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In situ synthesis and biocompatibility of nano
hydroxyapatite on pristine and chitosan functionalized
graphene oxide†

Ming Li,a Yanbo Wang,b Qian Liu,a Qiuhong Li,a Yan Cheng,*a Yufeng Zheng,*ac

Tingfei Xia and Shicheng Weiad

Motivatedby the success ofusinggrapheneoxide (GO) as ananofillerof composites, there is adrive to search

for this new kind of carbonmaterial as a reinforcing phase in biocomposites. In the present work, graphene

oxide and chitosan (CS) functionalized graphene oxide were introduced as templates to fabricate

hydroxyapatite (HA) using a facile solution-based in situ synthesis method, and GO–HA and CS-GO–HA

nanocomposites were successfully prepared for the first time. It was found that the spindle like HA

nanoparticles with a diameter of about 27 � 7 nm and a length around 150 � 25 nm were decorated

randomly and strongly on the surface or aggregated at the edges of the pristine and chitosan

functionalized GO matrix. Compared with HA, the prepared GO-based HA nanocomposites displayed an

increased elastic modulus and hardness. The in vitro cytotoxicity of the prepared nanocomposites was

investigated using CCK-8 assay on murine fibroblast L-929 cell line and human osteoblast-like MG-63 cell

line, respectively. Both of the nanocomposites exhibited a high cell proliferation rate for L-929 and MG-

63, and the CS-GO–HA could provide significantly higher cell viability and alkaline phosphatase activity

compared to the GO–HA composite. These findings may provide new prospects for utilizing the GO-

based hydroxyapatite biocomposites in bone repair, bone augmentation, as well as coating of biomedical

implants and broaden the application of GO sheets in biological areas.
Introduction

Graphene oxide (GO) sheets, as a derivative of graphene and
basic materials for preparing individual graphene, are mono-
layers of carbon atoms with dense honeycomb structures and
contain numerous reactive oxygen functional groups.1 The
abundant epoxide, hydroxyl and carboxylic groups on the GO
basal plane and edges could provide enormous reactive sites for
chemical functionalization and interaction.2 In addition, the
exceptionally high mechanical properties, extremely large
specic surface area (2600 m2 g�1), high hydrophilicity, good
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biocompatibility and biostability of GO sheets3,4 suggest that
these materials could be ideal and promising nanoscale rein-
forcement llers in biocomposites, and thus would increase the
surface loading of the nanoparticles, enhance the interfacial
bonding in the composites and facilitate the stress transfer
from the matrix to the nanollers.5–8 Besides, GO can be
produced simply in large scale with signicantly low cost. In
this context, GO has been referred to as a credible and superior
alternative to carbon nanotubes (CNTs) as an excellent candi-
date for a scaffold or as a nanoller in the composites used for
bone engineering, and it has become a topic of interest to
synthesize graphene oxide-based functional biomaterials, such
as graphene–chitosan composites9–13 and graphene–bioactive
inorganic nanostructured composites, etc.14–17

Chitosan (CS) is a natural linear cationic amino-
polysaccharide with superior biocompatibility, biodegrad-
ability, osteoconductivity, intrinsic antibacterial properties and
low cost.18 Although chitosan is tough and exible, it lacks
sufficient strength to be used alone in major load-bearing
situations. Due to the abundant reactive hydroxyl and amino
functional groups of CS, the oxygen-containing groups and
negative charges on the GO surface can result in strong inter-
actions between GO and the CS matrix through hydrogen
bonding and electrostatic attraction.10 A highly desirable
J. Mater. Chem. B, 2013, 1, 475–484 | 475
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uniform dispersion of GO sheets on the molecular scale in the
CS matrix, as well as strong interfacial adhesion, could signi-
cantly enhance the mechanical properties of nano-bio-
composites.10–12,19 It has been shown that the incorporation of
only 1 wt% GO dramatically increases the tensile strength,
Young’s modulus and the elongation at the break point.7,12

Hydroxyapatite (HA) is a kind of bioactive inorganic material,
and it has been currently used for bone repair or regeneration
due to its similar chemical composition, size, crystallinity and
morphology to bone minerals. The CS–HA composite can
mimic the organic/inorganic nature of bone and is more widely
used as a bone gra substitute when compared with pure
HA.20–22 However, its mechanical strength is insufficient for
major load bearing implants. Conventional bioinert reinforcing
phases, such as polyethylene,23 Al2O3,24 bioglass25 and TiO2

26

are used for enhancing the mechanical properties of HA, but
lead to signicantly lower bioactivity and bioresorbability than
that of pure HA or CS–HA composites. Alternatively, CNTs have
been regarded as one of the most effective ller materials.
Nevertheless, the relatively high cost, poor dispersion perfor-
mance, as well as the impurities of CNTs have limited their
application. As a consequence, graphene and its derivative (GO
or RGO)-based bioactive composites are starting to receive
attention, but it is still in its infant stages. Few-layer graphenes
over a Au/HA catalyst have been fabricated in situ by radio
frequency chemical vapor deposition (RF-CVD),17 and GO/gra-
phene–CaCO3

14 and reduced graphene oxide–hydroxyapatite
(RGO–HA) hybrid materials15 have been prepared by a bio-
mineralization method. All of these biocomposites yielded
promising results in terms of their in vitro bioactivity, never-
theless, the fabricating methods are relatively complicated16,17

or time consuming.14,15

Despite the distinctive advantages and progress in graphene-
based nanocomposites, as aforementioned, to our knowledge,
there are few reports on using GO or CS-GO as a template to
directly synthesize GO–HA or CS-GO–HA nanocomposites. We
therefore expect that the combination of HA with GO or CS-GO
will lead to the further development of a broad new class of
multi-functional nanocomposites with excellent biological and
superior mechanical properties, and make them highly prom-
ising materials for biomedicine, such as synthetic bone gra
material or coatings of implants.14–17,27

Herein, we rst report a simple and time-saving synthesis
method to fabricate HA nanoparticles on pristine and chitosan
non-covalently functionalized graphene oxide sheets, respec-
tively. Compared with the common time-consuming biomi-
metic mineralization method, the in situ synthesis methods
could result in composites with both good distribution and
strong interfacial bonding of nano-HA crystals on the GO or CS-
GO sheets.
Experimental
Materials

Nano graphene oxide platelets were purchased from Angstron
Materials LLC, USA (product ID: N002-PD; Lot #: D2110810-1).
Chitosan of low molecular weight (with a deacetylation degree
476 | J. Mater. Chem. B, 2013, 1, 475–484
of 75–85%) was supplied by Sigma-Aldrich Co. Ca(NO3)2,
(NH4)2HPO4 and ammonia were provided by Sinopharm
Chemical Reagent Co., Ltd. All other chemicals were of analyt-
ical reagent grade and were used as received unless otherwise
noted, and deionized water was used throughout.
Synthesis of GO-based HA nanocomposites

Based on an in situ chemical precipitation reaction,28,29 the
preparation details are as follows:

(a) Preparation and functionalization of GO solution: the raw
GO platelets were dissolved in DI water by ultrasonic dispersion
and then the obtained light brown solution was subjected to
10 min of centrifugation at 2000 rpm to remove any undissolved
substance, resulting in a GO concentration of approximately
0.05 mg ml�1 (denoted as the pristine GO solution). The chi-
tosan non-covalently modied GO solution was prepared by
adding 100 ml of 0.1 mg ml�1 GO water solution into 100 ml of
2 mg ml�1 chitosan 1% (v/v) acetic acid solution under stirring
for 2 h at room temperature (denoted as the CS-GO solution). All
the resulting GO-based solutions contained the same concen-
tration of graphene oxide (0.05 mg ml�1).

(b) In situ synthesis of HA nanoparticles: 50 ml of 0.02 mol
L�1 Ca(NO3)2 solution was added into 200 ml of each of the
above two kinds of GO-based solutions under stirring with a
Teon-coated magnetic stirring bar at 37 �C until well mixed.
Aer that, the pH values of the mixtures were adjusted to 10
using ammonia water, with further magnetic stirring at 37 �C
for 60 min. Then 50 ml of 0.01 mol L�1 (NH4)2HPO4 solution
was added gradually dropwise into each mixture under vigorous
agitation, during which the pH values were monitored and
maintained to be 10–10.5 by titration of diluted ammonia water.
Aerwards, the mixtures were further stirred for 60 min and
aged for 24 h at 37 �C. The obtained alkaline suspensions were
ltered using a polytetrauoroethylene (PTFE) membrane lter
with a pore size of 0.22 mm. The lter cakes were rinsed thor-
oughly and repeatedly until the ltrates were neutral. At last the
prepared precipitates were dried at room temperature for 6 h
and then dried at 60 �C under vacuum for 24 h. Pure HA was
also prepared for comparison by the same method.
Characterization

The morphology of the composites was characterized by using a
scanning electron microscope (ESEM, AMRAY 1-1910FE). The
suspensions of the composites were deposited on Si wafers and
the samples were coated by gold before SEM observation.

The transmission electron microscopy (TEM) images were
taken by a Hitachi H-9000NARmodel instrument operated at an
accelerating voltage of 100 kV. Samples for TEM imaging were
prepared by placing a drop of the aged GO-based HA composite
suspensions (the suspensions were diluted in deionized water
and dispersed by ultrasonic waves before use) onto carbon-
coated copper grids, dried in air and loaded into the electron
microscope chamber.

Atomic force microscopy (AFM, PI3800/SPA400, Seiko
Instruments) was employed in tapping mode to investigate the
This journal is ª The Royal Society of Chemistry 2013
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graphene oxide sheets. The GO sheets were deposited on a
freshly cleaved mica substrate using a spin-coating method.

The crystalline phases of the composites were veried and
compared by X-ray diffraction (XRD) using a Rigaku DMAX 2400
diffractometer with CuKa radiation (l ¼ 1.540598 Å) at 40 kV.
The diffraction angles (2q) were set between 5� and 80�, incre-
mented with a step size of 4� min�1.

Raman measurement was performed at 633 nm by using a
Raman Imaging Microscope System (Renishaw 1000) in a
backscattering geometry. The 633 nm laser beam had a spot size
of about 1 mm and the spectral resolution was 1.5 cm�1.

Fourier transform infrared (FTIR) microspectroscopy (Nico-
let 750, USA) was performed to identify the functional groups of
the composites. The spectra were recorded from 4000 cm�1 to
650 cm�1.

Thermo-gravimetric analysis (TGA; TA Instruments, Q50,
USA) was employed to determine the actual yield of HA on the
surface of GO and CS-GO. Approximately 6 mg of the compos-
ites were heated from 20 �C to 800 �C with a heating rate of 10 �C
min�1 in perforated and covered alumina pans under a 100 ml
N2 per min purge.

X-ray photoelectron spectroscopy (XPS; AXIS Ultra, Kratos
Analytical Ltd.) was employed to identify the composition and
elemental state of the prepared powders. The binding energies
were calibrated by the C1s hydrocarbon peak at 284.8 eV. The
quantitative analysis and the curve tting were conducted by
the CasaXPS soware package.

An in situ nanomechanical test system (TI-900 Tri-
boIndenter, Hysitron Inc.) was used to evaluate the mechanical
properties of the prepared composites through nano-
indentation experiments. Before this test, the composite
powders (about 0.1–0.2 g) were pressed into tablets using a
powder tablet machine with a working pressure of 80 kN. Then
the resulting tablets were subjected to nanoindentation tests
by applying a maximum load of 6 mN in a load-controlled
mode, with an approach rate and withdrawal rate of 600 mN
s�1, and a hold time of the tip of 0 s. A Berkovich tip (50 nm)
was used during the test and 6 indentations were made for
each sample.
Cytotoxicity evaluation

The cytotoxicity of the prepared nano GO-based HA compos-
ites toward the murine broblast L-929 cell line and human
osteoblast-like MG-63 cell line was evaluated by a cell counting
kit-8 assay (CCK-8, Dojindo). Cells were seeded at a density of
5 � 103 cells per 100 ml per well in 96-well cell culture
plates (Costar, USA) and incubated in Dulbecco’s modied
Eagle’s medium (DMEM, high glucose, Gibco) supplemented
with 10% fetal bovine serum, 100 U ml�1 penicillin and
100 mg ml�1 streptomycin in a humidied atmosphere with
5% CO2 at 37 �C. Aer 24 h incubation, cells were rinsed with
phosphate-buffered saline (PBS) and exposed to various
concentrations (5 mg ml�1, 10 mg ml�1, 50 mg ml�1 and 100 mg
ml�1) of different GO-based HA composites. The control
groups involved the use of DMEM medium as negative control
and 10% DMSO DMEM medium as positive control. Aer 1
This journal is ª The Royal Society of Chemistry 2013
day, 3 days and 5 days incubation, 10 ml CCK-8 solution was
added to each well for 4 h incubation. Then the medium was
centrifuged at 2000 rpm for 5 min and 80 ml supernatant
was transferred to new 96-well cell culture plates. The
measurement of the supernatant optical density (OD) was
performed by a spectrophotometer (Elx-800, bio-Tek instru-
ments) at a 450 nm wavelength, with a reference wavelength of
630 nm. The cell viability was expressed as a percentage as
following:

Cell viability ð%Þ ¼ ODðtestÞ �ODðblankÞ
ODðnegative controlÞ �ODðblankÞ � 100%

(1)

Alkaline phosphate (ALP) activity

ALP in MG-63 cells was evaluated by using a test kit (Nanjing
Jiancheng Bioengineering Institute, China) according to the
assay protocol. Free phenol, produced on hydrolysis of p-nitro-
phenyl phosphate (p-NPP) with ALP as catalyst, can react with
4-amino-antipyrine in the presence of alkaline potassium
ferricyanide to form a red-coloured complex whose absor-
bance measured at 520 nm is directly proportional to the ALP
activity in the samples. Briey, aer 7 days of cultivation, the
supernatant was removed and 100 ml lysis solution (1% Tri-
tonX-100) was added to each well and treated for 1 h. Aer-
wards, 30 ml of the resulting MG-63 cell lysates was transferred
to each well of a new 96-well plate, and cultivated with 50 ml
carbonated buffer solution (pH ¼ 10) and 50 ml substrate
solution (4-amino-antipyrine) at 37 �C for 15 min. Then 150 ml
chromogenic agent (potassium ferricyanide) was added into
the mixed solution and its absorbance was measured at
520 nm by a spectrophotometer (Elx-800, bio-Tek instru-
ments). For normalization, the total protein content was
measured using a Bicinchoninic Acid (BCA) protein assay kit
(Beijing Biosea Biotechnology, China). Thus, the ALP activity
was expressed and normalized by the total protein content (U/
gprot).

Statistical analysis

All data are expressed as mean � standard deviations of a
representative three similar experiments carried out in tripli-
cate. Statistical analysis was performed with Origin soware.
Student’s t-test was used to determine the signicant differ-
ences among the groups, and p-values less than 0.05 were
considered statistically signicant.

Results and discussions

Scheme 1 illustrates the synthesis process of the GO–HA and CS-
GO–HA composites. Homogeneous CS-GO solution was
prepared by simply adding the GO suspension into the solution
of chitosan under stirring. We found that the suspensions of
GO–HA and CS-GO–HA were unstable and precipitated within
several minutes. In order to improve the nucleation and growth
of nano HA crystals, the two suspensions were aged at 37 �C
for 24 h.
J. Mater. Chem. B, 2013, 1, 475–484 | 477
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Scheme 1 The flow chart of the experimental process.
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Morphology analysis using SEM and TEM

Typical SEM and AFM images of the GO sheets are shown in
Fig. S1 in the ESI.† The HA clusters in Fig. 1a and e displayed
similar lamellar crystals, and were wrapped by the transparent
GO sheets (Fig. 1a) and the sponge-like CS-GO sheets (Fig. 1e).
The lower transparency of the CS-GO sheets compared with the
pristine ones could be due to the non-covalent physical
adsorption of chitosan on both sides of the GO sheets, and this
result was consistent with the TEM images reported by Fan.30

Also, both the transparent pristine GO (Fig. 1b and c) and the
sponge-like CS-GO were decorated by nano lamellar HA crystals,
and some of the HA aggregated at the edges of the sheets
(Fig. 1b and f). The lattice orientation of the nanoparticles in the
Fig. 1 The SEM and TEM images of GO–HA (a–c) and CS-GO–HA (e–g) composites,
the corresponding composites. High resolution TEM images of crystal lattice hydroxya
b, c, e, f and g point to the wrinkles of the GO sheets.

478 | J. Mater. Chem. B, 2013, 1, 475–484
HRTEM images in Fig. 1d and h conrmed the formation of HA
crystals on GO and CS-GO, with an interplanar distance of
0.280 nm, corresponding to the (211) planes of the HA hexag-
onal structure.31 More detailed TEM images can be found in
Fig. S2.† The synthesized CS-GO–HA particles were more likely
to aggregate and form isolated sheets (Fig. S2e–g†). The HA
particles were in a typical spindle-like shape with a diameter of
about 27 � 7 nm and a length of around 150 � 25 nm on both
the GO and CS-GO sheets without statistical differences. In our
study, the GO–HA and CS-GO–HA samples were treated ultra-
sonically before TEM observation, it can be seen that almost no
HA particles are scattered out of the matrix, indicating a strong
interaction between the HA particles and the GO or CS-GO.
Moreover, folds and scrolls can be observed at the rim of the GO
(Fig. 1b and f) due to its intrinsic thermodynamically unstable
properties,32 which were thought to enhance the mechanical
interlocking and adhesion with the nano HA particles.7 The
high specic surface area of GO is also benecial for high
loading levels of the HA particles and is helpful for forming an
effective network inside the biocomposite.

To further verify the formation of nano HA particles in both
GO and CS-GO, selected area diffraction (SAED) patterns and
EDX analysis were applied to characterize their microstructure
and chemical composition. The observed strong concentric ring
patterns observed (the insets in Fig. 1c and g) can be assigned to
the (002), (211) and (222) planes of HA, respectively. The Ca/P
ratios of HA formed in pristine and chitosan functionalized
graphene oxide determined by EDX analysis (Fig. S1d and h†),
were about 1.65 and 1.61, respectively, slightly lower than the
stoichiometric ratio of Ca/P in HA (z1.67), but close to that of
natural bone,15,33 which were thought to endow the bio-
composites with higher bioactivity.34 The signicant contents of
the insets (c and g) show the selected area electron diffraction (SAED) patterns of
patite particles in GO–HA (d) and CS-GO–HA (h) composites. The black arrows in a,

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Raman spectra of the pristine GO platelets, the synthesized GO–HA and
CS-GO–HA composites.
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C and Cu elements originated from the GO sheets and the TEM
copper grid.

X-ray diffraction studies

The phases of the GO–HA and CS-GO–HA were investigated by
XRD. The Bragg diffraction peaks of the two GO-based HA
composites, shown in Fig. 2, agreed quite well with those of the
pure synthesized HA (PDF# 09-0432) at 2q values of 25.9�, 31.8�,
39.8�, 46.7�, 49.5� and 53.2�, which were indexed to be (002),
(211), (310), (222), (213) and (004) planes, respectively. Mean-
while, the broad diffraction peaks suggested that the prepared
HA particles were nanocrystallites,35 which were proposed to
have superior osseointegrative properties toward micro HA,36,37

and were much easier to be embedded or incorporated into the
GO and CS-GOmatrix.38 The peak around 10� and 20� in CS-GO–
HA was assigned to chitosan chains aligned through intermo-
lecular interactions.39 The strong and sharp (002) peak of the
GO sheets at 2q ¼ 11.1�, as shown in the inset of Fig. 2, corre-
sponding to an interlayer distance of 7.88 Å, vanished in the
composites, indicating the successful exfoliation of the gra-
phene oxide platelets (due to the loss of their crystallographic
order aer being treated by ultrasonic dispersion) and the
intercalation of the HA nanoparticles.

Raman analysis

To further identify the existence of the GO, Raman analysis was
applied. Both the typical D band (1340 cm�1)40 and G band (1595
cm�1)41 of GOwere observed in Fig. 3. TheDbandwas associated
with the presence of disorder in the aromatic structure or the
edge effect of graphene, the G band appeared due to the in-plane
vibration of the sp2 carbon atoms.42 However, the D band and G
band for GO–HA displayed a small red-shi to 1342 cm�1 and
1596 cm�1, and for CS-GO–HA, the two bands shied upward to
1346 cm�1 and 1603 cm�1, respectively. The spectral shis could
be ascribed to the disturbing of the graphene oxide structure
caused by the physical or chemical interactions between the
carbon/oxide atoms of GO and the reactive sites of HA and CS.43
Fig. 2 XRD patterns of the prepared GO–HA and CS-GO–HA composites. The
inset shows the diffraction patterns of the pristine GO platelets and pure CS
powders.

This journal is ª The Royal Society of Chemistry 2013
The ratio of the intensities of the two bands (ID/IG) could be used
to determine the stacking behavior of graphene oxide. The ID/IG
ratios of GO, GO–HA and CS-GO–HA were 1.10, 1.12 and 1.14,
respectively, implying the highly disordered structures of the GO
sheets in the composites.43
Fourier transform infrared spectroscopy analysis

The FTIR spectra of the nanocomposites and GO are shown in
Fig. 4. The absorbance bands at 3398 cm�1 were assigned to
hydroxyl group (–OH) stretching, 1730 cm�1 to the stretching
vibration of carboxyl groups (–COOH) on the edges of the basal
planes or conjugated carbonyl groups (–C]O), 1623 cm�1 to the
stretching vibration of C]C, 1266 cm�1 to the stretching vibra-
tion of C–OH, 1054 cm�1 to the stretching vibration of C–O, and
the 833 cm�1 to the characteristic adsorption peak of epoxy
groups. The stretching band of phosphate at 1039 cm�1 in pure
HA (shown in Fig. S3†) shied to 1037 cm�1 and 1033 cm�1 in
GO–HA andCS-GO–HA, respectively, indicating the formation of
strong hydrogen bonding between the HA nanoparticles and the
GO-based sheets. The two characteristic absorbance bands in the
Fig. 4 FTIR spectra of the pristine GO platelets, the prepared GO–HA and CS-
GO–HA composites.

J. Mater. Chem. B, 2013, 1, 475–484 | 479
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spectra of pure CS (shown in Fig. S3†) at 1655 cm�1 and
1592 cm�1 were assigned to the C]O stretching vibration
of –NHCO– and theN–Hbending vibration of –NH2, respectively.
However, these two peaks of the CS-GO–HAwere also shied to a
lower wave number, probably due to the synergistic effects of
hydrogen bonding between CS and the oxygenated groups in
GO10 and the incorporation of HA particles.
Thermogravimetric analysis

The TGA prole in Fig. 5 indicates that a dramatic 25.1% weight
loss of the GO sheets was observed from 150 �C to 250 �C, as a
result of the pyrolysis of the labile oxygen-containing functional
groups on the GO surface. The initial weight loss of all the
samples around 100 �C may be ascribed to the evaporation of
absorbed water. The synthesized HA and GO–HA nano-
composites suffered a very slow weight loss process from room
temperature to 800 �C. On the contrary, there was a 27% sharp
weight loss between 250 �C and 400 �C for the CS-GO–HA
nanocomposites with a lower thermal degradation rate
compared with that of pure chitosan, which is attributed to the
decomposition of the graed chitosan. Due to the high thermal
stability of HA,44 the incinerated residue of GO–HA and CS-GO–
HA mainly consisted of HA. Therefore, aer subtracting the
water effect, the composition of the samples can be estimated
from the TGA analysis, with GO–HA containing about 92 wt%
HA and CS-GO–HA containing about 59 wt%HA and 47 wt% CS.
X-ray photoelectron spectroscopy analysis

To verify the results obtained from the FTIR analysis, XPS was
employed to provide direct evidence of the chemical composi-
tion. The XPS survey spectra and quantitative XPS analysis
results are shown in Fig. S4 and Table S1.† The received GO
powder consisted of 72.20% C and 27.80% O, and the high
content of oxygen-containing functional groups in GO could
provide many more reactive sites for further surface modica-
tion or chemical reaction, but could lead to a high degree of
Fig. 5 TGA profiles of the pristine GO platelets, pure CS powders, the synthe-
sized HA, GO–HA and CS-GO–HA composites.

480 | J. Mater. Chem. B, 2013, 1, 475–484
defects and disorder in the graphene basal plane. Except for C
and O, both of the nanocomposites contained Ca and P (from
HA), and the CS-GO–HA had about 2.4% N (from chitosan). In
comparison with GO–HA, the increase of C in CS-GO–HA (from
22.2% to 35.5%) mainly arose from chitosan.45

Fig. 6(a) and (d) demonstrate that there were 34.5% C–O
(C–OH), 9.7% carbonyl and 4.4% carboxyl groups existing in
GO. Fig. 6(b) shows that the C1s spectrum of GO–HA could also
be resolved into four components: C–C, C–O, C]O and COOH.
Due to the introduction of chitosan, the C1s peak of the CS-GO–
HA composites, shown in Fig. 3c, was decomposed into ve
peaks, corresponding to the components of C–C, C–N, C–O, C]
O and COOH, respectively. By comparing the percentage of
different oxygen-containing groups in GO–HA and CS-GO–HA, it
can be seen from Fig. 6(d) that GO-CS–HA possessed higher
levels of C]O, which mainly originated from the acetyl groups
(CH3CO

�) in chitosan.
Nanoindentation test

The typical indentation load–depth curves of the prepared pure
HA, GO–HA and CS-GOHA composites are shown in Fig. 7. Due
to the reinforcing effects of GO on HA, the elastic modulus (E)
and the hardness (H) of HA were increased from 5.55 � 0.37 to
19.09 � 0.61 GPa and from 367.59 � 25.76 to 624.32 � 11.77
MPa, respectively. Compared with HA, CS-GO–HA also dis-
played increased mechanical properties as a result of the strong
interaction of the CS-GO matrix and the HA nanoparticles.28,46

Therefore, it was expected that the enhanced mechanical
properties of the prepared GO-based HA nanocomposites could
have great potential to be used in biomedicine such as synthetic
bone gra material or coatings of implants.
Possible in situ synthesis reaction mechanism

Based on the results obtained herein, possible reaction mech-
anisms were proposed for the formation of GO–HA and CS-GO–
HA nanocomposites, respectively.
Fig. 6 The high resolution XPS spectra of C1s of GO (a), GO–HA (b), CS-GO–HA
(c) and the contents of relative functional groups (d).

This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 The load vs. depth curves for the prepared composites. The inset shows
the elastic modulus (E) and hardness (H) of the composites.
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(1) For GO–HA in Scheme 2(a), the oxygen-containing func-
tional groups (such as hydroxyl and carboxyl identied by the
FTIR and XPS analysis) present on the basal plane and edges of
the GO sheets may play a pivotal part in anchoring calcium ions
Scheme 2 The proposed in situ synthesis mechanism of HA on pristine GO
sheets (a) and the chitosan functionalized GO sheet (b).

This journal is ª The Royal Society of Chemistry 2013
(the GO structure was depicted according to the Lerf–Klinowski
model47). When Ca(NO3)2 was added into the GO solution, the
Ca2+ cations would be attracted and anchored on the oxygen
atoms through electrostatic interactions48 and functioned as the
nuclei for the crystallization and growth of the HA particles. The
Ca2+ could in situ react with the ambient dropwise phosphate
ions via electrovalent bonds to form HA nanoparticles.28 As
veried from the TEM observations, these nanoparticles were
randomly decorated on the GO surface as well as the sheet
edges. It was reported that GO behaved like an amphiphilic
macromolecule with hydrophobic zones (the graphenic sp2

hybridized carbon plane) randomly embedded in hydrophilic
zones (the oxygenated regions and the sheet edges).2,49 The
in situ reaction was hypothesized to mainly take place at the
randomly distributed oxygenated regions in hydrophilic zones,
such as carboxyl and hydroxyl. Therefore, the HA particles were
randomly distributed on both sides of the GO planes. Besides,
the carboxylic groups on the periphery of the basal planes had
higher chemical affinity toward Ca2+ cations than the basal
planes, and Ca atoms were favorably adsorbed on the edges
(especially on the zigzag edges of graphene50), which could
result in the graing and aggregation of HA nanoparticles on
the GO sheet edges (as shown in Fig. 1 and S1†). A similar
reaction mechanism has been suggested for the in situ nucle-
ation and growth of HA nanoparticles on carbon nanotubes.51

(2) For CS-GO–HA in Scheme 2(b), the functionalization of
GO by chitosan was conducted by a simple non-covalent
method. As a hydrophilic biopolymer, the CS possesses one
amino group and two hydroxyl groups in the repeating hex-
osaminide residue, with their chemical activity following the
order, amino > primary hydroxyl > secondary hydroxyl.22,45

Therefore, when GO was added into the CS solution, the nega-
tively charged functional groups on the GO surface would react
with the polycationic CS through hydrogen bonding and elec-
trostatic attraction.10,12 Aer that the Ca2+ cations were attracted
by the –NH2 of CS through coordination bonding22 or by
the –OH of CS via electrostatic interactions, and in situ reacted
with the subsequently added HPO4

2� ions to produce nano HA.
Besides, in our study the initial weight ratio of the added CS to
GO sheets was 20 : 1. It was reported that the mechanical
properties of the nanocomposites could be signicantly
improved with a low content of graphene-based nanollers.7

Moreover, the in vitro and in vivo biocompatibility of the
prepared GO–HA and CS-GO–HA composites was another factor
that should be considered in determining the CS/GO ratio. A
high content of GO might induce potential cytotoxicity and
restrict the biomedical applications of the prepared composites.

GO-based HA composites have been prepared by the radio
frequency chemical vapor deposition (RF-CVD) technique,17 the
spark plasma sintering (SPS) process,27 the biomimetic miner-
alization method14,15 and wet chemical reaction.16 All the
resulting composites displayed promising in vitro bioactivity.
However, all these fabricating methods are relatively compli-
cated16,17,27 or time consuming.14,15 Compared with the above
methods, the in situ synthesis, employed in this study, is a
facile, economical and effective process to produce GO-based
HA nanocomposites, with a better distribution of GO llers and
J. Mater. Chem. B, 2013, 1, 475–484 | 481
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Fig. 8 The cell proliferation rates of L-929 cell lines (a) and MG-63 cell lines (b) cultured in media for 1 day, 3 days, and 5 days, with different concentrations (100 mg
ml�1, 50 mg ml�1, 10 mg ml�1 and 5 mg ml�1) of GO–HA and CS-GO–HA. Asterisks indicate significance level obtained by t-test. * represents p < 0.05.

Fig. 9 The ALP activity of MG-63 cells after cultivating with different concen-
trations of GO–HA and CS-GO–HA for 7 days. Asterisks indicate significance level
obtained by t-test. * represents p < 0.05.
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stronger interfacial bonding of HA nanocrystals on the GO
substrates. During the synthesis process, the microstructure
and the content of formed HA were possibly inuenced by the
following factors:

(i) The types of oxygen-containing functional groups, the
oxygen content, and the size and shape distribution of GO
sheets could have effects on the interactions of GO and Ca2+

cations, which were mainly responsible for the controlled
growth of HA nanoparticles with the dropwise addition of
HPO4

2�.16 As discussed above, the oxygenated regions48,51,52 and
the sheet edges50 of GO could provide pinning forces for Ca2+

cations. Therefore, the increase of oxygen functional groups
(carboxyl and hydroxyl) in graphene substrates could result in
more reactive sites and defects52 for the nucleation and growth
of HA nanoparticles. Besides, the edge-to-area ratio of GO would
482 | J. Mater. Chem. B, 2013, 1, 475–484
increase and GO could become more hydrophilic as its size
decreases,49 which could also have inuence on the interaction
of GO sheets and HA nanoparticles. It is reported that the
hydroxide and oxide nanocrystals of the iron family of elements
(Ni, Co, Fe) could diffuse and recrystallize into monocrystal
nanoparticles with well-dened shapes on graphene substrates
with a low content of oxygen-containing functional groups.52

However, the potential inuence of graphene size and its degree
of oxidation on the size, morphology and crystallinity of the
synthesized HA nanoparticles are still unclear and further
research should be conducted to cast light on this issue.

(ii) The reaction parameters, such as the concentration of the
reagents (Ca2+ and HPO4

2�), the pH values of the solution and
the reaction temperature, would affect the nucleation rate,
crystal growth rate, phase purity, particle size and shape of the
resulting HA nanoparticles.53,54 A high concentration of the
reagents could possibly facilitate the adsorption of Ca2+ on GO
sheets and increase the crystal growth rate of HA.53 Both high
pH values (pH > 10) and high reaction temperature could be
benecial for the in situ crystallization of HA on GO sheets with
better crystallographic quality.53 It is reported that high pH
values would promote the deprotonation of carboxyl groups
(�COOH) on the GO sheets and make GO more charged and
hydrophilic,49 which in turn might enhance the interaction
between the GO substrates and HA nanoparticles. Meanwhile,
much more studies should be done to explore and optimize the
synthesis conditions to increase the contact area of GO and HA,
promote the uniform distribution of HA nanoparticles, as well
as to enhance the in vitro and in vivo biocompatibility of the
resulting nanocomposites.
In vitro cytotoxicity evaluation

The in vitro cytotoxicity of the prepared nanocomposites was
investigated using CCK-8 assay on the murine broblast L-929
cell line and human osteoblast-like MG-63 cell line. As shown in
This journal is ª The Royal Society of Chemistry 2013
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Fig. 8, the two cell lines were cultured with different concen-
trations (100 mg ml�1, 50 mg ml�1, 10 mg ml�1, and 5 mg ml�1) of
GO–HA and CS-GO–HA in DMEM for 1 day, 3 days, and 5 days.
Fig. 8(a) indicates that the viability of the L-929 cells at a
concentration lower than 100 mg ml�1 was around 85% aer 1
day incubation for both GO–HA and CS-GO–HA nano-
composites, then increased to 100% for GO–HA and 110% for
CS-GO–HA aer being cultured for 3 days and 5 days, respec-
tively, and clearly positive time-dependence properties could be
observed. Nevertheless, the in vitro cytotoxicity of the compos-
ites did not exhibit obvious concentration-dependent charac-
teristics. This was quite different from that of graphene and
graphene oxide which displayed a dose-dependent cytotox-
icity.3,55,56 As for the MG-63 cells (Fig. 8(b)), the viability for both
nanocomposites (from 5 mg ml�1 to 100 mg ml�1) was higher
than 80%, and no signicant time or dose-dependence behavior
could be seen. In addition, CS-GO–HA was more benecial for
in vitro cell proliferation than GO–HA. Overall, the CCK-8 assay
results indicated that the novel synthesized GO–HA and CS-GO–
HA nanocomposites induced no obvious inhibitory effects on
the in vitro cell proliferation rate of L-929 and MG-63 cells, and
exhibited excellent in vitro cytocompatibility within a concen-
tration of 100 mg ml�1, especially for CS-GO–HA.
Alkaline phosphatase activity

Alkaline phosphate (ALP) is an important feature of osteoblast
cells expressed in their differentiation phase and a signicant
quantitative marker of osteogenesis. The in vitro ALP activity of
MG-63 cells cultivating with the GO-based HA composites was
evaluated. As shown in Fig. 9, higher ALP activities have been
obtained for the MG-63 cells cultured with GO–HA and CS-GO–
HA composites than the control groups. In addition, no signi-
cant differences are observed for the ALP activity in various
concentrations. Besides, consistent with the CCK-8 assay results
in Fig. 8(b),muchhigher ALP expressionwas detected in the case
of the CS-GO–HA composites, which indicated that the pre-
functionalization of the GO sheets with chitosan could further
enhance the mineralization and cell activation of the MG-63
cells. As mentioned above, the structure of chitosan is similar to
glycosaminoglycans (components of the extracellular matrix in
tissue) and it has been reported that chitosan can promote the
expression of extracellularmatrix proteins in human osteoblasts
and chondrocytes,57 and stimulate the differentiation of osteo-
progenitor cells, therefore facilitating the formationof bone.21As
a consequence, CS-GO–HA presents outstanding in vitro bone
bioactivity and biocompatibility.
Conclusions

In summary,wehavedemonstrated a facile solution-based in situ
synthesis of hydroxyapatite nanoparticles on pristine and chi-
tosan modied graphene oxide sheets. The spindle-like HA
nanoparticles with a diameter of about 27 � 7 nm and a length
around 150 � 25 nm, were decorated randomly and strongly on
the surface or aggregated at the edges of pristine and chitosan
functionalized GO sheets. Compared with HA, the prepared
This journal is ª The Royal Society of Chemistry 2013
GO-based HA nanocomposites displayed an increased elastic
modulus and hardness. Aer 5 days incubation, the prepared
novel biocomposites (GO–HAandCS-GO–HA) inducedno in vitro
cytotoxicity toward L-929 cells and MG-63 cells, and this cyto-
toxicity had no time (within 5 days incubation) and concentra-
tion (below 100 mg ml�1) dependence for the composites.
Moreover, the pre-functionalization of the GO sheets with chi-
tosan could further enhance the cytocompatibility (L-929 cells
andMG-63 cells) and the ALP activity (MG-63 cells) of the GO–HA
composites. The present study should broaden the applications
of graphene oxide as biocomposite reinforcement nano-llers,
and provide new prospects for utilizing the GO-based hydroxy-
apatite biocomposites in biomedicine.
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