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Background: Brushite (dicalcium phosphate dihydrate, DCPD) cement as a promising
bioactive material for bone tissue engineering is widely used to treat defects. However,
relatively poor mechanical properties of brushite cement limit its application in loadbearing
conditions. The aim of this study is to investigate the effect of graphene oxide (GO) addition
to the physical-mechanical-biological properties of brushite cement.

Methods: The brushite types of cement were prepared by mixing B-tricalcium phosphate [f3-
TCP, Ca3 (PO4)2] and monocalcium phosphate monohydrate [MCPM, Ca(H2P0O4)2. H20].
GO was introduced at 0, 0.5, 2, and 5 wt.% with the liquid. MG63 cells were cultured on the
GO/CPC surfaces to observe various cellular activities and hydroxyapatite (HA)
mineralization.

Results: Based on our results, GO/CPC composites exhibit improvement in compressive
strength compared to pure CPC. New Ca-deficient apatite layer was deposited on the
composite surface after immersing immersion in SBF for 7 and 14 days. Field emission
scanning electron microscope (FESEM) images indicated that pure and GO incorporated
brushite cement facilitates cell adhesion. CPC/GO was slightly toxic to cells such that high
concentrations of GO decreased the cell viability. Besides, alkaline phosphatase (ALP)
activity of cells was improved compared with the pure CPC.

Conclusion: Our results highlight the role of graphene oxide that may have great potential
in enabling the utility of graphene-based materials in various biomedical applications.
Keywords: calcium phosphate cement, graphene oxide, biocompatibility, bioactivity,

mechanical properties

Introduction

Restorable calcium phosphate bone filling materials have recently received attention
owing to its similarity to the bone because calcium phosphates are the most critical
inorganic constituents of biological hard tissues.' There are significant advantages in
using Calcium Phosphate Cement (CPC) since they offer the excellent biocompat-
ibility, osteoconductivity, surgeon moldability, injectability, and complete filling of
a cavity, which can stimulate bone regeneration.” * Based on the final product, CPC
is classified into two categories: apatite and brushite. Brushite cement is generally
made by B-tricalcium phosphate [B-TCP, Ca3 (PO4)2] and monocalcium phosphate
monohydrate [MCPM, Ca(H2PO4)2. H20].
fast setting, brittleness, and low strength (approximately 15 MPa—52 MPa).° It is

This cement has been recognized for its

expected that this cement will overcome their problems and drawbacks. Several
methods such as the addition of nanoparticles have been used to develop a strong
CPC. In recent years, graphene-based nanofillers have been applied to improve the
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mechanical performance of ceramics.” Graphene, a single
layer of carbon atoms in a two-dimensional (2D) hexagonal
lattice, was found to exhibit excellent biocompatibility, low
toxicity, unique structural features, and exceptional mechan-
ical properties.* Graphene oxide could be incorporated
into cements to improve their biocompatibility and mechan-
ical properties. Zhang et al reported the improvement of
graphene nanosheets/hydroxyapatite composites in fracture
toughness as compared to pure hydroxyapatite.'” Mehrali
et al reported that adding reduced graphene oxide to pure
calcium silicate increased the hardness of the material, the
elastic modulus, and the fracture toughness.'' Liu et al
tested reduced graphene oxide/gelatin composites with
MC3T3-El cells and found a higher cellular activities
such as cell adhesion, cell proliferation, and alkaline phos-
phatase activity compared with the graphene oxide or glass
surface.'? Li et al found that, compared with hydroxyapa-
tite, the prepared graphene oxide-based hydroxyapatite
had an
hardness."® The objectives of the present study were to

composites increased elastic modulus and
determine the graphene oxide effects on mechanical and
cellular properties of brushite cement. The hypothesis was
that the incorporation of graphene oxide would increase not
only mechanical properties but also enhance its cellular

properties.

Materials and methods

Materials

Monocalcium phosphate monohydrate (MCPM) and graphite
powder (<20 um) were purchased from Sigma-Aldrich
(Wisconsin, USA). Citric acid, calcium hydroxide, orthopho-
sphoric acid, concentrated sulfuric acid (95-98 wt%), hydro-
chloric acid (37 wt%), potassium permanganate (KMnO4,
99.9%), Sodium nitrate (NaNO3, 99.9%), sodium hydroxide,
Hydrogen peroxide (H202, 30%), nitric acid and ethanol were
supplied from Merck (Germany). All aqueous solutions were
prepared with deionized water. All the chemicals were of
analytical grade and used without additional treatment.

Preparation of 3-TCP

The preparation method of B-TCP was microwave irradia-
tion. Briefly, calcium hydroxide and orthophosphoric acid
were used as the starting materials. The initial Ca/P ratio
was 1.51. The orthophosphoric acid solution was added
dropwise to the calcium hydroxide suspension. The solu-
tion was mixed using a magnetic stirrer. The pH was
adjusted to 6 with nitric acid (HNO3) and sodium

hydroxide (NaOH). The solution mixture was immediately
transferred to a domestic microwave oven (2.45 GHz,
800 W) and irradiated for 45 min. The white precipitation
was centrifuged and dried at 90°C. In the final step, the
powder was calcined at 900°C for 1 h. The powder was
confirmed to be B-TCP as characterized by using X-ray
diffraction (XRD) and Fourier transform infrared spectro-
photometer (FTIR). The XRD patterns were recorded with
a diffractometer (Siemens, D5000-Germany) with CuKa
radiation (A=1.5406 A) over the 20 range of 5-50° in
steps of 0.02°. The operation voltage and current were
35 kV and 25 mA, respectively. FTIR spectrum was per-
formed using a Fourier transform infrared spectrophot-
ometer (Nicolet Nexus-670 FTIR, Germany) to analyze
the composition of CPCs after setting over a wavelength
range of 4,000-400 cm ™' at a resolution of 4 cm™'. KBr
pressed pellet technique was used for the analysis.'*

Preparation of graphene oxide

The graphite oxide powder was synthesized from graphite
based on a modified Hummer Method."> About 1 g of
natural graphite powder, 48 mL of sulfuric acid (98%),
500 mg of NaNO3, and 3 g of KMnO4 were used as the
starting materials and mixed. The reaction flask was
immersed in an ice bath. After the complete dissolution of
gradual addition of KMnO4, the mixture was allowed to stir
for 3 days. Then, 120 mL of deionized water was slowly
added to the mixture while keeping the temperature at 70°C.
After 1 h, the temperature was declined to 60 °C followed by
adding 2.5 mL of 30% H202. The color of the mixture was
changed to bright yellow. Then, the mixture was rested for
5 days to precipitate graphite oxide powder. The powder was
repeatedly washed with dilute 1 M HCI and deionized water
until a pH of 4-5 was achieved. Finally, the graphite oxide
powder was obtained by 36 h freeze-drying the graphite
oxide slurry. The powder was confirmed to be graphene
oxide as characterized by XRD. To study the size and
morphology of graphene oxide nanosheet, a dilute disper-
sion of GO in DCM (0.01 mg mL™") was developed on
a freshly cleaved mica surface and imaged using an atomic
force microscope (AFM, Nanoscope III Multimode,
VEECO) in tapping mode.

Synthesis of CPC/GO composites

The brushite cement was composed of the obtained B-TCP
and MCPM in a 45:55 molar ratio together with 1 wt.%
disodium dihydrogen pyrophosphate (SPP, Sigma-Aldrich,
71501, batch no. 1103557, Germany). Citric acid (0.5 M)

submit your manuscript

3786

Dove

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Nasrollahi et al

was used as the liquid phase in an L/P of 0.22 ml/g.'® In
order to reduce the porosity by decreasing the amount of
air trapped inside the paste during mixing, the mixing was
performed twice for 30 s in falcon tubes, using a Cap-
Vibrator (Ivoclar Vivadent, Liechtenstein). The CPC/GO
composite cement was prepared by adding the obtained
GO powder (0, 0.5, 2, and 5 wt.%) into the citric acid and
then sonicated for 20—45 min. The CPC powders were
mixed with citric acid and graphene oxide for 1 min to
form a homogeneous paste.

Setting time

The cement paste was placed in a Teflon mold with
a diameter of 6 mm and a height of 12 mm. Each specimen
was set in a 100% relative humidity box at 37°C. Setting
time of the cement was measured by the Vicat needle
(ASTM C187-98). Generally, setting time is defined as
the time necessary so that the needle (300 g, ® =1 mm)
does not penetrate deeper than 1 mm into the sample. The
setting time value was the average of 3 measurements.

Mechanical property

After setting for 24 h at 37°C in PBS solution, which was
prepared according to British Pharmacopoeia (2.38 g L™
Na2HPO4, 0.19 g L' KH2PO4 and 8 g L' NaCl), the
compressive strength of composite cement with a diameter
of 6 mm and a height of 12 mm was measured on dry speci-
mens (dried at 70 ‘C overnight) at a loading rate of 1 mm/min
with a SANTAM universal testing machine (STM 20).

Phase characterization of CPC/GO

composites
For phase characterization, the fractured of optimum sam-

ples from the compressive strength experiments were col-
lected and characterized using XRD and FTIR.

Ph measurements

Composite cement (@ 6 x 12 mm®) was placed in 40 ml of
PBS at 37°C for 24 h, after which the pH of the solutions was
monitored with a pH/ion meter (METTLER TOLEDO
MP 225).

Porosity

Porosity was measured using water evaporation method.
The porosity of composite cement was calculated from V,,
=MW — my)/py and ® = V/Va, where MW is the weight
of the wet sample right after removal from the PBS, mgq is

the weight of the dry sample, p,, is the density of PBS. (ie,
1 g/cm? at RT), V,, is the volume of the evaporated water,
and V, is the apparent volume (@ 6 x 12 mm®), which was
measured using Archimedes principle on wet samples.'’

Bioactivity in simulated body fluid (SBF)
In vitro bioactivities of the fabricated CPC/GO composites
were evaluated in Simulated body fluid (SBF) prepared by
the procedure described.'® The set discs (@ 6 x 3 mm?)
were immersed into a 1.5-times concentrated SBF solution
at 37 °C over the course of 1 and 2 weeks, during which
the 1.5 SBF solution was changed every day. The SBF
solution was prepared using the method developed by
Kokubo and Takadama.'® For the evaluation of formation
of bone-like apatite on the samples, they were removed
after incubation of various soaking periods, rinsed in deio-
nized water to remove SBF, and air-dried at room tem-
perature until a constant weight was attained. The surface
morphologies of the specimens were observed with
HITACHI S-4160 field emission scanning electron micro-
scope (FESEM).

In vitro biocompatibility

MG63 (human osteoblast-like osteosarcoma) cells were
obtained from the National Cell Bank of Iran, Pasteur
Institute (Tehran, Iran). Cell cultures were maintained in
DMEM (L-glutamine) supplemented with 10% fetal
bovine serum (FBS, Gibco) and 1% penicillin/streptomy-
cin at 37 ‘C in a humidified atmosphere with 5% CO,.
(MTT)
powder was purchased from Sigma-Aldrich (Wisconsin,

Methylthiazolyldiphenyl-tetrazolium  bromide

USA). All set specimens were sterilized by autoclave
for 1 h.

Cytotoxicity study with the use of the

extracts

The cytotoxicity assay was performed according to the
ISO 10993-5 protocol. Typically, 0.1 g of powder of set
samples was incubated in 1 mL of sterilized culture med-
ium. The media were extracted for using in cellular assays
at the predefined time intervals (1, 3, and 7 days). The
culture medium was kept under similar conditions as
a negative control. The cytotoxicity of the extracts was
determined using the MTT assay. In brief, MG63 with
a density of 5x10* cells/well were cultured in a 24-well.
On the next day, the culture medium was replaced with
100 pL of extracts supplemented with 10 pL FBS. The
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medium was discarded after 24 h of incubation, followed
by adding 100 pL of MTT solution (0.5 mg/mL in PBS) to
each well. Following the incubation of cells for 4 h at
37 °C, the dark blue formazan crystals were dissolved by
adding 100 pL of DMSO per well. Finally, 100 pL of each
sample was transferred to a 96-well ELISA plate and the
absorbance was measured at 570 nm. The tests were
repeated for three specimens in all samples. Eventually,
the cell viability percentage was reported as the average

absorbance of each extracted group divided by that of the
control group.

Cell attachment

The brushite cement does not allow cell attachment
without further treatment, because of the presence of
an intermediate dicalcium phosphate-citrate complex
formed in the cement as a result of using citric acid as
the liquid phase. This prevention of cell attachment if
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Figure 2 FTIR pattern of beta-tricalcium phosphate and hydroxyapatite.
Abbreviation: FTIR, Fourier Transform Infrared Spectroscopy.
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Figure 3 Structural and morphological characterization of synthesized GO: XRD (A) and AFM (B) of graphene.

Abbreviations: XRD, x-ray diffraction; AFM, Atomic Force Microscopy.

Table | Calcium phosphate cement setting time

Sample name Setting time (min)

CPC 30+0.8
CPC +0.5% GO 26%1.4
CPC +2% GO 23+0.9
CPC +5% GO 17£1.0

Abbreviations: CPC, Calcium Phosphate Cement; GO, graphene oxide.

the material is implanted directly is not a significant
problem.'® Set samples (@ 6 x 3 mm®) were aged in
serum-free DMEM at 37 C over a period of 1 week.
The DMEM was refreshed every 2 days. On day 7, the
aged samples were seeded with MG63 under the density
of 5x10* cells/well followed by incubation for 1 day in
a humidified atmosphere of 5% CO2 at 37 ‘C. At a pre-
selected time point, the seeded sample was fixed by
2.5% (v/v) glutaraldehyde solution for 3 days followed
by three washes in PBS (0.1 M). Eventually, the speci-
mens were dehydrated in graded series of ethanol, dried

in air, and sputter coated with gold-palladium prior to
FESEM observation.

Alkaline phosphatase activity
MG63 additives were seeded onto CPC/GO composite
specimens (@ 3 x 6 mm®) and were analyzed for alkaline
phosphatase (ALPase) activity. ALPase assay was per-
formed on days 3 and 7 through the conversion of
a colorless p-nitrophenyl phosphate to a colored p-nitro-
phenol according to the manufacturer’s protocol (Abcam
ab83369). The absorbance at 405 nm of 4-nitrophenol was
measured in a 96-well microplate reader. ALP activity was
calculated from a standard curve after normalization to the
total protein content. Data were expressed in nanomoles of
p-nitrophenol produced per minute per microgram of pro-
tein. The tests were performed in triplicate.

Experimental data were presented as means + standard
deviation. Statistical significance was analyzed by one-
way ANOVA multicomparison. ANOVA was performed
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Figure 4 Stress-strain curve of composite cement.

Table 2 Compressive strength and young modulus of composite

cement
CPC/ Comperssion Strength Young Modul
GO (MPa) (GPa)
0% 12 0.4
0.5% 40 0.8
2% 42 0.8
5% 2 0.04

Abbreviations: CPC, Calcium Phosphate Cement; GO, graphene oxide.

to compare the difference in the groups. Also, the results
were considered to be statistically significant at p<0.05 (*)
or p<0.01 (**) with the differences between groups com-
pared using Tukey’s test.

Results and discussion
Characterization of B-TCP

The first step toward preparation of composite cement was
to produce the B-TCP through a microwave irradiation
method. The XRD pattern of B-TCP in Figure 1 is similar
to those in other reports.'**® The peak was identified to be
corresponding to B-TCP and indexed according to the stan-
dard value (JCPDS 09-0169). The HA peak was indexed
according to the standard pattern (JCPDS 09-0432). This
indicates that B-TCP was successfully synthesized, which is
related to HA. To verify the formation of B-TCP the infra-
red spectra of the sample was measured and presented in
Figure 2. The spectra illustrate the hydroxyl bond stretch at
3,550 cm ' and HOP4 - at 970 cm ™' corresponding to HA

and B-TCP structure, respectively. The bond of HPO4 *- at
980 cm ' shows phosphate group forming TCP. These
FTIR spectra confirm the in situ formation of B-TCP.

Characterization of graphene oxide

XRD pattern in Figure 3 shows the presence of the
characteristic peaks of synthesized graphite oxide.
Native graphite has a peak at 26 =26.8° corresponding
to a d-spacing of 0.315 nm. In the XRD pattern of
graphite oxide, the characteristic peak showed a shift
to 20 =12.9°, and the inter-layer spacing was increased
to 0.798 nm. During the oxidation process, oxygen-
containing groups were created on the surface of gra-

phite sheets.”'

AFM was employed for the thickness
measurements of individual and few-layered graphene
oxide sheets (Figure 3). The thickness dispersion of
individual graphene oxide sheet revealed that the thick-
ness of formed nanoplatelet was about 1.5-3 nm, which
is equivalent to the thickness of 2—-3 layers of graphene
sheets. The nanosheets displayed irregular shapes with
the order of

various lateral sizes (the area on

0.001 pm*-2 pm?).

Setting time

Table 1 shows the effects of graphene oxide incorporation in
the brushite cement on the setting time. Introduction of
graphene oxide resulted in a decrease in setting time. The
cement paste was molded in Teflon® rings and height 5 mm,
opened at both ends. The molded past was immersed in
40 ml of 37 ‘C PBS 5 min after mixing. The surface of the
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Table 3 pH changes of cements

Table 4 Porosity of cements

Sample name | pH | Solution | Time | Temperature Sample name Porosity %
CPC 6.3 PBS 24 h 37°C CPC 6l
CPC +0.5% GO 6.3 | PBS 24 h 37°C CPC +0.5% GO 6l
CPC +2% GO 6.3 | PBS 24 h 37°C CPC +2% GO 62
CPC +5% GO 6.3 PBS 24 h 37°C CPC +5% GO 63

Abbreviations: CPC, calcium phosphate cement CPC/GO scaffold; PBS,
Phosphate buffered saline.

cement was tested every 3 min, and the cement was con-
sidered to have set when a visible mark could not be seen on
the sample after placing a 453.5 g Gillmore needle with a tip
diameter of 1.06 mm (equivalent to a stress of 5 MPa) on the
surface (ASTM C266-99). The time decreased from 30 min

Abbreviation: CPC, calcium phosphate cement CPC/GO scaffold.

to 17 min when the weight ratio of graphene oxide varied
from 0 to 5 wt.% at a P/L ratio of 0.22 ml/g.

Mechanical property
Figure 4 presents the stress-strain diagrams for CPC/GO
composite samples. The compressive strength of the

Figure 7 FESEM pictures of 0%, 0.5%, 2% and 5% cements after soaking for 7 days.
Abbreviation: FESEM, Emission scanning electron microscopy.
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Figure 8 FESEM pictures of 0%, 0.5%, 2% and 5% cements after soaking for 14 days.
Abbreviation: FESEM, Emission scanning electron microscopy.

samples significantly increased from 12 MPa at 0% gra-
phene oxide to 42 MPa at 2% graphene oxide. The exten-
sive specific surface area of graphene oxide would increase
the interfacial bonding in the composites and facilitate the
stress transfer from the matrix to the nanofillers.”> When
5% of graphene oxide was added, a considerable decrease
was observed in strength to 2 MPa. A similar trend was also
seen for elastic modulus (Table 1). The reduced compres-
sive strength by adding 5 wt.% graphene oxide may be due
to the higher number of nanoparticles present in the paste
compared to the amount required to combine with the

20.0kV X30.0K 1.00sm

cement during the process or may be due to the defects
generated in the dispersion of graphene oxide that declines
the strength of the specimens (Table 2).

Phase characterization of CPC/GO

composites

Figure 5 shows the XRD patterns of 0% and 0.5% CPC/GO
composite samples after setting for 24 h at 37 ‘C in PBS
solution. The XRD patterns for the 0% CPC/GO and 0.5%
CPC/GO samples were very similar. The main peaks that
corresponded to the monetite (DCPA; dicalcium phosphate
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Figure 9 The cytotoxicity graph of the composite cement extract at intervals of I, 3 and 7 days (<0.05).

anhydrous, CaHPO4) structure were observed in both pat-
terns at 26.4-26.6° and 30.2-30.4° (JCPDS 00-009-0080).
The end product of brushite cement is brushite, and monetite
can be precipitated by dehydration of brushite. The experi-
ment showed brushite crystals transformed into monetite.**
XRD patterns of the 0% CPC/GO indicated the presence of
the characteristic peaks of calcium hydrogen diphosphate,
but The XRD pattern of 0.5% GO/CPC exhibits several
peaks in 20 =20°-60°, which corresponded to the hydroxya-
patite. These results indicate that the addition of graphene
oxide increased the conversion to hydroxyapatite like
a product. To verify the formation of monetite after setting
for 24 h at 37°C in PBS solution and the presence of graphene
oxide, the infrared spectra of the samples were compared
(Figure 6). The characteristic bands at 2,810, 1,633, 1,124,
1,060, 991, 882, and 535 cm ! are assigned as the stretching
and bending of phosphate, the stretching mode of the hydro-
xyl (OH) group, and the water-bending mode of monetite.
Other features include the stretching vibration of the PO, >
group at approximately 535—1,124 cm ™, the P-O stretching
vibration at 1,000, 1,060, and 1,124 cm ™', and the P-O-H in-
plane bending around ~1,300-1,450 cm . The broadband at
1,636 cm ' s
H-O-H bending and the rotation of the residual free water.
The liberation band at 2,800 cm ' for the O-H stretching
vibration band of HPO, ? was obtained from FTIR spectra.
The 0.5% GO/CPC composite exhibits clear absorption

approximately associated with the

bands resulting from the symmetric stretching of P-O-P at
726 cm ™ '** This difference may be attributed to the presence
of graphene oxide or the presence of hydroxyapatite in dif-
ferent stoichiometric form. These results are in good agree-
ment with the XRD analysis.

pH measurements
The pH values tended to be close to neutral pH levels after
24 h of storage in PBS (Table 3).

Porosity

For composite samples, the porosity was increased
slightly, as the content of graphene oxide increased
(Table 4). The slight increase in the porosity may be
related to the high viscosity of pastes, which could result
in a higher fraction of air bubbles that are trapped within
the paste during mixing.

In vitro hydroxyapatite forming ability

After soaking for 7 and 14 days, aggregated apatite
appeared on surfaces of composite specimens (Figures 7
and 8). The surfaces of the samples were observed to be
covered by a denser apatite layer after immersion time
from 7 to 14. When the graphene oxide concentration in
the composite increased, the surface was composed of
nanosheet-like apatite; however, pure calcium phosphate
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Figure 10 FESEM of cements cell attachment after | day.
Abbreviation: FESEM, Emission scanning electron microscopy.

ceramic exhibited worm-like crystals with the typical
hydroxyapatite morphology.''*

The FESEM micrographs revealed that more hydro-
xyapatite is formed on the surface of samples with more
graphene oxide content. These results suggest that the
incorporation of graphene oxide has not negatively influ-

enced the formation of apatite on the CPC/GO composite.

Cell viability

Cell viability was studied by MTT assay. The OD values
provide an indicator of the relative number of cells. Figure
9 presents the results assay for MG63 viability after 1, 3,

{3.00K 10.0sm

.00K '18.0»m

and 7 days. The viability of the cells was decreased with
increasing concentrations of graphene oxide. At higher
concentrations, graphene oxide is considered to exhibit
toxicity against cells.

On the other hand, graphene oxide at lower concentra-
tions did not show any significant reduction in the cell
viability compares with control samples. Moreover, by
increasing the culture time to 7 days, there was a drop in
the optical density. MTT results showed the dose-
dependent cytotoxicity of graphene oxide. As the dose
cells decreased

survival rate of

15,26,27

increased, the
correspondingly.
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Figure Il ALP activity of the MG63 cells cultured on specimens for 3 and 7 days.
Abbreviations: ALP, Alkaline phosphatase activity; GO, graphene oxide.

Cell attachment

Cell attachment to biomaterials depends not only on the
surface morphology but also on the chemical composition
of the biomaterial.*® Poor cell attachment to the surface of
brushite cement prepared with citric acid could be due to
the presence of an intermediate phase that washed out
during agingl9 Figure 10 shows the MG63 attachment
on aged samples after 24 h of culture. The cells were
alive and spread on the all material’s surface intimately.
FESEM results confirmed that graphene oxide addition did
not exhibit any obvious effects on cell attachment.

Alkaline phosphatase activity

ALP activity is an early marker of osteoblast
differentiation.”® Figure 11 shows the ALP activity of the
MG63 cells cultured on specimens for 3 and 7 days. The
ALP activity on the brushite cement with 2 wt.% graphene
oxide is much higher than that of other samples. On day 3,
ALP activity was equal for 0% and 0.5% CPC/GO sam-
ples. Activity at 7 days was decreased compared with that
at 3 days. The experiment proves that the biocompatible
CPC/GO composite provided a more effective substrate
for cellular differentiation. It is possible that graphene
oxide enhanced osteogenesis mineralization of the cells
because of improving the nucleation of HA.'?

Conclusion

The present study aims at investigating the suitability of GO/
CPC composites as a bone filler. The XRD and FTIR spec-
trums indicated the successful synthesis of the B-TCP. In
addition, XRD and AFM analyses confirmed the successful
synthesis of graphene oxide. The composition properties of set

0.5% GO

2% GO 5% GO

cement also revealed the presence of calcium hydrogen dipho-
sphate in 0%CPC/GO sample, but the pattern of 0.5% GO/
CPC showed hydroxyapatite peaks. Mechanical testing of
composite cement suggests that graphene oxide can increase
the compressive strength of the cement. Other important prop-
erties such as setting time and porosity showed that results are
well within the desired spans. The prepared composites
induced in vitro cytotoxicity, depending on the concentration
(up to 5% wt). According to the results of apatite mineraliza-
tion in SBF, GO/CPC composites exhibit improved bioactivity
as compared to the pure CPC. Moreover, the specimens could
enhance the ALP activity of the composites. To conclude, the
addition of GO seems to improve mechanical properties
(GO<5%), but to induce only small improvements in cell
activity and only with some specific GO percentages.
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