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Abstract

The optimization of the scaffolds to provide a suitable matrix and accelerate the regeneration process is vital for bone tissue
engineering. However, poor mechanical and biological characteristics remain the primary challenges that must be addressed.
For example, although bredigite (Br) has shown great potential for application in bone tissue engineering, it easily fails in
replacement. In the present work, these challenges are addressed by reinforcing the Br matrix with nanosheets of graphene
oxide (rGO) that have been reduced by bovine serum albumin (BSA) in order to enhance the mechanical properties and
biological behavior. The reduction of graphene oxide by BSA improves the water stability of the nanosheets and provides an
electrostatic interaction between the BSA-rGO nanosheets and the Br particles. The high thermal conductivity of the BSA-rGO
nanosheets decreases the porosity of the Br by transferring heat to the core of the tablet. Furthermore, the addition of BSA-rGO
nanosheets into the Br matrix enhances the adhesion of G-292 cells on the surface of the tablets. These findings suggest that
the tablet consisting of BSA-rGO-reinforced Br has encouraging potential for application in bone tissue engineering.

Keywords Bovine serum albumin (BSA) - Reduced graphene oxide (rGO) - Bredigite - Mechanical properties - Bone tissue
engineering

Introduction the need for the regular re-implantation of biomaterials [1-3].
The bioactivity of biomaterials is critical for stimulating the
requisite cell and tissue growth for promoting reconstruc-
tion of the extracellular matrix (ECM) and supporting the
regeneration of hard tissue [4—7]. In particular, the calcium
silicate bio-ceramics have attracted much attention for devel-
oping the requisite bioactive responses for the regeneration,
repair, and remodeling of bone tissue affected by trauma
[8]. Alternatively, the silicate-based bio-ceramics are suit-
able bioactive materials for promoting bone tissue ingrowth
when used in composites or coatings [9—11]. An important
example is the calcium-silicate—-magnesium mineral bredig-
ite (Br), which belongs to the Ca;MgSisO1¢ system. Recent
findings have demonstrated the significant bioactivity of

Bone tissue engineering represents an alternative approach
for repairing and regenerating broken hard tissue that avoids

Esfandyar Askari, Mohammad Rasouli, and Seyedeh F. Darghiasi have
equally contributed to this work as the first authors.

B Seyed M. Naghib
naghib@iust.ac.ir

B Kyong Y. Rhee
rheeky @khu.ac.kr

Nanotechnology Department, School of Advanced
Technologies, Iran University of Science and Technology

(IUST), P.O. Box 16846-13114, Tehran, Iran

Biomaterials and Tissue Engineering Research Group,
Department of Interdisciplinary Technologies, Breast Cancer
Research Center, Motamed Cancer Institute, ACECR, Tehran,
Iran

Department of Mechanical Engineering, College of
Engineering, Kyung Hee University, Yongin 446-701,
Republic of Korea

this bio-ceramic system over the connective bone cells with
the potential to promote not only osteo-conductivity, osteo-
inductivity, and osteogenesis, but also osteo-regeneration due
to the apatite-forming capability provided by the presence
of calcium, silicate, and magnesium [12]. In particular, the
afore-mentioned rapid apatite formation, superb biocompat-
ibility, excellent osteo-inductivity (which facilitates robust
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stimulation of osteoblast proliferation), and high osteogenic
bioactivity have been attributed to the silicon component of
this bio-ceramic [13-15]. Moreover, the mechanical charac-
teristics of Br are very similar to those of cortical bone tissue
[16, 17], thus enabling the Br to support various mechanical
loads and making this material a more appropriate choice
than other bioactive ceramics such as hydroxyapatite or tri-
calcium phosphate [18].

Due to their exceptional physicochemical, electrical,
mechanical, and biological features, as well as their bioac-
tivity and cytocompatibility [8], graphene-based nanosheets
and their derivatives have recently gained a great deal of
attention for applications in theranostics [19], biosensing
[20], tissue engineering [21], imaging [22], lab-on-a-chip
[23], cancer detection [24] and controlled release of ther-
apeutic molecules [25, 26]. Several critical characteristics,
including high surface area, enhanced electroconductivity,
the presence of oxygen-containing functional groups, and
cytocompatibility in the presence of normal cells, have
established graphene as a unique nanosheet for biomed-
ical applications. In particular, cytocompatibility and fast
functional bioactivity have established the graphene-based
nanomaterials and nanocomposites as promising platforms
in cancer therapy, the delivery of therapeutic molecules, tis-
sue regeneration, imaging, and biosensing. In addition to
the afore-mentioned biosensing applications, their chem-
ical characteristics make them applicable for the man-
agement of hypothermia [27]. Further, graphene-mediated
nano-biomaterials are utilized in hard tissue engineering
and bone regeneration [8]. Both graphene oxide (GO) and
reduced graphene oxide (rGO) are exploited in osteogenic
bioactivity of various stem cells to investigate neurogen-
esis [28], adipogenesis [29], myogenesis [30], epithelial
genesis [31], cardiomyogenesis [32], and chondrogenesis
[33]. Furthermore, the graphene-based nanomaterials can
be modified in order to tailor their cytocompatibility, sol-
ubility, and selectivity in biological and physiological sys-
tems [31]. In addition, graphene-mediated nanomaterials
and nanocomposites are broadly exploited in antibacterial
applications [34], cancer-targeting [35], antiviral therapies
[36], and energy storage [37]. Recently, graphene-based
nanofillers have been widely exploited in the forms of GO,
graphene nanoplatelets, and rGO, for improving the mechan-
ical properties of bio-ceramics and bioactive ceramics such
as zirconia/alumina composites [38], hydroxyapatite [39],
alumina (Al;O3) [40], and silicon nitride (Si3Ny) [41].
Most graphene-grafted bio-ceramic nanocomposites display
decreased fracturing due to crack tip shielding, crack deflec-
tion, crack branching, and crack bridging [8]. In addition, Li
et al. used spark plasma sintering to fabricate a nanoscaled
hydroxyapatite on a chitosan—GO composite with a demon-
strable improvement in biocompatibility [42]. Similarly,
Zhang et al. synthesized graphene nanoplatelets—hydroxyap-
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atite nanocomposites with good mechanical characteristics,
cytocompatibility, excellent osteo-conductivity, and apatite-
forming capacity in comparison with pristine hydroxyapatite
[43]. In recent years, GO has appeared as a competitive
nanosheet compared to graphene due to its superior physic-
ochemical and biological properties. For example, Mehrali
et al. used a hydrothermal method and hot isostatic pressing
to prepare rGO-reinforced calcium silicate nanocomposites
with excellent mechanical characteristics, cell proliferation,
osteo-inductivity, and osteogenic bioactivity [8].

In the present paper, the synthesis of a mechanically
enhanced scaffold consisting of BSA-reduced graphene
oxide nanosheets and Br particles is described. The BSA
is shown to stabilize and reduce the graphene oxide
nanosheets to create an electrostatic interaction between the
rGO nanosheets and the Br particles. The structure of the
resulting Br-decorated BSA-rGO nanosheets is examined
by field emission scanning electron microscopy (FESEM)
and confirmed by Raman spectroscopy. In addition, ther-
mal conductivity measurements indicate that the porosity
of the BSA-rGO incorporated Br tablet is considerably
reduced. Moreover, the strong bonding between the BSA-
rGO nanosheets and the Br particles is found to enhance
greatly the hardness of the nanocomposite. Finally, the incor-
poration of the Br particles into the BSA-rGO nanosheet
matrix is shown to enhance the adhesion of osteoblast-like
cells, thus suggesting that this composite is mechanically and
biologically appropriate for bone tissue engineering applica-
tions.

Materials and methods
Materials

The BSA, the raw materials for the synthesis of Br, namely
magnesium nitrate hexahydrate (Mg(NO3),.6H>0), cal-
cium nitrate tetrahydrate (Ca(NO3),.4H,0), and tetraethyl
orthosilicate ((C;H50)4Si, TEOS), and those for the syn-
thesis of GO, namely sulfuric acid (H2SOj4), graphite (C),
hydrogen peroxide (H20O;), and potassium permanganate
(KMnOy), were purchased from Merck and used without
any purification. The G292 clone A141B1 cells (osteoblast-
like cells) were purchased from the Pasteur Institute of Iran
(Iran National Cell Bank, Tehran, Iran). Finally, the peni-
cillin—streptomycin mixture (Pen-Strep), fetal bovine serum
(FBS), Dulbecco’s modified Eagle’s medium (DMEM), and
trypsin were purchased from Gibco (UK).

Br synthesis

Pure Br was synthesized using magnesium nitrate hex-
ahydrate, TEOS, and calcium nitrate tetrahydrate by the
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sol-gel method. First, water was mixed with TEOS and 2 M
nitric acid in the mol ratio of 4:1:0.08 (H,O:TEOS:HNO3)
and the solution was stirred for 30 min for the hydrol-
ysis reaction to proceed. This was followed by the
addition of magnesium nitrate hexahydrate and calcium
nitrate tetrahydrate in the mol ratio of 7:4:1 (Ca(NO3),.
4H,0:TEOS:Mg(NO3)2.6H,0). The solution was stirred at
23 °C for 5 h, held at 60 °C for a further 24 h, and then dried
for 48 h in an oven at 120 °C to obtain the gel. Finally, the
dried gel was calcined in a furnace at 1150 °C for 3 h [44].

Graphene oxide synthesis

GO was synthesized by a modification of Hummer’s method
that avoids the use of sodium nitrate (NaNO3) by using
hydrogen peroxide (HyO») along with sulfuric acid (H,SOy),
graphite, and potassium permanganate (KMnQOy). In detail,
graphite powder (3.0 g) was combined with H>SO4 (70 ml)
and stirred in an ice bath to control the temperature. This
was followed by the gradual addition of KMnOy4 (9.0 g),
taking care that the temperature of the solution did not rise
above 20 °C. The solution was then moved to a pre-heated
oil bath and stirred vigorously for 30 min at 40 °C. At that
time, 150 ml of water was added to the solution, followed by
stirring at 95 °C for 15 min. A further 500 ml of water, along
with 15 mL of HyO; (30%), was then added until the solution
turned from dark brown to yellow. The metal ions were then
removed by washing the solution with a 1:10 HCI aqueous
solution (250 ml), filtering, and drying at room temperature
the obtain the solid [45].

Reduction of GO nanosheets using BSA

The synthesized graphene oxide nanosheets were dispersed
in the deionized water by probe-ultrasonication (25 W, 2 h).
The BSA powders were added to the GO solution in a
250 mg:50 mg ratio (BSA:GO). The pH of the solution was
adjusted to the optimum conditions using NaOH (1 molar).
The reduction process was performed under vigorous stirring
overnight. Importantly, the temperature of the solution was
maintained at 65 °C using a water bath.

BSA-rGO-Br ceramic composite synthesis

Three mixtures with various contents of Br/BSA-rGO (0.5,
1.0, and 2.0 wt%) were prepared (Table 1). For example, 0.5
wt% BSA-rGO-Br composite was prepared by dissolving
BSA-rGO (0.01 g) in 96% ethanol (25 ml). The solution was
mixed by ultrasonication for 2 h, followed by the addition of
Br (2 g) and a further 2 h of ultrasonication. This solution
was then stirred for 24 h, followed by centrifugation for 5 min
at 2000 rpm and drying in an oven at 85 °C for 24 h [46].
Samples of the pure Br and BSA-rGO-Br powders were then

Table 1 The component of Br and Br/BSA-rGO composite samples

Br/BSA-rGO (wt%) Br (g) BSA-rGO (g)
0.5 2 0.01

2 0.02
2 2 0.04

pressed into tablet. The tablets sintered at 1250 °C for 3 h.
In this process, stability of tablets was enhanced and stored
for further characterizations.

Characterization

To characterize the Br—BSA-rGO, BSA-rGO, and Br pow-
ders, Raman spectroscopy was performed using a Renishaw
Invia Raman Microscope with a 514 nm laser, and field emis-
sion scanning electron microscopy (FESEM) was performed
using a high-resolution FEI Quanta 200F instrument in com-
bination with energy dispersive X-ray (EDX) spectroscopy
(Hitachi, S-4800) to determine the chemical compositions.
In addition, the functional groups present in the composites
were identified by Fourier transform infrared spectroscopy
(FTIR) using a PerkinElmer System (USA) in the frequency
range of 4000—400 cm~! [47]. The phase composition and
structure of the powders were identified by XRD analysis
using a Philips diffractometer (30 mA, 40 kV) and mono-
chromated CuKa radiation (wavelength = 0.15406 nm) in
the 20 range of 10-90° with a step size of 0.05 degree/second.
The resulting XRD patterns were analyzed using the PAN-
alytical X’Pert Highscore software. In addition, the surface
charges and particle size distributions of the Brand BSA-rGO
powders were determined by zeta-potential analysis (Zeta
sizer Nano series, Nano ZS90, UK) [48]. The crystallite size
of the Br powders was determined using the Williamson—Hall
equation, as given by Eq. 1:

BcosH =O.89A/D+2A\/e22 sin @, (1)

where B is the full width at half maximum (FWHM) of
the diffraction peaks, A is the X-ray wavelength employed
(h = 0.15406 nm), D is the average crystallite size, ¢ is
internal lattice strain, 6 is the diffraction angle, and A is a
coefficient depending on the strain distribution. Finally, the
phase transformation of the bio-ceramic powder was tracked
via simultaneous thermogravimetric and differential thermal
analysis (TG-DTA) measurements using a thermal analyzer
(STA 504, TA Instruments) [44].

Microhardness testing

Microhardness of the sintered tablets was evaluated by means
of a Vickers microhardness tester (HM V-2, Shimadzu Corpo-
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ration, Japan). A pyramidal diamond indenter was utilized to
the tablets surface under various loads of 0.0856 N, 0.2387 N,
and 0.4956 for 15 s, respectively. Diagonal length of the
indentation was measured by using a micrometric eyepiece
with an objective lens of 40 x in hardness test was repeated
7 times on different locations of tablets.

Cell culture

The G292 (osteoblast like) cells were cultured in DMEM
supplemented with 1% Pen-Strep and 10% (v/v) FBS, then
incubated under a 5% humidified CO, atmosphere at 37 °C
[46]. To harvest the cells for subsequent use, trypsin (0.25%)
was used to suspend the cells from the culture dish wall until
the cell confluence reached approximately 85%.

Cell adhesion

The G292 (osteoblast like) cells were seeded in a 12-well
plate with the various wt% Br-rGO tablets. The cultured cells
on the sample surface were then treated with glutaraldehyde
(4%) at 25 °C for 120 min, washed three times with a phos-
phate buffer saline solution (PBS, 0.1 M), then dehydrated
with graded solutions of water/ethanol (40, 50, 60, 70, 80, 90,
and 100%, respectively). To maintain the original cell mor-
phology, hexamethyldisilazane (HMDS, 0.5 mL) was added
to each well. Finally, the samples were placed in a fume hood
at 25 °C to dry.

Washout property test

To measure the washout property, tablets with 10 mm diame-
ter and 2 mm thickness were fabricated. The tablets (in PBS)
were statically placed in an incubator at 37 °C and 95% rela-
tive humidity for 72 h. The washout mass ratio was calculated
by:

Washout mass ratio
The final weight of the remaining tablets on the net

The weight of whole tablet sample

MTT assay

The G292 (osteoblast like) cells were cultured in DMEM
supplemented with 1% Pen-Strep and 10% (v/v) FBS, incu-
bated under a 5% humidified CO; atmosphere at 37 °C for
2 days. The cells were then collected, seeded into each well
of a 12-well plate at a density of 1x 10*, and cultured in
DMEM supplemented with FBS (10%). The medium with
FBS (10%) without tablets was utilized as a negative con-
trol. After each incubation for 1, 3 and 7 days, 0.5 mg/ml of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) solution was added to every well. After 4 h of
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incubation, dimethyl sulfoxide (DMSQO) was added to stop
the reaction between the cells and the MTT. Eighty micro-
liters of medium of samples was separated in triplicate and
transferred to 96-plate. The optical density (OD) was calcu-
lated at 570 nm wavelength using an Aliza plate reader (Bio
Tek Instruments, USA) [46].

ALP activity

The alkaline phosphatase (ALP) activity was measured using
the appropriate kit (Parsazmun, Iran) according to the man-
ufacturer’s protocol. Briefly, the G292 (osteoblast-like cells
(5 x 10%) were seeded on Brand BSA-rGO-Br tablets in a 24-
well plate and cultured for 1, 3, or 7 days. Then, 20 1 aliquots
of each well supernatants were diluted and mixed with the
kit solution. All of the samples were repeated triplicate.
The Aliza plate reader was used to evaluate the adsorption
changes at 405 nm and 23 °C [46, 49].

Statistical analysis

Measurements were represented as the mean =+ standard
deviation (SD) and were tested using the Student’s T test.
Analyses were performed using the GraphPad Prism soft-
ware, and p values <0.05 were considered to be statistically
significant [48].

Result and discussion
Br characterization

The SEM image in Fig. 1a reveals the surface morphology
and microstructure of the Br, with the sizes of individual and
agglomerated particles ranging from 1 to 10 wm. Meanwhile,
the XRD pattern of the Br powder after heat treatment at
1150°CinFig. 1bdisplays an intense diffraction peak at 260 =
32.23°, corresponding to a d-spacing of 2.77 nm. In addition,
the crystallite size of the Br powder was determined by the
Williamson—Hall equation to be approximately 35.3 nm.

The crystal system of the Br has been reported to be
orthorhombic with cell parameters in the ratio of a:b:c =
0.594:1:0.367 [44]. It is widely known that the behavior of
the bio-ceramics during heat treatment is a significant indi-
cator of their suitability for biological applications. In other
words, thermal analysis can be used to effectively determine
the extent of removal of any toxic by-products and the struc-
tural development of the bio-ceramics in order to demonstrate
that the bio-ceramics have their optimum efficiency. There-
fore, in the present study, thermal analysis was conducted on
the synthesized powder sample.

The corresponding DTA and differential DTA graphs
(Fig. Ic) reveal the appearance of an endothermic peak at
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Fig. 1 SEM (a), XRD (b), dif. DTA and DTA (¢), dif. TG and dif. DTA
(d) of the Br synthesized by the sol-gel method that was calcined at
1150 °C

around 385 °C, which is related to the release of nitrite from
magnesium nitrite, and a second exothermic peak at 870 °C,
which is related to the initiation of Br calcination [50]. The
TG and differential TG traces of the Br powder are pre-
sented in Fig. 1d. Here, the powder weight loss is seen to
have occurred in two main stages, with the first stage (below
580 °C) being related to dehydration of the powder and the
second stage (between 580 and 870 °C) being related to cal-
cination of the Br. BSA-rGO. These processes are marked as
red lines in Fig. 1d [9, 51].

The Raman spectra in Fig. 2a were acquired in order
to assess the graphene structure in the various powders.
Here, the excellent quality of the GO product is revealed
by the presence of the G band at 1570 cm ™!, the 2D band at
2700 cm™!, and the D band at 1350 cm™!. For the GO, the
intensity ratio of the D band to that of the G band (Ip/Ig) is
found to be 1/15, thus indicating the high level of graphene
oxidation [19]. In the Raman spectrum of the BSA-rGO,

the appearance of the D band demonstrates that the vibra-
tion occurred in a hexagonal carbon lattice. Moreover, the
Ip/Ig ratio of 1.18 indicates an increase in the level of sp>
hybridization due to the attachment of the functional groups
[52]. Meanwhile, the FTIR spectra of the GO and BSA-rGO
powders are presented in Fig. 2b. Here, the GO spectrum
(blue curve) exhibits the following adsorptions: 990 cm™!
and 1100 cm™!, which are attributed to the C—O-C tensile
vibration; 1500 cm~! and 1600 cm™", corresponding to the
stretching vibration of the benzene framework; 1800 cm™!
due to the C=0 tensile vibration; and 3400 cm~! due to the
O-H tensile vibration with hydrogen bonding. Meanwhile,
the BSA-rGO spectrum reveals the appearance of a peak at
540 cm~! corresponding to the O=C-NH in-plane bending
vibration, while the carbonyl peak is replaced by a peak at
1600 cm™! due to the cross-linking of amide groups with
0O=C-OH [52].

This indicates that the amine groups of the BSA were
successfully grafted onto the GO surface. In addition, the
appearance of a peak at 2950 cm™! is related to the C-
H tensile vibrations of the BSA methylene group. Briefly,
the formation of the BSA-rGO composite is suggested by
the appearance of the predominant peaks at 2950 cm™~! and
540 cm~! in the spectrum of BSA-rGO, in contrast to that
of the GO powder [53]. The successful formation of BSA-
rGO nanosheets is also indicated by the FESEM image in
Fig. 2c. Moreover, as can be seen in Fig. 2d, a slightly
wrinkled single- and double-layer lamellar structure of the
BSA-rGO nanosheets was established, with the size of the
lamellar structure being about 1 pm.

Structural analysis of graphene-reinforced Br

Any enhancement in the desired features of a composite is
strongly dependent upon the interfacial interaction between
the matrix and the filler; hence, this is an important parameter
in composite formation. In previous work [52], we demon-
strated that BSA-decorated graphene displays a switchable
electrostatic charge at various pH values In the present work,
the zeta potentials of the BSA-rGO and Br powders demon-
strate that the electrostatic interaction between the positively
charged BSA-rGO nanosheets and negatively charged Br par-
ticles provides suitable interfacial bonding (Fig. 3).
Meanwhile, the dispersion of Br particles on the surface
of the BSA-rGO nanosheets is demonstrated in Fig. 4a and b,
while the existence of the BSA-rGO nanosheets themselves
is confirmed by Raman spectroscopy (Fig. 4c). Graphene
and related materials generally display D, G and 2D peaks
in their Raman spectra. Thus, in Fig. 4c, the BSA-rGO spec-
trum exhibits a D band at 1349 cm™! due to the in-plane C—C
bond stretching in graphene, while the G band is located at
1595 cm™~! due to the presence of defects in the structure [52,
54]. The existence of D and G bands in the BSA-rGO-Br
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Fig.3 Zeta potential of Br
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nanocomposite confirmed the persistence of the graphene
nanosheets after enduring the harsh processing conditions.
In addition, significant blue shifts (i.e., shifts to higher fre-
quency) of ~23 and 18 cm™! were observed for the D and G
bands after the addition of graphene to the Br. This was pri-
marily due to the compressive stress applied during the tablet
formation process. Moreover, in Fig. 4c, the Ip/lg ratio is
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seen to be higher for the BSA-rGO-Br than for the BSA-
rGO, thus demonstrating the introduction of some structural
defects into the graphene during the composite formation
process. This observation is in agreement with our previously
reported work [43].

The general challenge in bio-ceramics has been that of
agglomeration leading to decreased dispersion capability.
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Thus, in the present study, the observed semi-uniform disper-
sion of Br particles on the surface of the BSA-rGO nanosheets
provides evidence for a decrease in the rate of agglomera-
tion of the Br particles. This is because the BSA that was
used to reduce and stabilize the graphene nanosheets cre-
ated active sites that could absorb the Br particles and, thus,
inhibit aggregation of the bio-ceramic particles [55, 56]. In
fact, due to the positively charged residues that were deco-
rated on the surface of GO nanosheets, BSA-rGO nanosheets
could co-assembled with some negatively charged materi-
als by mutual electrostatic interaction. As can be seen in

2800

"Ga
¢«
-

Bredigite

BSA-rGO

BSA-rGO-Br

spectrum of Br, BSA-rGO and BSA-rGO-Br (¢) and schematic presen-
tation of electrostatic interaction between nanosheets and microparticles

(@)

Fig. 4d, this interaction generated a sandwich-like structure
in which polygonal Br particles were dispersed in the BSA-
rGO nanosheet layers.

The phase compositions of the BSA-rGO-Br, the BSA-
rGO, and the Br are compared by the XRD patterns in Fig. 5a.
As mentioned in the previous section, the Br crystallite struc-
ture and phase composition were confirmed by the previously
reported literature. In Fig. 5a, it can be seen that the addition
of BSA-rGO into the Br does not alter the phase composi-
tion of the matrix. While the low concentration of graphene
filler in the matrix leads to the absence of a graphene-related
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A

BSA-rGO-Br

Fig.5 XRD patterns of Br and BSA-rGO-Br composite (a), FESEM images of tablet of Br (b), and BSA-rGO-Br tablet (c and d)

peak, the relatively sharp and broad peak at around 20-27°
demonstrates the presence of BSA-rGO in the BSA-rGO-Br
nanocomposite XRD pattern [53].

The porosities of the Br and the BSA-rGO are compared in
Fig. 5b and c, respectively. In Fig. 5b, the Bris seen to display
a bimodal distribution in which the large pores represent the
inter-particle gaps and the small pores represent the regions
of Br particle agglomeration with decreased inter-particle
interactions. By contrast, when the BSA-rGO is introduced
to the Br (Fig. 5c), the porosity of the nanocomposite is seen
to be significantly decreased. The porous structure of the Br
results from the characteristically low thermal conductivity
of the bio-ceramic material during the diffusion/densification
process. By contrast, the presence of graphene in the BSA-
rGO-Br nanocomposite leads to decreased porosity and
increased densification due to the better thermal conduc-
tivity of graphene. The results in Fig. 5d indicate that the
BSA-rGO nanosheets have covered the Br particles and the
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diffusion/densification process has been successfully com-
pleted.

Utilizing elemental mapping test, as a powerful tool to
evaluate nanoparticle or nanosheets distribution have been
reported previously [57].

The mapping analyses of the BSA-rGO-Br in Fig. 6a—g
demonstrate the presence and uniform distribution of the
main elements of Br, namely Si, Mg, Ca, and O. Further-
more, a comparison of the EDS spectra in Fig. 6f confirms
the presence of Br in the BSA-rGO-Br nanocomposite,
while the appearance of carbon in the mapping analyses in
Fig. 7a—g confirms the presence of the BSA-rGO nanosheets.
Taken together, the presence of carbon in both the map-
ping and EDS analyses demonstrates the dispersion of the
BSA-rGO nanosheets in the Br matrix. Elemental mapping
analysis confirms the distribution of BSA-rGO nanosheets
in Br matrix. Figure 7h and i shows the EDS spectra of the
composite and Fig. 7j demonstrates the statistical analysis of
the nanocomposite powder. The results confirm the presence
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Fig. 6 FESEM image of Br tablet (a), elemental mapping and EDS of
the Sintered Br Tablet. The O, Mg, Si, and Ca elemental mapping of Br
tablets were presented as (b), (¢), (d), and (e), respectively. In (f), distri-

of all essential elements as well as carbon in the structure (“ P
<0.05 and “*P <0.1). The significant relationship between
carbon, Mg, and Si is observable in EDS schemes demon-
strating that graphene nanosheets are incorporated in the
bio-ceramic matrix.

The report by EVANS et al. [58] showed that the hardness
of natural bone tissue was found to be considerably higher
than that of the analogue materials such hydroxyl appetite
polyethylene composite. Enhancing mechanical properties
of materials is crucial for using in bone tissue engineering.

keV

5 10

bution of Ca, Si, and Mg are presented as merged pattern. EDS spectrum
of Br tablet was shown in (g) demonstrating all essential elements exist
in the structure

The results of the hardness tests for the Br and BSA-
rGO-Br are presented in Fig. 8a. Here, the presence of
BSA-rGO is seen to significantly increase the microhardness
of the nanocomposite. These results demonstrate that even
if the concentration of BSA-rGO is low, there is a consid-
erable effect on the bulk mechanical properties. Meanwhile,
the comparative microhardness of the Br and BSA-rGO-Br
nanocomposite tablets is indicated by the SEM images in
Fig. 8b and c, where the width of the indentation-induced
crack is seen to be dramatically reduced from 2.6 pm for
the Br tablet to 0.4 pm for the BSA-rGO-Br tablet, thus
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Fig.7 FESEM image of BSA-rGO-Br powder, which shows semi-
homogeneous dispersion of rGO nanosheets (a) and EDS elemental
mapping of the nanocomposite powders (b—g). Ca, Si and Mg and
C elements are well dispersed on the surface of the nanocomposite

demonstrating the enhanced mechanical characteristics of
the composite material. These results demonstrate that the
addition of BSA-rGO nanosheets can effectively enhance the

@ Springer

powders, representing a homogeneous dispersion of rGO nanosheets
in the bio-ceramic. EDS spectrum of the nanocomposite powders (h, i
and j) demonstrating all essential elements and carbon in the structure
(*p <0.05 and **P <0.1)

mechanical properties of the Br bio-ceramic due to better dis-
persion in the ceramic matrix [59].
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Fig. 8 Quantitative analysis of microhardness (a), microhardness SEM
of Br tablet (b), and microhardness SEM of BSA-rGO-Br composite
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Br and 2 wt% BSA-rGO-reinforced Br tablets showed
adequate anti-washout property (Fig. 9). However, signifi-
cant differences were observed between 2 wt% BSA-rGO-
reinforced Br and pure Br tablets. Br tablets lost 7.1, 12, and
21.1% of initial weight within 12, 24, and 36 h, respectively,
while 2 wt% BSA-rGO-reinforced Br had relative improve-
ment in anti-washout property, demonstrating a sufficient
anti-washout property as 7.1, 10.1, and 14.3% of first weight
within 12, 24, and 36 h, respectively.

Cell culture

One of the interesting properties of graphene-reinforced
biomaterials is the enhancement of regeneration capability.
Hence, the comparative biocompatibility or toxicity of the
Br and BSA-rGO-Br tablets was evaluated by MTT assay

Fig.9 a Photographs after

washout property test and a
b washout ratio of Br and 2 wt%
BSA-rGO-reinforced Br tablets

(n=3)

19

1g-09J-vysg

to determine the effect of the BSA-rGO nanosheets. After
culturing G-292 cells on the surfaces of the various sample
tablets for 24 days the optical density (OD) was measured as
an indicator of cell viability, and the results are presented in
Fig. 10.

Thus, in Fig. 10a, the OD of the 0.5 wt% BSA-rGO-Br
tablet was higher than those of the pure Br (control) and
the nanocomposites with 1 and 2 wt% BSA-rGO-Br. More-
over, after culturing for 1 week, the 0.5 wt% BSA-rGO-Br
nanocomposite continued to show the highest OD of all the
samples. BSA-rGO nanosheets have significant effects on
the surface and its related properties such as porosity and
roughness of tablets. It seems that BSA-rGO in the certain
concentration (0.5 wt%) not only enhanced the mechanical
properties, but also presented highest cell viability. Favor-
able surface roughness and pore size in this concentration of
BSA-rGO resulted in more cell viability, proliferation, and
finally highest OD compared with other samples.

Furthermore, the results in Fig. 10b and c indicate that
the quantity of adherent cells is significantly increased by
the introduction of graphene into the composite. The G-292
cells are seen to have uniformly covered the surface of the
BSA-rGO-Br tablet as a confluent layer, whereas discrete
and detached islands are observed on the surface of the pure
Br. However, a comparison of the morphology of the adhered
cells on the surfaces of the Br and BSA-rGO-Br tablets indi-
cates that the presence of the BSA-rGO does not alter the cell
morphology and does not negatively influence the spreading
of osteoblast-like cells.

The difference in the quantity of adherent cells on the sur-
faces of the Br and the nanocomposite demonstrates that the

== Br

= 2 Wt% BSA-rGO-Br

Washout ratio/mass % -

12h 24 h

Time (h)

36 h
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Fig. 10 (a) MTT results of % 1 c

Br-rGO nanocomposite:
*p-value (0.0003) and **p-value
(0.004). SEM images of (b) Br
tablet and (¢) Br-rGO composite

- B
= BSA-GO-Br (0.5 wt%)
m BSA-GO-Br (1 wi%)

after cell culture. (d) ALP o 1.04
activity of Br tablet and BN **
BSA-rGO-Br composite after a)

treatment for 24 h, 72 h, and 1 0

week: *p-value (0.0003) and 0.5

#%p-value (0.004)

BSA-rGO has a vital influence on the surface-related proper-
ties of the bio-ceramic. The results presented in Fig. 10 ¢ and
d demonstrate that although the graphene does not signifi-
cantly affect the dissolution properties of the bio-ceramic,
the changes in topography and pore size at the nanoscale
induced by the insertion of the wide BSA-rGO nanosheets
are essential for the adherence and spread of osteoblasts and
related cell lines. It is obvious that BSA-rGO nanosheets
enhanced mechanical properties, changed surface roughness
and topography of Br tablets and it seems that these are
not all of the features that BSA-rGO has been endowed to
Br tablets. Surface charge is another feature that is need to
be considered and studied in future works. This result is in
agreement with the previously reported results relating to
graphene-reinforced bio-ceramics [43]. Finally, since it is
a crucial feature of osteogenic activity, the alkaline phos-
phatase (ALP) activity was evaluated for both the Br and the
0.5 wt% BSA-rGO-Br composite. As indicated in Fig. 10d,
the cells cultured on the surface of the graphene-reinforced
Br displayed a significantly higher ALP than those on the
pure Br, thus demonstrating that the introduction of BSA-
rGO to the Br matrix enhances the osteogenic bioactivity and

@ Springer
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osteo-inductivity of both components. Signaling and gene
or protein expression in cells are mainly controlled by the
surface. Due to different surface properties between Br and
BSA-rGO-reinforced Br tablet, ALP activity is different. The
differences in the ALP activity or gene expression on the
osteoblast cells cultured on the bio-ceramics were reported
by our group [49].

Conclusions

Enhancing the mechanical and biological properties of bio-
ceramics for bone tissue engineering is crucial. In the
present study, the mechanical properties of the bredigite
(Br) bio-ceramic were improved by the addition of bovine
serum albumin-reduced graphene oxide (BSA-rGO). It was
demonstrated that the BSA could effectively reduce the GO
nanosheets and provide a suitable interaction between the
rGO nanosheets and the Br particles. The uniform dispersion
of the BSA-rGO nanosheets in the Br matrix was found to
decrease the porosity. The biocompatibility of the nanocom-
posite was evaluated by MTT assay, which demonstrated that
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the addition of graphene did not have a negative effect. The
adhesion of G-292 cells was increased by the addition of
BSA-rGO nanosheets into the matrix and the ALP activity
of the nanocomposite was significantly increased compared
to that of the Br tablet, thus demonstrating the excellent
osteogenic bioactivity of the synthesized nanocomposite.
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