to sputtering of gold
on the sample during SEM analysis. Furthermore, the stoi-
chiometric ratio of Ca/P in calcium phosphate deposits was
1.62, which was close to the stoichiometric ratio of 1.64 in
natural bone tissue.

These findings were successfully indicated that nHAP
modification with GO facilitates the formation of bone-like
apatite on the surface of GO/nHAP composites. When GO/
nHAP composites were immersed in SBF, GO could acceler-
ate the dissolution of calcium of nHAP on the surface of GO/
nHAP composites. Thus, a GO/nHAP composite was expect-
ed to have higher negative charge than pure nHAP, and the
more nHAP dissolved, the more the nucleation sites were
created. Moreover, the defects of the exposed GO in contact
with SBF act as nucleation sites, which is evidenced by the
ability of apatite formation on the surfaces of the as-received
GO. Therefore, higher concentration of calcium ion in SBF
and higher negative charge together with more available nu-
cleation sites permit GO/nHAP composites to form bone-like
apatite on the surface of sample [24, 27].

Conclusions

Graphene oxide/nano-hydroxyapatite (GO/nHAP) com-
posites were successful synthesized by simultaneous titra-
tion method. The drusy acicular crystal structure of nHAP
consisting of hydroxyapatite grains was effectively con-
trolled. This hydroxyapatite grains had dimensions of
about 40-60 nm (length) x 5-13 nm (diameter). During
the reaction, Ca®" ions were attracted onto the GO sheets
due to their negatively charged oxygen functional groups
and became positively charged. Now this positively
charged GO attracted negatively charged PO4>~ ions and
OH™ ions. The Ca®* ions thus adsorbed onto oxygen func-
tional groups became the nucleation sites and oriented the
growth of hydroxyapatite preferably along (112) plane.
Results of XRD and TEM indicated that nHAP grew along
(112) and (002) planes, but it preferred to orient along
(112) plane. FTIR and XPS analyses suggested that the
nHAP and the GO were linked through chemical bond.
The MTT and in vitro bioactivity assays indicated that
the synthesized composite had good cellular proliferation
and promoted the deposition of plate-like calcium phos-
phate in SBF solution. The stoichiometric ratio of Ca/P in
calcium phosphate salt was 1.62, which was close to the
stoichiometric ratio of 1.64 in natural bone tissue.
Therefore, GO/nHAP composite showed excellent poten-
tial for biomedical applications.
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