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� GO was employed to in situ
synthesize GO-HAP via hydrothermal
reaction.

� GO-HAP was blended with PLLA to
fabricate biopolymer scaffold via SLS.

� Uniformly decorated HAP on GO was
about 5 nm in diameter and 60 nm in
length.

� The adddition of GO-HAP enhanced
compressive strength and modulus of
PLLA scaffold.

� The PLLA/GO-HAP scaffold displayed
good bioactivity and favorable
cytocompatibility.
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Introduction: It is urgently needed to develop composite bone scaffold with excellent mechanical prop-
erties and bioactivity in bone tissue engineering. Combining graphene oxide (GO) and hydroxyapatite
(HAP) for the reinforcement of biopolymer bone scaffold has emerged as a promising strategy.
However, the dispersion of GO and HAP remains to be a big challenge.
Objectives: In this present work, the mechanical properties of GO and the bioactivity of and HAP were
combined respectively via in situ synthesis for reinforcing biopolymer bone scaffold.
Methods: GO nanosheets were employed to in situ synthesize GO-HAP nanocomposite via hydrothermal
reaction, in which their abundant oxygen-containing groups served as anchor sites for the chelation of
Ca2+ and then Ca2+ absorbed HPO4

2- via electrovalent bonding to form homogeneously dispersed HAP
nanorods. Thereby, the GO-HAP nanocomposite was blended with biopolymer poly-L-lactic acid (PLLA)
for fabricating biopolymer scaffold by selective laser sintering (SLS).
Results: GO nanosheets were uniformly decorated with HAP nanorods, which were about 60 nm in length
and 5 nm in diameter. The compressive strength and modulus of PLLA/12%GO-HAP were significantly
increased by 53.71% and 98.80% compared to the pure PLLA scaffold, respectively, explained on the base
of pull out, crack bridging, deflection and pinning mechanisms. Meanwhile, the mineralization
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experiments indicated the PLLA/GO-HAP scaffold displayed good bioactivity by inducing the formation of
apatite layer. Besides, cell culturing experiments demonstrated the favorable cytocompatibility of scaf-
fold by promoting cell adhesion and proliferation.
Conclusions: The present findings show the potential of PLLA/GO-HAP composite scaffold via in situ syn-
thesis in bone tissue engineering.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Graphene oxide (GO), as an oxidized form of graphene sheets,
has attracted tremendous attention in reinforcing biopolymer
because of the excellent mechanical properties [1–3]. It can form
strong interfacial interactions with biopolymer matrix [4,5], and
provide reactive sites for generating new composites with superior
properties as compared to their individual components on account
of the presence of plentiful oxygen functional groups [6–8].
Hydroxyapatite (HAP), as a calcium phosphate, possesses excellent
bioactivity and osteoconductivity because of its chemical composi-
tion similarity to natural bone [9–11]. Meanwhile, it has been usu-
ally used as a mechanical reinforcement phase for biopolymer,
while the reinforcing effect of HAP is not to be compared with that
of GO resulted from its intrinsic brittleness [12–14]. Hence, the
combination of GO and HAP will show great potential for the rein-
forcement of biopolymer due to their superiority in mechanical
properties, bioactivity and osteoconductivity.

Recently, some strategies including solution blending, chemical
grafting and so on have been implemented in combining GO and
HAP for the reinforcement of biopolymer. Bhahat et al. applied
solution blending to introduce GO and HAP into collagen and fab-
ricated Col/GO/HAP nanocomposite scaffold via freeze drying, and
found that the compressive stress and biocompatibility were
improved [15]. Renet al. implemented solution blending to intro-
duce GO and HAP into poly (L-lactic-co-glycolic acid) (PLGA) and
fabricated PLGA/GO/HAP nanofibre scaffold via electrospinning,
and discovered that the tensile strength and cytocompatibility
were improved [16]. Xiong et al. treated HAP with glucosamine
and then blended it with GO and sodium alginate (SA) to fabricate
GO/HAP/SA nanocomposite scaffold through freeze drying, and
found that the compressive properties and bioactivity of the scaf-
fold were better than those of neat SA scaffold [17]. The above
methods introduced GO and HAP into biopolymer, however, to
the best of our knowledge, the dispersion of GO and HAP remained
a challenge.

In situ synthesis provided a potentially attractive strategy to
synthesize GO-based nanocomposites with good dispersion and
interfacial bonding as in this method the stacking of GO nanosheets
can be reduced by the grown inorganic phase, and the powerful
bonding between inorganic phase and GO nanosheets can be
obtained by the nucleation and growth of nanocrystals [18–20].
Previous reports have demonstrated that the abundant mineraliza-
tion related groups (epoxide, and carboxylic groups) on GO surface
can act as effective nucleation sites for precipitating Ca2+, and then
regulate the nucleation and growth process of HAP nanocrystals
[21,22]. The HAP nanocrystals can form tight interfacial bonding
with GO nanosheets and distribute homogeneously on the surface
of GO nanosheets thus avoiding their aggregation [23–25].

In this present work, GO nanosheets were employed to in situ
synthesis HAP via hydrothermal reaction with the assistance of
calcium and phosphorus precursors. The GO-HAP nanocomposite
was introduced into biopolymer PLLA, and selective laser sinter-
ing (SLS) was employed to fabricate porous PLLA/GO-HAP bone
scaffold. The phase composition and microstructure of GO-HAP
nanocomposite were analyzed to study the in situ growth. The
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compressive properties of the scaffold were investigated, and
the crack propagation mechanisms were discussed. Meanwhile,
the bioactivity was assessed by simulated body fluid (SBF)
immersion test and the apatite forming ability was investigated
by studying the morphology and element composition. Besides,
the cytocompatibility was analyzed by studying cell adhesion
and proliferation.
Materials and methods

Reagents and materials

GO with product number TNG-10 was provided by Chengdu
Organic Chemicals Co., Ltd. of Chinese Academy of Sciences.
Ammonia solution (NH4OH), diammonium hydrogen phosphate
((NH4)2HPO4) and calcium nitrate tetrahydrate (Ca(NO3)2 4H2O)
were provided by Sinopharm Chemical Reagent Co., Ltd. PLLA pow-
ders with a molecular weight of 150 kDa were obtained from Shen-
zhen Polymtek Biomaterial Co., Ltd.
In situ synthesis of GO-HAP composite powders

Synthesis of GO-HAP composite powders was presented in
Fig. 1(a). In detail: A certain amount of GO was added in deionized
water, and a uniform light-yellow suspension was obtained by
ultrasonic treatment, indicating that GO was uniformly exfoliated
into flakes. Ca(NO3) 4H2O and (NH4)2HPO4 were used as precursors
of calcium and phosphorus to in situ synthesize HAP, respectively.
The molar ratio of calcium and phosphorus in the experiment was
controlled at 1.67, which was consistent with the molar ratio of
calcium and phosphorus in human bone components. Ca(NO3)
4H2O was sufficiently dissolved in deionized water and then added
to the above mentioned GO suspension. The pH was controlled at
10 using ammonia water, and magnetically stirred for 1 h under
a water bath at 50 �C to promote sufficient reaction between
Ca2+ and the functional groups of GO. (NH4)2HPO4 was slowly
added to the GO-Ca2+ system with continuous stirring, and the
mixed solution further reacted at 60 �C for 6 h, while pH was con-
trolled above 10 with ammonia water. Thereafter, the mixed solu-
tion was aged in an environment of 50 �C for 1 d. After
centrifugation, the precipitates were repeatedly rinsed five times,
and GO-HAP composite powders were obtained after drying.
Fabrication of scaffolds

PLLA/GO-HAP composite powders were fabricated through the
following steps, as presented in Fig. 1(b). The powders mixed in
different proportions were respectively added in deionized water,
and then 30 min of ultrasonic treatment was performed. The
obtained solution was continuously stirred in 50 �C environment
for 2 h, and then poured into a centrifuge tube and centrifuged
continuously at a speed of 6000 r/min for 8 min. The precipitates
were collected and dried overnight to obtain composite powders.
According to different mass fraction ratios of 100:0, 96:4, 92:8,
88:12 and 84:16, different ratios of composite powders were pre-
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Fig. 1. Schematic diagram of the preparation of GO-HAP composite powders via in situ synthesis (a), the preparation of PLLA/GO-HAP composite powders (b), the three
orthographic views of the PLLA/GO-HAP (c) and PLLA (d) scaffolds.
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pared and defined as PLLA, PLLA/4%GO-HAP, PLLA/8%GO-HAP,
PLLA/12%GO-HAP and PLLA/16%GO-HAP, respectively.

An SLS system with CO2 laser, 3D galvanometer scanner and
computer-control system was used to fabricate the PLLA and
PLLA/GO-HAP scaffolds. The specific process was as follows: The
3D model of the scaffold was drawn in a computer with 3D draw-
ing software and imported into the control system. The composite
powders were evenly spread on the workbench, and then a laser
beam sintered powder layer based on the slicing data of the 3D
model. Afterward, the workbench declined a height of sintered
layer, and a new layer of composite powders was spread. After
15
repeated layers of powdering and sintering, a porous scaffold with
the size of U15 mm � 15 mm was finally formed, as presented in
Fig. 1(c, d).

Characterization

The micromorphology analysis of the composite powders was
performed using a transmission electron microscope (TEM, FEI)
at an accelerating voltage of 100 kV. A drop of GO-HAP composite
suspension (the solution was formed by dispersing GO-HAP in
deionized water) was dropped onto copper grids, and then dried
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to prepare the specimens for TEM imaging. The morphology and
element composition were evaluated with a Phenom ProX scan-
ning electron microscope (SEM) and an energy dispersive spec-
trometer (EDS) (PhenomWorld BV) at an accelerating voltage of
15 kV. In the case of SEM, the specimens were sputter-coated with
a thin film of gold before the examination.

To study the functional groups of the composition powders,
Fourier transform infrared (FTIR) spectra were recorded via spec-
trophotometer (Changsha Tianheng Scientific instrument Equip-
ment Co., Ltd.) ranging from 400 to 4000 cm�1, with a resolution
of 2 cm�1 using a KBr pellet method. Raman spectra were recorded
using micro-Raman spectroscopy, the specimens were excited by a
laser source with a wavelength of 532 nm. The phase composition
of the fabricated scaffolds and powders was investigated using X-
ray diffraction (XRD) diffractometer (New Empyrean Co., Ltd.)
using Cu-Ka radiation at 40 mA and 40 kV. Scanning was per-
formed with 2h values ranging from 5 to 80� at a rate of 8�/min.

Mechanical properties, wettability and thermal properties

According to the American Society for Testing and Materials
(ASTM) D6641 standard, compression properties were evaluated
with a mechanical testing machine (Ji’nan Zhongluchang Testing
MachineManufacturing Co., Ltd.) at room temperature. The scaffold
specimen size was U5 mm � 7 mm, and the crosshead speed was
set to 0.5 mm/min. A compressive load was applied to the specimen
continuously until it was completely destroyed. The compression
test sensor recorded the stress-strain curves of this process at the
meantime. The compressive strength and modulus were computed
from the strain-stress curve. The compressive modulus of the spec-
imen was calculated from the slope of the initial elastic deforma-
tion stage of the curve, and the compressive strength was
calculated by the ratio of the peak load to the cross-sectional area
of the specimen. Each ratio was tested five times, and the average
of which was computed to determine final result.

Contact angle experiments were performed with an attention
theta lite optical tensiometer (Biolin Scientific Co., Ltd.). Specimens
with a size of 10 � 10 � 2 mm3 were placed on the experimental
workbench. A drop of distilled water was added to the specimen
surface by a microinjector, and the measurement was performed
within 10 s. The contact angles of 6 random contact test points
per specimen were studied. Thermal properties were evaluated
using a thermogravimetric analysis (Nanjing Dazhan Electrome-
chanical Technology institute). About 8 mg of the composites were
enclosed in ceramic crucible, and then heated from room temper-
ature to 500 �C at a rate of 10 �C/min under nitrogen atmosphere.
The thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) curves of the composites at 50–500 �C were
measured to investigate the thermal stability. The 300–450 �C
range on the TGA curve was enlarged to better observe the main
mass loss stage. After fitting the polynomial to the data of TGA,
the derivative thermogravimetry (DTG) curves were obtained by
calculating the first derivative of the polynomial.

Mineralization experiment

To assess the bioactivity, the scaffolds were immersed into SBF
for 28 d. After the period, the scaffolds were separated from SBF
solution, and then cleaned with deionized water and dried. The
morphology of scaffolds after the test was visualized by SEM, and
the element composition of apatite layer was carried out by EDS.

Cytocompatibility

Scaffolds were sterilized under UV-light for 1 h and then located
in the 12-well plate. MG-63 were seeded (50000 cells/scaffold) into
16
scaffolds and incubated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum and 1% antibiotic.
They were cultured for 1, 3 and 5 d in a humidified atmosphere.

The cell seeded scaffolds were washed gently in phosphate buf-
fered solution (PBS) after the stipulated time. For determining the
cell morphology, the specimens were fixed with 2.5% glutaralde-
hyde. Subsequently, the cells on the scaffolds were allowed to
dehydrate for about 10 m each in a graded ethanol series and dried
in air. Finally, the cell seeded scaffolds were sputtered with plat-
inum and then observed using SEM. For evaluating cell viability,
the specimens were stained for 30 m with 15 lgmL�1 calcein
AM, and then were analyzed via fluorescence microscopy (Olym-
pus Corporation, Tokyo, Japan). In detail, the live cells were green
in the obtained images.
Statistical analysis

All the data were presented as mean ± standard deviation, and
SPSS version 19 (IBM Co.) was employed to assess statistical signif-
icance. Labels *, ** and *** represented P < 0.05, P < 0.01 and
P < 0.001, respectively.
Results and discussion

GO, GO-HAP composite powders

Raman spectra of GO and GO-HAP were presented in Fig. 2(a).
Compared to that of GO, the spectrum of GO-HAP possessed a peak
at 964 cm�1, which was attributed to non-degenerated symmetric
stretching vibration of PO4

3- group [5]. Typical D and G bands of GO
were appeared at 1335 and 1586 cm�1, respectively [26]. The D
and G bands for GO-HAP were located at 1345 and 1593 cm�1,
respectively. The red-shift could be attributed to the physical or
chemical mutual effect between GO lattice and HAP nanocrystalli-
nes [20,27]. The ID/IG value of GO was 1.15, while the ID/IG value of
GO-HAP was 1.11, as displayed in Fig. 2(a). The slight decrease in
ID/IG value represented the decrease of defect density in GO. It
could be well documented that due to the partial reduction process
resulting from the hydrothermal reaction of in situ synthesis, the
oxygen functional groups on GO sheets could be removed and
the conjugated graphene network (sp2 carbon) would be reestab-
lished by the formation of double bonds [28]. To further identify
the functional groups of synthesized composite powders, FTIR
analysis was performed, as displayed in Fig. 2(b). Typical transmit-
tance bands of GO at 3398, 1735 and 1622 cm�1 were ascribed to
AOH stretching, the stretching vibration of AC@O and the stretch-
ing vibration of aromatic C@C, respectively [29]. As to the spec-
trum of GO-HAP, the stretching mode and librational mode of
the structural AOH which appeared at 3569 and 632 cm�1 were
not clearly observed, and the intensity of the peak for AC@O
decreased. These changes indicated the formation of reduced GO
in the GO-HAP composite powders after hydrothermal treatment
[30]. Furthermore, the bands at 1099 and 1033 cm�1 represented
the asymmetric stretching vibrations of P-O in PO4

3- groups, while
the bands at 568 and 601 cm�1 were ascribed to the bending vibra-
tions of O-P-O in PO4

3- groups [4]. The vibrations of PO4
3- groups

proved the possible formation of HAP in the GO-HAP composite,
which was consistent with Raman analysis. The XRD patterns pre-
sented in Fig. 2(c) confirmed the crystalline nature of GO and GO-
HAP. The sharp characteristic peak at 2h = 10.9� was attributed to
the (001) plane of GO. The Bragg reflection peaks at 2h values of
26.0�, 32.0�, 33.0�, 34.2�, 40.0�, 46.8�, 49.5� and 53.3� corresponded
to the (002), (211), (112), (300), (310), (222), (213) and (004)
diffraction planes of HAP, respectively, agreed quite well with the
JCPDS card (No. 09e0432) [10]. Meanwhile, the intact diffraction



Fig. 2. Raman spectra (a), FTIR spectra (b) and XRD spectra (c) of GO and GO-HAP.
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peaks indicated that the obtained HAP particles were nano crystal-
lites, which had been suggested to have excellent osseointegration
properties and to be easier to be embedded into the GO nanosheets
[11,21]. The synthesized GO-HAP composite powders displayed
the similar diffraction peaks as those of the GO and HAP. Thus, con-
sidering the results of FTIR, Raman and XRD, the successful forma-
tion of HAP on the surface of GO was demonstrated by the
chemical characterization.

The surface properties of GO and GO-HAP powders were
demonstrated by using SEM, EDS and TEM as shown in Fig. 3.
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The images in Fig. 3(a, c) displayed the folds and scrolls at the
rim of the GO, which would be beneficial for the mechanical inter-
locking as well as the adhesion with the HAP [22]. Meanwhile, GO
possessed a high specific surface area, which could effectively
enhance the loading levels of the HAP [21,31]. The surface mor-
phology of GO-HAP composite powders presented in Fig. 3(d)
demonstrated a rough structure with many cluster-like granules.
Besides, the uniform element mapping distribution of C (Fig. 3
(b)) and Ca (Fig. 3(e)) elements implied that the HAP nanorods
was uniformly dispersed in the GO matrix. This result was further
confirmed by TEM, which illustrated a homogeneous dispersion of
HAP nanorods onto GO nanosheets as well as the sheet edges as
shown in Fig. 3(f). Moreover, the HAP nanorods possessed a typical
rod-like shape, the nanometric size of which was about 60 nm in
length and 5 nm in diameter.

The formation mechanism of HAP nanorods on GO nanosheets
was demonstrated in Fig. 4. GO nanosheets possessed abundant
oxygen-containing groups including hydroxyl, epoxy, carboxyl
and carbonyl groups [4,5,32], which acted as anchor sites that
induced the in situ growth of HAP nanorods on GO nanosheets
[25,33]. In the initial stage, Ca2+ was added to the sonicated GO
solution to chelate with the oxygen atoms of the epoxy groups as
well as the carbonyl groups. Then, HPO4

2-, formed by the dissolution
of Na2HPO4 under an alkaline environment, reacted with Ca2+ via
electrovalent bonds [5,20,34]. Therefore, a large number of HAP
nuclei was formed and uniformly distributed on the GO
nanosheets under stirring condition. As a result, the HAP nuclei
gradually crystallized and grown into nanorods in a hydrothermal
environment.

Properties of scaffolds

The morphologies of GO-HAP in the polymer matrix were
observed by SEM (Fig. 5). Compared with the flat surface of the
pure PLLA, the PLLA/GO-HAP scaffolds with 4%, 8% and 12% mass
fractions of GO-HAP appeared well dispersed white particles.
Among them, white sheets corresponding to GO were observed
on the scaffolds added with 8% and 12% GO-HAP, which was also
consistent with previous studies [35]. When the mass fraction con-
tinued to increase to 16%, large amounts of aggregation were
formed, and even apparently continuous phases appeared, indicat-
ing that the dispersion was poor under this proportion of load. In
previous study, GO and HAP were prone to agglomeration when
they were mixed with polymers [36,37]. GO tended to form irre-
versible agglomerates in the polymer matrix due to the strong
van der Waals force among them, and the aggregation of HAP nano
particles in the polymer matrix was ascribed to high surface energy
as well as large surface area [36,38]. However, for the GO-HAP
nanocomposite produced by the in situ growing method, HAP
nanorods uniformly grew on the surface of GO [22]. By being
inserted into the nanosheets of GO, HAP reduced its stacking
[39]. Therefore, HAP nanorods and GO nanosheets formed a syner-
gistic system that supported each other to reduce agglomeration
and promoted dispersion.

The compressive properties of the scaffolds including com-
pressive strength and modulus were shown in Fig. 6. GO and
HAP as the additive phases could enhance the mechanical proper-
ties of the polymer to a certain extent, which explained that the
mechanical properties of composite scaffolds were improved
compared to the pure PLLA scaffold [4,25]. Among them, the
PLLA/12%GO-HAP scaffold had the highest strength and modulus,
which were 21.52 MPa and 4.99 GPa, respectively. For the
PLLA/16%GO-HAP scaffold, the compressive strength and modulus
decreased slightly to 19.00 MPa and 4.90 GPa, respectively. Their
dispersion in the polymer matrix was also a key factor affecting
mechanical properties [40,41]. Although GO-HAP content was
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Fig. 3. SEM morphologies (a, d) and the corresponding EDS mapping images (b, e), TEM images (c, f) of GO (a-c) and GO-HAP (d-f) powders.
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Fig. 4. In situ grown mechanism of HAP nanorods on GO nanosheets: pure GO nanosheets (a), chelation of Ca2+ with GO nanosheets (b), growth and crystallization of HAP
nanorods (c), nucleation of HAP (d).
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Fig. 5. Morphologies of the pure PLLA scaffold (a), and the PLLA/GO-HAP scaffolds with 4% (b), 8% (c), 12% (d) and 16% (e) mass fractions of GO-HAP.

Fig. 6. Compressive properties of the pure PLLA and PLLA/GO-HAP scaffolds: compression testing image (a), stress-strain curves (b), variation of compressive strength (c),
variation of compressive modules (d).
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the highest, the compression performance of PLLA/16%GO-HAP
scaffold decreased due to the poor dispersion as previously
described. Therefore, as the mass fraction increased, the mechan-
ical properties of the scaffold firstly increased and then decreased
[42].

The crack propagation morphologies in the scaffolds were
observed by SEM, as presented in Fig. 7(a-d). It could be observed
that the crack bridging, pull out, crack deflection, crack pinning
hindered the crack propagation. The corresponding crack exten-
sion models were proposed, as presented in Fig. 7(e). Crack bridg-
ing appeared when GO-HAP connected the crack interfaces in the
crack wake. On the other hand, when fracture occurred in the scaf-
folds, GO-HAP might be pulled out from the PLLA matrix. Cracks
generally expanded in one direction without deflection during
extension [43]. When the crack encountered the GO-HAP
nanocomposite, it would be forced to veer off the original course
due to tilt and torsion, or be pinned. The above effects would
induce the cracks to consume more energy when it propagated,
thus enhancing the mechanical properties [4].

Bioactivity, the ability to form bone-like apatite layer, was an
important character of bone scaffold [11,44]. Apatite phase formed
on the PLLA/GO-HAP scaffolds after immersed in SBF for 28 d were
investigated by SEM, as shown in Fig. 8 (a-h). It could be observed
that clustered dandelion-like apatite deposited on the scaffolds,
Crack bridging

Pull out

(b) (c(a)

(e)
Crack bridging

Pull out

Fig. 7. SEM images of crack propagation in the PLLA/GO-HAP scaffolds including pull out
crack extension model (e).
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while the area of apatite layer became larger with the proportion
of GO-HAP increased. To identify the chemical compositions of
the deposits, EDS was conducted on the scaffolds as shown in
Fig. 8 (i-l). According to the EDS spectra, the elements were mainly
C, O, Ca and P. Meanwhile, the Ca/P ratio of the deposits increased
from 1.47 to1.65 as the GO-HAP mass fraction increased from 4% to
16%, which were gradually close to the 1.67 of HAP [10]. The
results revealed that the PLLA/GO-HAP scaffolds owned well bioac-
tivity to induce bone-like apatite layer, which was vital to form a
chemical bond between the implant scaffold and living bone tissue
[13,45]. Previous studies had demonstrated that pure PLLA lacked
bioactivity, therefore the well bioactivity was attributed to GO-
HAP [11].

In order to evaluate the thermodynamic properties, TGA and
DSC thermodynamic analyses were performed on the pure PLLA
and PLLA/GO-HAP scaffolds as shown in Fig. 9 (a, c). It could be
observed that the specimens mass remained basically stable
within 250 �C, and the main mass loss stage was between 300
and 450 �C (Fig. 9(a)). The continuous weight loss in the front part
of the curve for the PLLA/GO-HAP specimens was ascribed to the
pyrolysis of GO [14]. In addition, it could be noted that the stable
nature of the PLLA/GO-HAP scaffolds in comparison to the pure
PLLA scaffolds was clarified by the DTG curves (Fig. 9(b)). The peak
temperatures for the highest weight loss rate increased as the GO-
Crack deflection

Crack pinning

) (d)

Crack deflection

Crack pinning

(a), crack bridging (b), crack deflection (c), crack pinning (d), and the corresponding
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Fig. 8. The morphologies of the PLLA/GO-HAP scaffolds with 4% (a, e), 8% (b, f), 12% (c, g) and 16% (d, h) mass fractions of GO-HAP after SBF immersion for 28 d, and the
corresponding EDS spectra (i-l).
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HAP content in the composites was increased, indicating the intro-
duction of GO-HAP was beneficial to the thermal stability. The DSC
curves of the scaffolds were shown in Fig. 9(c). The melting tem-
perature of the PLLA/GO-HAP specimens were 184.68 �C,
186.47 �C, 187.85 �C and 189.32 �C, respectively, which was grad-
ually increased with the addition of GO-HAP as compared to the
183.94 �C of the pure PLLA. The maximum decomposition temper-
atures of the specimens were 372.04 �C, 372.88 �C, 379.47 �C,
389.85 �C and 390.30 �C, respectively. Hence, the thermal stability
of PLLA was enhanced with the addition of GO-HAP, which might
be ascribed to the bonding among HAP nanorods, GO nanosheets
and PLLA molecules [14].

The phase compositions of the sintered scaffolds were analyzed
by XRD, as presented in Fig. 9(d). It can be noted from the patterns
that the two obvious Bragg diffraction peaks around at 2h values of
16.8�and 18.9� were attributed to the (200)/(100) and (203)
planes of PLLA [10]. Besides, the PLLA/GO-HAP scaffolds exhibited
complete characteristic peaks of HAP. Moreover, the typical
diffraction peaks of GO disappeared for several scaffolds, which
was probably attributed to the relative low contents and the good
dispersion of GO [14]. The wettability of the specimens was mea-
sured, as displayed in Fig. 9(e). The contact angle of the PLLA scaf-
fold was about 83.9� which indicated the hydrophobicity of PLLA.
The water contact angle of the PLLA/GO-HAP scaffolds with 4%,
8%, 12% and 16% mass fractions of GO-HAP were 74.1�, 65.9�,
58.7� and 53.6�, respectively. The decrease was ascribed to the
incorporation of GO and HAP with good hydrophilicity [13]. There-
fore, the scaffold presented an increase in hydrophilicity with the
increasing content of GO-HAP.
21
Since the PLLA/12%GO-HAP scaffold exhibited the best proper-
ties in comprehensive consideration of dispersity, mechanical
properties and bioactivity, it was selected for the cytocompatibility
investigation of the scaffold. For this section, MG63 cells were
incubated on the PLLA/12%GO-HAP scaffold for 1, 3 and 5 d. The
viability of MG-63 cells on the PLLA/12%GO-HAP scaffolds was
assayed after 1, 3 and 5 d of cell culture, and the fluorescence
images were presented in Fig. 10(a-c). The cell after 1 d of culture
showed ball-like morphologies, and the number of them increased
with time. The cells extended lamellipodia and filopodia and
spread well, indicating the favorable cytocompatibility of the scaf-
fold [46,47]. Based on these images, the cell densities for different
culture time were counted for accurate assessment, as shown in
Fig. 10(g).

Meanwhile, the cell morphologies of different culture time were
observed by SEM. It could be seen from Fig. 10(d) that MG63 cells
tightly contacted with the scaffold after culturing for 1 d, presented
a plump fusiform. Over time, the cells gradually became polygonal
and formed extensively diffusion as shown in Fig. 10(e). The pres-
ence of the filopodia indicated the well adhesion of cells on the
scaffold [48,49]. Noted from Fig. 10(f), the cells reached confluence
and formed a cell layer when cultured for 5 d. Most of the area on
the scaffolds were covered with cells. The adhesion area of MG63
cell on the scaffolds was calculated based on the above micro-
graphs, as presented in Fig. 10(h). The cells spread and grew well
on the scaffold, indicating the scaffold possessed favorable cyto-
compatibility. This was because GO and HAP possessed a positive
effect on the cell adhesion, which promoted the growth and prolif-
eration of cells [22,25].



Fig. 9. The TGA spectra (a), DTG spectra (b), DSC spectra (c), XRD pattern (d) and contact angle (e) of the pure PLLA and PLLA/GO-HAP scaffolds.
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Conclusions

GO-HAP nanocomposites were prepared by the in situ synthesis
and introduced into PLLA, and the PLLA/GO-HAP scaffolds with
good mechanical properties and bioactivity were fabricated by
SLS. The GO-HAP nanocomposite presented all the functional
groups and the intact crystalline structure of HAP, and the
rod-like HAP nanorods were decorated uniformly on the surface
and at the edges of GO nanosheets. The introduction of 12%GO-
HAP greatly improved the compressive properties of the PLLA scaf-
fold due to the pull out, crack bridging, deflection and pinning
strengthening mechanisms. After being immersed in SBF solution,
apatite layer with Ca/P ratio approaching 1.67 was observed on the
scaffold, indicating the scaffold possessed good bioactivity. The
22
cytocompatibility tests indicated that the scaffold offered a good
environment for adhesion, growth and proliferation of cell.
Compliance with Ethics Requirements

This article does not contain any studies with human or animal
subjects.
CRediT authorship contribution statement

Cijun Shuai: Conceptualization, Supervision. Bo Peng: Method-
ology, Formal analysis, Investigation, Writing - original draft. Pei
Feng: Conceptualization, Writing - original draft, Project adminis-



Fig. 10. The fluorescence staining of cells after culturing on the PLLA/12%GO-HAP scaffolds for 1 (a), 3 (b) and 5 (c) d, and morphology of cells after culturing on the PLLA/12%
GO-HAP scaffolds for 1 (d), 3 (e) and 5 (f) d. The corresponding statistical analysis of cell densities (g) and cell area (h).

C. Shuai, B. Peng, P. Feng et al. Journal of Advanced Research 35 (2022) 13–24
tration. Li Yu: Validation, Software. Ruilin Lai: Resources. Anjie
Min: Data curation.
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.
Acknowledgements

This work was supported by the following funds: (1) The Natu-
ral Science Foundation of China (51905553, 51935014, 82072084,
81871498); (2) Hunan Provincial Natural Science Foundation of
China (2019JJ50774, 2018JJ3671, 2019JJ50588, 2017JJ2392); (3)
The Provincial Key R & D Projects of Jiangxi (20201BBE51012);
(4) JiangXi Provincial Natural Science Foundation of China
(20192ACB20005); (5) The Project of Hunan Provincial Science
and Technology Plan (2017RS3008); (6) The Project of State Key
Laboratory of High Performance Complex Manufacturing, Central
23
South University; (7) Shenzhen Science and Technology Plan Pro-
ject (JCYJ20170817112445033); (8) Technology Innovation Plat-
form Project of Shenzhen institute of Information Technology
2020 (PT2020E002); (9) Scientific research project of Hunan
provincial health commission (B20180054); (10) Changsha science
and technology project (kq1706072).
References

[1] Ambekar RS, Kandasubramanian B. Progress in the advancement of porous
biopolymer scaffold: tissue engineering application. Ind Eng Chem Res
2019;58(16):6163–94.

[2] Murphy SV, De Coppi P, Atala A. Opportunities and challenges of translational
3D bioprinting. Nat Biomed Eng 2020;4(4):370–80.

[3] Kaviyarasu K, Manikandan E, Kennedy J, Maaza M. Synthesis and analytical
applications of photoluminescent carbon nanosheet by exfoliation of graphite
oxide without purification. J Mater Sci-Mater El 2016;27(12):13080–5.

[4] Baradaran S, Moghaddam E, Basirun WJ, Mehrali M, Sookhakian M, Hamdi M,
et al. Mechanical properties and biomedical applications of a nanotube
hydroxyapatite-reduced graphene oxide composite. Carbon 2014;69:32–45.

[5] Ramadas M, Bharath G, Ponpandian N, Ballamurugan AM. Investigation on
biophysical properties of Hydroxyapatite/Graphene oxide (HAp/GO) based
binary nanocomposite for biomedical applications. Mater Chem Phys
2017;199:179–84.

http://refhub.elsevier.com/S2090-1232(21)00058-8/h0005
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0005
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0005
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0010
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0010
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0015
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0015
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0015
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0020
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0020
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0020
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0025
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0025
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0025
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0025


C. Shuai, B. Peng, P. Feng et al. Journal of Advanced Research 35 (2022) 13–24
[6] Kaviyarasu K, Manikandan E, Kennedy J, Jayachandran M,
Ladchumananandasiivam R, De Gomes UU, et al. Synthesis and
characterization studies of NiO nanorods for enhancing solar cell
efficiency using photon upconversion materials. Ceram Int 2016;42
(7):8385–94.

[7] Mbambo MC, Khamlich S, Khamliche T, Moodley MK, Kaviyarasu K, Madiba IG,
et al. Remarkable thermal conductivity enhancement in Ag-decorated
graphene nanocomposites based nanofluid by laser liquid solid interaction in
ethylene glycol. Sci Rep 2020;10(1). doi: https://doi.org/10.1038/s41598-020-
67418-3.

[8] Shuai CJ, Wang B, Bin SZ, Peng SP, Gao CD. TiO2 induced in situ reaction in
graphene oxide reinforced AZ61 biocomposites to enhance the interfacial
bonding. ACS Appl Mater Inter 2020;12(20):23464–73.

[9] Shuai CJ, Zan J, Deng F, Yang YW, et al. Core-shell-structured ZIF-8@
PDA-HA with controllable zinc ion release and superior bioactivity for
improving a poly-l-lactic acid scaffold. ACS Sustain Chem Eng
2021;9:1814–25.

[10] Menazea AA, Abdelbadie SA, Ahmed MK. Manipulation of AgNPs coated on
selenium/carbonated hydroxyapatite/e-polycaprolactone nano-fibrous via
pulsed laser deposition for wound healing applications. Appl Surf Sci
2020;508:145299. doi: https://doi.org/10.1016/j.apsusc.2020.145299.

[11] Wang KK, Cheng WN, Ding ZZ, Xu G, Zheng X, Li MR, et al. Injectable silk/
hydroxyapatite nanocomposite hydrogels with vascularization capacity for
bone regeneration. J Mater Sci Technol 2021;70:91–104.

[12] Duan PZ, Shen J, Zou GH, Xia X, Jin B. Biomimetic mineralization and
cytocompatibility of nanorod hydroxyapatite/graphene oxide composites.
Front Chem Sci Eng 2018;12(4):798–805.

[13] Lin KS, Liu J, Wu JM, Sun Y, Li F, Zhou Y, et al. Selective laser sintered nano-HA/
PDLLA composite microspheres for bone scaffolds applications. Rapid
Prototyping J 2020;26(6):1131–43.

[14] Gong M, Zhao Q, Dai LM, Li YY, Jiang TS. Fabrication of polylactic acid/
hydroxyapatite/graphene oxide composite and their thermal stability,
hydrophobic and mechanical properties. J Asian Ceram Soc 2017;5
(2):160–8.

[15] Zimba BL, Jiang H, Chen L, Li YM, Yu XZ, Chen C, et al. Preparation and
characterization of three-dimension porous collagen/graphene oxide/
hydroxyapatite nanocomposite scaffolds for bone tissue engineering. Open
Sci J 2019.

[16] Ren XS, Liu QY, Zheng S, Zhu JQ, Qi ZP, Fu C, et al. Synergistic delivery of bFGF
and BMP-2 from poly (l-lactic-co-glycolic acid)/graphene oxide/
hydroxyapatite nanofibre scaffolds for bone tissue engineering applications.
RSC Adv 2018;8(56):31911–23.

[17] Xiong GY, Luo HL, Zuo GF, Ren KJ, Wan YZ. Novel porous graphene oxide and
hydroxyapatite nanosheets-reinforced sodium alginate hybrid
nanocomposites for medical applications. Mater Charact 2015;107:419–25.

[18] Chen C, Sun XD, Pan W, Hou Y, Liu R, Jiang X, et al. Graphene oxide-templated
synthesis of hydroxyapatite nanowhiskers to improve the mechanical and
osteoblastic performance of poly (lactic acid) for bone tissue regeneration. ACS
Sustain Chem Eng 2018; 6(3): 3862–3869.

[19] Chong SK, Sun L, Guo, Liu YN, Wang W, et al. Chemical bonding boosts nano-
rose-like MoS2 anchored on reduced graphene oxide for superior potassium-
ion storage. Nano Energy 2019;63:103868. doi: https://doi.org/10.1016/
j.nanoen.2019.103868.

[20] Li M, Wang YB, Liu Q, Li QH, Cheng Y, Zheng YF, et al. In situ synthesis and
biocompatibility of nano hydroxyapatite on pristine and chitosan
functionalized graphene oxide. J Mater Chem B 2013;1(4):475–84.

[21] Raucci MG, Giugliano D, Longo A, Zeppetelli S, Carotenuto G, Ambrosio L.
Comparative facile methods for preparing graphene oxide–hydroxyapatite for
bone tissue engineering. J Tissue Eng Regen M 2017;11(8):2204–16.

[22] Li YL, Liu CL, Zhai HL, Zhu GX, Pan HH, Xu XR, et al. Biomimetic graphene
oxide-hydroxyapatite composites via in situ mineralization and hierarchical
assembly. RSC Adv 2014;4(48):25398–403.

[23] Rodríguez-González C, Cid-Luna H E, Salas P, Castaño VM. Hydroxyapatite
functionalized graphene: A new hybrid nanomaterial. J Nanomater 2014;
940903.

[24] Iacoboni I, Perrozzi F, Macera L, Taglieri G, Ottaviano L, Fioravanti G. In situ
syntheses of hydroxyapatite-grafted graphene oxide composites. J Biomed
Mater Res A 2019;107(9):2026–39.

[25] Ghorai SK, Maji S, Subramanian B, Maiti TK, Chattopadhyay S. Coining
attributes of ultra-low concentration graphene oxide and spermine: An
approach for high strength, anti-microbial and osteoconductive nanohybrid
scaffold for bone tissue regeneration. Carbon 2019;141:370–89.

[26] Zheng XL, Peng YS, Yang Y, Chen JL, Tian HW, Cui XQ, et al. Hydrothermal
reduction of graphene oxide; effect on surface-enhanced Raman scattering. J
Raman Spectrosc 2017;48(1):97–103.
24
[27] Lu YZ, Jiang YY, Wei WT, Wu HB, Liu MM, Niu L, et al. Novel blue light emitting
graphene oxide nanosheets fabricated by surface functionalization. J Mater
Chem 2012;22(7):2929–34.

[28] Türk S, Altınsoy I, Efe GÇ, Ipek M, Özacar M, Bindal C. The effect of reduction of
graphene oxide on the formation of hydroxyapatite and tricalcium phosphate.
Vacuum 2018;148:1–10.

[29] Anjaneyulu RB, Mohan BS, Naidu GP, Muralikrishna R. ZrO2/Fe2O3/RGO
nanocomposite: Good photocatalyst for dyes degradation. Phys B
2019;108:105–11.

[30] Mohan BS, KRavi, Anjaneyulu RB, Sree GS, Basavaiah K. Fe2O3/RGO
nanocomposite photocatalyst: Effective degradation of 4-Nitrophenol. Phys B
2019;553:190–4.

[31] Yan X, Li YJ, Du F, Zhu K, Zhang YQ, Su AY, et al. Synthesis and optimizable
electrochemical performance of reduced graphene oxide wrapped mesoporous
TiO2 microspheres. Nanoscale 2014;6(8):4108–16.

[32] Shams M, Guiney LM, Huang L, Ramesh M, Yang X, Hersam MC, et al. Influence
of functional groups on the degradation of graphene oxide nanomaterials.
Environ Sci-Nano 2019;6(7):2203–14.

[33] Gao F, Wang QX, Gao NN, Yang YZ, Cai FX, Yamane M, et al.
Hydroxyapatite/chemically reduced graphene oxide composite:
Environment-friendly synthesis and high-performance electrochemical
sensing for hydrazine. Biosens Bioelectron 2017;97:238–45.

[34] Xue XZ, Zhang JY, Zhou D, Liu JK. In-situ bonding technology and excellent
anticorrosion activity of graphene oxide/hydroxyapatite nanocomposite
pigment. Dyes Pigments 2019;160:109–18.

[35] Zamani M, Gholibegloo E, Aghajanzadeh M, Salehian F, Sadat Ebrahimi SE,
Ganjali MR, et al. Polyvinyl alcohol-graphene oxide nanocomposites:
evaluation of flame-retardancy, thermal and mechanical properties. J
Macromol Sci A 2020;57(1):17–24.

[36] Wang R, Wu LX, Zhuo DX, Zhang JH, Zheng YD. Fabrication of polyamide 6
nanocomposite with improved thermal conductivity and mechanical
properties via incorporation of low graphene content. Ind Eng Chem Res
2018;57(32):10967–76.

[37] Mozumder MS, Mairpady A, Mourad AH. Polymeric nanobiocomposites for
biomedical applications. J Biomed Mater Res B 2017;105(5):1241–59.

[38] Wang HX, Chen XM, Cheng DJ. Formation and characterization of silica-coated
HAP particles. Sci Eng Compos Mater 2012;19(2):107–12.

[39] Mohandesa F, Salavati-Niasari M. Freeze-drying synthesis, characterization
and in vitro bioactivity of chitosan/graphene oxide/hydroxyapatite
nanocomposite. RSC Adv 2014;4(49):25993–6001.

[40] Shuai CJ, He CX, Peng SP, Qi FW, Wang WG, Yang WJ. Mechanical Alloying of
Immiscible Metallic Systems: Process, Microstructure, and Mechanism. Adv
Eng Mater 2021; 2001098.

[41] Wang GY, Qian GW, Zan J, Qi FW, Yang ZY/ce:given-name>Zhao ZY/ce:given-
name>Zhao ZY/ce:given-name>Zhao ZY/ce:given-name>Zhao ZY/ce:given-
name>Zhao ZY/ce:given-name>Zhao, et al. A co-dispersion nanosystem of
graphene oxide@ silicon-doped hydroxyapatite to improve scaffold properties.
Mater Design 2021;199:109399. doi: https://doi.org/10.1016/
j.matdes.2020.109399.

[42] Shuai CJ, Liu GF, Yang YW, Qi FW, Peng SP, YangWJ, et al. A strawberry-like Ag-
decorated barium titanate enhances piezoelectric and antibacterial activities
of polymer scaffold. Nano Energy 2020;74:104825. doi: https://doi.org/
10.1016/j.nanoen.2020.104825.

[43] Zotti A, Zuppolini S, Zarrelli M, Borriello A. Fracture toughening mechanisms in
epoxy adhesives. Tech 2016:237–69.

[44] Zou Z, Liu W, Cao LH, Liu Y, He TT, Peng SP, et al. Advances in the Occurrence
and Biotherapy of Osteoporosis. Biochem Soc T 2020; 48: 1623–1636.

[45] Qian GW, Zhang LM, Wang GY, Zhao ZY, Peng SP, Shuai CJ. 3D printed Zn-
doped mesoporous silica-incorporated PLLA scaffolds for bone repair. Int J
Bioprin 2021;7:346.

[46] Shuai CJ, Yuan X, Yang WJ, Peng SP, Qian GW, Zhao ZY. Synthesis of a mace-like
cellulose nanocrystal@Ag nanosystem via in-situ growth for antibacterial
activities of poly-L-lactide scaffold. Carbohyd Polym 2021;262:117937. doi:
https://doi.org/10.1016/j.carbpol.2021.117937.

[47] Chen PX, Wang SX, Huang Z, Gao Y, Zhang Y, Wang C, et al. Multi-
functionalized nanofibers with reactive oxygen species scavenging capability
and fibrocartilage inductivity for tendon-bone integration. J Mater Sci Technol
2021;70:91–104.

[48] Shuai CJ, Yu L, Feng P, Zhong YC, Zhao ZY, Chen ZY, et al. Organic
montmorillonite produced interlayer locking effect in polymer scaffold to
enhance interfacial bonding. Mater Chem Front 2020;4:2398–408.

[49] Qi FW, Wang C, Peng SP, Shuai CJ, Yang WJ, Zhao ZY, et al. A co-dispersed
nanosystem of strontium-anchored reduced graphene oxide to enhance the
bioactivity and mechanical property of polymer scaffolds. Mater Chem Front
2021;5(5):2373–86.

http://refhub.elsevier.com/S2090-1232(21)00058-8/h0030
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0030
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0030
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0030
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0030
https://doi.org/10.1038/s41598-020-67418-3
https://doi.org/10.1038/s41598-020-67418-3
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0040
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0040
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0040
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0040
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0045
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0045
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0045
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0045
https://doi.org/10.1016/j.apsusc.2020.145299
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0055
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0055
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0055
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0060
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0060
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0060
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0065
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0065
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0065
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0070
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0070
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0070
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0070
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0075
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0075
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0075
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0075
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0080
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0080
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0080
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0080
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0085
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0085
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0085
https://doi.org/10.1016/j.nanoen.2019.103868
https://doi.org/10.1016/j.nanoen.2019.103868
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0100
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0100
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0100
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0105
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0105
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0105
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0110
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0110
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0110
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0120
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0120
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0120
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0125
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0125
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0125
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0125
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0130
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0130
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0130
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0135
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0135
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0135
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0140
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0140
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0140
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0140
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0145
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0145
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0145
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0150
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0150
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0150
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0150
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0150
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0155
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0155
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0155
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0155
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0160
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0160
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0160
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0165
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0165
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0165
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0165
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0170
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0170
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0170
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0175
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0175
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0175
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0175
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0180
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0180
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0180
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0180
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0185
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0185
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0190
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0190
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0195
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0195
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0195
https://doi.org/10.1016/j.matdes.2020.109399
https://doi.org/10.1016/j.matdes.2020.109399
https://doi.org/10.1016/j.nanoen.2020.104825
https://doi.org/10.1016/j.nanoen.2020.104825
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0215
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0215
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0225
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0225
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0225
https://doi.org/10.1016/j.carbpol.2021.117937
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0235
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0235
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0235
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0235
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0240
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0240
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0240
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0245
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0245
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0245
http://refhub.elsevier.com/S2090-1232(21)00058-8/h0245

	In situ synthesis of hydroxyapatite nanorods on graphene oxide nanosheets and their reinforcement in biopolymer scaffold
	Introduction
	Materials and methods
	Reagents and materials
	In situ synthesis of GO-HAP composite powders
	Fabrication of scaffolds
	Characterization
	Mechanical properties, wettability and thermal properties
	Mineralization experiment
	Cytocompatibility
	Statistical analysis

	Results and discussion
	GO, GO-HAP composite powders
	Properties of scaffolds

	Conclusions
	Compliance with Ethics Requirements
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


