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Purpose: Biomimetic mineralized composite scaffolds are widely used as natural bone substitute materials in tissue engineering by
inducing and assembling bonelike apatite. In this study, the single lamellar structure of graphene oxide (GO) powder was prepared via an
improved Hummers’ method. Methods: To better mimic natural bone, the collagen (COL)/Nano-hydroxyapatite (nHA)/graphene oxide
(GO) composite material was prepared by simulated body fluid (SBF) method using COL/GO as a matrix template. Hydroxyapatite (HA)
with calcium ion deficiency was achieved via biomimetic mineralization, and it had properties closer to those of natural bone than pure
HA has. Results: The mineralized COL/nHA/GO composites exhibited loose porous structures, and the connectivity of the holes was
good and thus beneficial to the exchange of nutrients and excreted metabolites. Conculsions: Antibacterial and MTT experiment con-
firmed that the COL/nHA/GO composite material had excellent antibacterial property and biocompatibility. Hence, these results strongly
suggested the mineralized COL/nHA/GO composite is a good candidate biomaterial to be applied in bone tissue engineering.
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1. Introduction

Bone defects have become a serious and signifi-
cant health concern, and the treatment of bone defects
is still clinically challenging in the orthopedics. Bone
tissue engineering shows a great potential for the re-
pair of bone defects. Although many single or com-
posite artificial materials have been employed for the
treatment of bone repair in the past several decades,
the mechanical strength, which is one of the most
critical problems and concerns for bone substitutes,
still needs to be improved [15], [1], [21]. Particularly,
an ideal scaffold should not only have excellent bio-
compatibility and biodegradability, it should also have
mechanical properties that approximate the composi-
tion and structure of natural bone [19], [10]. Recently,
biomimetic mineralization is an important research
direction in the field of biomimetic materials. Such

research mainly involve the study of minerals in living
organism in order to synthesize mineral materials with
similar structures and properties with natural biologi-
cal tissues by imitating the process of the mineraliza-
tion of organism [12], [26]. Simulating the composition
and structure of natural bone and using biomimetic
mineralization in situ method of preparation of bone
substitutes have become a research hotspot.

In relation to that, COL has been widely used in
bone tissue engineering due to its excellent biocom-
patibility, negligible immunogenicity, cell adhesion,
and biodegradability. COL can also specifically inter-
act with growth factors which promote cell ingrowth
and remodeling [27], [32]. However, COL use is
commonly limited by its weak mechanical properties
and high release rate [29], [5], [30].

On the contrary, GO, a derivative of graphene
functionalization, have gained much interest because
of its great biocompatibility, bacteriostasis and non-
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toxicity [9], [16], [22], [20]. More importantly, GO
possesses a high mechanical strength [23]. It is also
noteworthy that the GO composite scaffold was re-
ported to show significant increase in Young’s modulus
and enhanced proliferation and adhesion of mesen-
chymal stem cells (MSCs) [6], [13], [14]. Therefore,
it can be stated that the GO composite scaffold is
a promising material for bone replacement.

On the other hand, HA is the main inorganic min-
eral component of teeth and bones. Due to its out-
standing bioactivity and biocompatibility, it has been
widely used as bone cavity filling, metallic implant
coating and bone graft substitute [2], [3], [11], [24],
[25]. Previous research showed that nHA promoted
the adhesion and proliferation of osteoblasts cultured
in vitro. However, the disadvantages of HA, such as
brittleness and toughness, limit its application in the
field of bone repair [18]. To prepare ideal scaffolds,
natural organic matter/HA mineral materials were
achieved by controlling the HA biomineralization proc-
ess and based on natural organic matter macromolecule
materials [17]. The simulated humoral method is a type
of biomimetic mineralization approach. By simulating
the mineralization mechanism of nHA, the apatite
layer is naturally deposited in the fluid similar to human
tissue.

In this article, the single lamellar structure of GO
powder was prepared via an improved Hummers’
method and the COL/nHA/GO composites were syn-
thesized by biomimetic mineralization method. The
physical and chemical properties and biocompatibility
of GO powder and COL/nHA/GO composites were
investigated. Finally, we confirmed that the scaffolds
were able to provide suitable environment for cell
proliferation and adhesion in favor of orthopedic de-
fect reconstruction and to serve as a promising candi-
date for bone tissue engineering.

2. Materials and methods

Materials

Bovine COL was supplied by Bote Biotech, Co.,
Ltd. (Fuzhou, China). GO was fabricated according
to Hummers’ method [7], with some modification.
Dulbecco’s Modified Eagle Medium/Nutrient Mixture
F-12 (DMEM/F-12), foetal bovine serum (FBS),
penicillin and streptomycin were bought from Bio-
man Biotechnology Co., Ltd. (Fuzhou, China). 3-(4,5-
-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazo-liumbromile
(MTT) was purchased from the Bio Sharp Co. (USA).

Preparation of GO

GO was fabricated according to Hummers’ method,
with some modification. Firstly, concentrated H,SO,
(108 mL) and H;PO, (12 mL) were added into a 500 ml
three-mouth flask and ice bathed for 10 min. Then,
graphite powder (5 g) and the NaNO; (2.5 g) were added
under a strong agitation. The KMnO, (15.0 g) was
divided and slowly added into the above mentioned
mixture, and the temperature was controlled not to
exceed 5 °C. The mixture was stirred in ice bath for 3 h,
and then stirred in a water bath of 40 °C for 1 h. The
mixture was heated up rapidly to 98 °C for 60 mins and
the deionized water was added continually until the
mixture reached 400 ml. After 5 min, H,O, (15 mL)
was added to remove the excess oxidant, followed by
repeated washing with super pure water and 5% HCI
solution untill no sulfate ion was found in the solution.
Lastly, the reaction products were freeze-dried to ob-
tain the single lamellar structure of GO powder.

Preparation of COL/GO composites

The GO aqueous solution (6 mg/L) was mixed with
the COL solution (0.6 wt. %) to obtain a COL/GO solu-
tion. The mass fraction of GO was 0, 1, and 4 wt. %.
COL/GO composite porous scaffolds were obtained
after thorough mixing and freeze-drying. The freeze-
dried scaffolds were immersed in a crosslinking solu-
tion containing 0.2 mol/L of ribose, 10% acetone, and
2% ammonia water at room temperature. After reac-
tion at room temperature for 24 h, the scaffolds were
washed every 3 h for at least five times and freeze
dried again.

Preparation of simulated body fluids (SBF)

The 1.5xSBF solution preparation method is shown
in Table 1. COL/GO biocomposites were prepared via
in vitro biomimetic mineralization in 1.5 times SBF
(1.5%xSBF). The reagent was gradually added during

Table 1. 1.5xSBF Solution (1000 mL)

Order Reagent Addition
0 Ultrapure water 750 mL
1 NaCl 11.994 g
2 NaHCO; 0.525¢
3 KCl1 0336 ¢
4 K,HPO, - 3H,0 0342 ¢
5 M gCl, - 6H,O 0458 g
6 1 kmol/m’ HCI 60 mL
7 CaCl, 0417 g
8 Na,SO,4 0.107 g
9 (CH,OH);CNH, 9.086 g
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magnetic stirring to prepare the simulated fluid. The
prepared SBF was stored in plastic bottles, sealed, and
placed in a refrigerator at 5-10 °C.

Biomimetic mineralization
with COL-based nHA/GO composites

The cross-linked COL/GO composite was irradi-
ated with gamma rays, immersed in 1.5xSBF solution
under sterile conditions, and placed in a low-speed rol-
ling bed for mineralization at 37 °C constant tempera-
ture. After mineralization for 3 days (change in liquid
every 24 h), the samples were taken out, washed with
distilled water, and freeze dried to remove moisture.

Characterization of GO

X-ray diffraction (XRD) and Fourier transform in-
frared spectroscopy (FTIR, Spectrum BX, Perkin
Elmer, Waltham, MA) were used to characterize the
structure of GO powder. The FTIR uses a diffuse re-
flection mode and scanning range of 4000—500 cm .

The morphology of GO powder was characterized
by environmental scanning electron microscopy (SEM,
Philips-FEI X130 ESEM-TMP, Eindhoven, Nether-
lands), and the morphology of the sample was ob-
served after metal spraying for 5 min.

Thermogravimetric analysis (TG) was used to test
the loss of GO weight at high temperature in order to
measure the thermal stability of GO.

Characterization of mineralized
COL/nHA/GO composite

The internal microstructure of the mineralized
COL/nHA/GO composite materials and the effect of
mineralization were observed through SEM. Energy
dispersive X-ray spectroscopy (EDX) and X-ray pho-
toelectron spectroscopy (XPS) were used to detect the
change of element atomic. It further verified the pres-
ence of HA deposition in the mineralized composite
material. XRD was used to characterize the composi-
tion of matter and crystal structure. By analyzing its
diffraction pattern, the composition of mineralized
composite materials was obtained.

Bacteriostatic test of mineralized
COL/nHA/GO composite

The beef paste (10 g), NaCl (5 g), AGAR (15-20 g)
and water (1000 mL) were added in the beaker. The
content was heated and stirred constantly until the
AGAR culture medium dissolved. The hot medium
was poured into the triangle, then in 121 high pressure
sterilization for 30 min. The cool sterilization culture

medium was poured into the sterilized Petri dish. The
Staphylococcus aureus was isolated in the sterile wa-
ter and the spores were dispersed for several minutes.
Finally, 10° ¢cFU/mL Staphylococcus aureus suspen-
sions were prepared. A certain concentration of mixed
spore suspension (0.5 mL) was injected into the Petri
dishes with a syringe and the culture medium was
coated evenly. The circular sheet COL/rHA/GO com-
posite material was adhered to the surface of the cul-
ture medium and was cultured in the incubator. The
presence of bacteriostatic ring was observed around
the material after 24 h.

Isolation and culture of osteoblasts

Osteoblasts were isolated from the 2-d-old SD rats
of clean grade under sterile condition and purified by
differential centrifugation technique for several times.
All the procedures were approved by Medical Univer-
sity of Fujian Institutional Animal Care and Use Com-
mittee. Osteoblasts were collected into a 25 cm® cul-
ture flask and cultured in DMEM/F-12 supplemented
with FBS (10%) at 37 °C with 5% (v/v) carbon diox-
ide (CO,). The medium was changed every 2 days and
the passage 3—4 cells were used for follow-up experi-
ments.

Cell viability and proliferation

Cell viability was assessed by AO/EB double
staining. Osteoblasts suspension (1 x 10%) cells/ml
were cultured using the leach liquor of COL/nHA/GO
composite material in 48-well plate and then respec-
tively incubated for 3, 5 and 7 days. The plates were
washed with PBS for three times. A mixture of AO
(100 pg/mL) and EB (100 pg/mL) was then added
under dark environment for 10-min staining, followed
by washing with PBS. Finally, the pictures of strained
cells were observed under an inverted fluorescence
microscope (Olympus, [X71, Tokyo, Japan).

The number of viable cells attached on the
COL/MHA/GO composite material was assessed by
MTT staining [28]. Osteoblasts suspension (1 x 10°)
cells/'mL were cultured using the leach liquor of
COL/nHA/GO composite material in 96-well plate.
Then, 20 uL MTT solution (5 mg/mL in PBS) was
added to each well at different culture time points
(7 days) and incubated at 37 °C with 5% (v/v) CO,
for 4 h. Then, the DMSO (200 uL) was added to the
top of each well to dissolve the formazan crystals. The
absorbances of liquid in each well were measured at
490 nm using an enzyme-linked immunosorbent assay
reader (DNM-9602, Beijing Perlong New Technology
Co., Ltd., China).



68 J. WANG et al.

Statistical analysis

All the original data were presented as the mean
and standard deviation, in the research field, based on
which to make the quantitative analysis. The statistical
significance of the data were performed using analysis
of variance. P < 0.05 was considered statistically sig-
nificant and p < 0.01 was considered to be highly
significant.

3. Results

3.1. Characterization of prepared GO

SEM

As shown in Fig. 1A, the translucent multilayer
sheets of graphite were stacked and a rough surface
with wrinkles was observed. Compared with graphite,
the prepared GO (Fig. 1B) had a distinct outline and
had a smooth and transparent surface, with few layers
and wrinkles at the edges. The morphology of graph-
ite and GO is different because there are few oxygen-
containing groups in graphite, and the layer are easy
to reunite under the effect of van der Waals force. In
the process of GO preparation, edge layer introduces
a large number of reactive oxygen, which increases
the lamellar spacing and greatly reduces the acting
force between layers. After the ultrasonic peeling, the
single-layer structure is presented.

XRD

The XRD spectrogram of GO is shown in Fig. 2A.
The characteristic peak of GO appeared at 11.38 and
there were no other impurity peak. The distance be-
tween the layers was calculated by the following for-
mula:

2dsin@ =nAi )

The 4 is the wavelength of the X ray, the @ is the
diffraction angle, the d is the spacing of the planes,
and n is the diffraction series. Calculation results of d
(0.783 nm) indicates that the oxygen GO has been
separated by ultrasound to get a larger interval. The
results also indicate that the GO with fewer layers can
be produced by this method.

FTIR spectroscopy

GO exhibited major characteristic bands at 3407 cm™,
1625 cm ™' and 1041 cm ™' in Fig. 2(B), which are cor-
responding to the stretching vibration of —OH, car-
boxyl and epoxy. Graphite powder has a relatively
small peak near 3400 cm ', which is attributed to the -
OH stretching vibration of water molecules. The vi-
bration at 1380 cm ™' is a carboxyl c-o vibration, and in
1221 cm™ is a stretching vibration of c-o-c on the GO
surface. Due to the strong hygroscopicity of the GO
sample, the absorption peak of carboxyl or water
molecule was strongest at 1625 cm™'. The presence of
oxygen groups above indicates that the graphite has
been oxidized. These polar groups, especially the
presence of hydroxyl groups, make it easy for GO

Fig. 1. SEM images of Graphite (A) and GO (B)
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Fig. 2. (A) XRD patterns showing the phase of the GO, (B) FTIR spectra
of pure Graphite and GO, (C) TGA curves of GO

to form hydrogen bonds with water molecules. The
results show that GO has good hydrophilicity and
dispersion.

Thermal stability

As can be seen from Fig. 2C, the thermal crack-
ing of GO was divided into two stages. Quality loss
within 0~100 °C was mainly caused by evaporation of
the water molecules in graphene oxide. The main rea-
son of quality loss between 160~280 °C was probably
the oxygen-containing groups in GO, that had under-
gone thermal decomposition and generated volatile
gas CO, CO, and water vapor. The thermal decompo-
sition rate of GO was 62.6% at 800 °C.

3.2. Characterization of mineralized
COL/nHA/GO composite

SEM

The COL/GO composite exhibited loose porous
structures and had a smooth surface (Fig. 3A).

Compared to COL/GO composite, the mineralized
COL/nHA/GO composite exhibited a rough surface
morphology as evidenced by Fig. 3B. In the mineral-
ized COL/nHA/GO composite, the nHA could be
clearly observed to stick to the surface (Fig. 3C, D)
and the pores (Fig. 3E, F). The deposition rate of nHA
was slightly higher on the surface than on the hole
wall because the surfaces of the composite were al-
ways in contact with the SBF solution. However, the
nHA particles did not change the three-dimensional
network structure of the composite. The connectivity
of the holes was good and thus beneficial to the ex-
change of nutrients and excreted metabolites. The hole
wall of the composite was rough, which was condu-
cive for the adhesion of cells.

EDX Spectrums

The EDX analysis results are shown in Fig. 4 and
Table 2 HA with calcium ion deficiency was achieved
by biomimetic mineralization and its Ca/P ratio was
approximately 1.5, which was closer to natural bone than
that of pure HA (Ca/P = 1.67). The quality scores and
atomic number of P and Ca increased in the composites
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containing 4 wt. % GO, which indicated that GO pro- COL that facilitated the effective interaction of Ca ions
moted the biomineralization of collagen scaffolds. The with other mineral ions in the SBF solution, thereby
probable mechanism could be a combination of GO and  accelerating the nucleation and deposition of HA.

— 100 ym ——

———— Ul ——r=—"r

Fig. 3. (A) SEM of a section structure of COL/GO composite materials,
(B) SEM of a section structure of COL/nHA/GO composite materials,
(C, D) surface of COL/nHA/GO composite materials,

(E, F) hole wall of COL/nHA/GO composite materials
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Fig. 4. EDX analysis of the mineralized materials with (A) GO 1 wt. % and (B) GO 4 wt. %

Table 2. Element mass fraction XPS spectrum
and atomic number fraction of the mineralized materials

with (A) GO 1 wt. % and (B) GO 4 wt. % The contents of Ca and P in the mineralized

composite materials were measured by XPS surface

A energy spectrum technology. Figure 5A shows the
Elem Wt. % At % XPS full spectrum of the mineralized composite
CK 18.40 35.50 materials containing 1 wt. % and 4 wt. % GO. The Ca
oK 15.42 22.33 and P elements in two types of composite materials
PK 22.92 17.15 showed no significant difference in energy peak,
Cak 43.26 25.01 which further confirmed the results of SEM and
B EDX. The result supported that the mineralization
Elem Wt % AL % of the COL/GO composite material‘occurre'd with
CK TL.43 YW a certain degree of inorganic-organic hybrid. The
0K 1522 2430 structure and composition of the mineralized
PK 24.24 20.00 COL/HA/GO composites were similar to those of
Cak 49.07 31.28 natural bone.
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Fig. 5. (A) XPS analysis of the scaffolds after mineralization with GO 1 wt. % and GO 4 wt. %, (B) XRD patterns
showing the phase of cross-linked HA and COL/GO before and after mineralization for 3 days
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XRD spectrogram

The XRD spectrogram of pure HA and COL/GO
composites is shown in Fig. 5B. The characteristic
diffraction absorption peaks of the nHA crystal sur-
face (32.0° and 46.5°) were found in the mineralized
COL/nHA/GO composites and pure HA after miner-
alization for 3 days. These two absorption peaks did
not appear on the surfaces of the composites that were
mineralized in the non-soaked SBF solution. This
finding indicates that two diffraction peaks were at-
tributable to the nucleation of nHA during minerali-
zation. In this experiment, nHA generation was ob-
served in the COL/GO composites under in situ
synthesis conditions.

3.3. Bacteriostatic test of mineralized
COL/nHA/GO composite

The antibacterial coil method was used to measure
the bacteriostasis of the mineralized COL/nHA/GO
composites and the size of inhibition zone in the
process of Staphylococcus aureus growth were used
to evaluate the antimicrobial properties of the com-
posites.

In Fig. 6, the antibacterial ring around GO powder
was obvious, indicating that GO powder possesses
remarkable bacteriostasis. This result is consistent
with previous research results [4], [18], [31]. There
was almost no inhibition zone around the pure colla-
gen membrane. The results showed that the antibacte-
rial properties of pure collagen were poor. Compared
to the pure collagen membrane, the COL/GO com-
posite was surrounded by an obvious bacteriostatic

A
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5 days 7 days

COL
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COL/nHA/GO COL/nHA/GO

(4 wt%)

J. WANG et al.

ring. The average length of the bacteriostatic ring in
the COL/GO composite (4 wt. % GO) was about 2 cm
and in the COL/GO composite (1 wt. % GO) was
about 1.6 cm. The results indicated that the antibacte-
rial properties of collagen increased after the addition
of GO and that they improved along with the increase
of GO content in a certain range. The role of COL/GO
composite surface in the inhibition of Staphylococcus
aureus can be attributed to the composite material in
the blocking of bacteria and nutrients or oxidative
stress. Therefore, improving the surface roughness of
materials can promote the inhibition of bacteria.
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Fig. 6. Inhibition zone of different composites

3.4. Cell viability and proliferation

The viability and morphology of osteoblasts in the
COL/MHA/GO composite materials were evaluated
via AO/EB staining. As shown in Fig. 7(A), viable
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Fig. 7. (A) AO/EB staining of osteoblasts in the leach liquor of COL, COL/nHA/GO (1 wt. %)
and COL/nHA/GO (4 wt. %) composite material after 3, 5 and 7 days of culture, (B) Proliferation of osteoblasts cultured on COL,
COL/nHA/GO (1 wt. %) and COLl/nHA/GO (4 wt. %) composite materials after 7 days of culture
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cells exhibited a bright green and apoptotic cells ap-
peared red orange. A large number of bright green dots
were observed after 3-, 5- and 7-days culture. The re-
sult indicated that osteoblasts have better activity in
COL/nHA/GO composite. The COL/nHA/GO com-
posite also provided suitable and favorable physio-
logical environment for cell attachment.

The growth and proliferation of osteoblasts in the
leach liquor of COL/nHA/GO composite material are
shown in Fig. 7B. The osteoblasts showed good pro-
liferation capability in three groups. Compared to the
situation in the COL control group, the absorbance of
osteoblasts on the composites (1 wt. % and 4 wt. % GO)
was significantly increased. No statistically significant
difference was observed between the COL/nHA/GO
1 wt. % and COL/rHA/GO 4 wt. % groups (p > 0.05).
The mineralized COL/nHA/GO composites had good
biocompatibility.

4. Discussion

Biomimetic mineralization is conducted to prepare
scaffold materials for bone tissue engineering. Bio-
mimetic mineralized scaffolds have been used for bone
injury treatment in the past several decades. In this
study, COL/nHA/GO composite materials were pre-
pared through the SBF method with COL/GO as a ma-
trix template.

SEM demonstrated that nHA particles appeared on
the surface and hole wall of the composite materials.
Furthermore, after mineralization, the nHA particles
preserved the structural and improved biomechanical
integrity of the COL/nHA/GO composite. It happened
because biomimetic mineralization can synthesize
mineral materials that have similar structures and prop-
erties to natural bone. XPS, EDX spectra, and XRD
patterns exhibited significant Ca and P peaks. The re-
sults showed that the prepared composite was mineral-
ized COL/nHA/GO. Antibacterial assay of the compos-
ites showed an inhibiting effect on S. aureus bacterial
growth. Within a certain range, the bacteriostatic
properties of the mineralized COL/nHA/GO compos-
ite improved with the increase of GO content. This is
consistent with the previous results, which found that
GO composite has good bacteriostatic properties [4],
[18], [31]. The proliferation of osteoblasts in the bio-
mimetic mineralized composite materials was ob-
tained with the MTT method. The materials after min-
eralization exhibited no cytotoxic effect on osteoblasts
and demonstrated remarkable biocompatibility. It is
related to the good biocompatibility of COL and GO.

Because GO has no significant effect on cell prolif-
eration, there was no significant difference in cell
proliferation and activity among different concentra-
tions of GO (1 wt. % and 4 wt. %). Composite materi-
als can overcome the disadvantages of a single mate-
rial, so the result of AO/EB staining indicated that
osteoblasts has a better activity in COL/nHA/GO com-
posite than in pure COL scaffolds. These results
showed that the composition of the scaffolds provided
a suitable and favorable physiological environment for
cell attachment and could become a promising candi-
date for bone tissue engineering.

5. Conclusion

In this work, the single lamellar structure of GO
powder was prepared via an improved Hummers’
method. Then, COL/GO composites were immersed in
SBF (1.5xSBF) for biomimetic mineralization to obtain
COL/nHA/GO composite materials. SEM, XPS, EDX
spectra, and XRD of the mineralized COL/nHA/GO
composites were examined. The results showed that
nHA was synthetized in situ in the COL/GO compos-
ites. The antibacterial properties of collagen increased
after the addition of GO. The results of MTT and
AO/EB showed that the mineralized COL/nHA/GO
composites exhibited no cytotoxic effect on osteo-
blasts and had good cellular activity. In summary, the
COL/nHA/GO composite materials exhibited remark-
able physical and chemical properties and biocom-
patibility, and had the potential to be used in bone
repair tissue engineering.
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