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Abstract Due to their potential renewable materials-based tissue engineering scaffolds has gained

more attention. Therefore, researchers are looking for new materials to be used as a scaffold. In this

study, we have focused on the development of a nanocomposite scaffold for bone tissue engineering

(using bacterial cellulose (BC) and b-glucan (b-G)) via free radical polymerization and freeze-drying

technique. Hydroxyapatite nanoparticles (n-HAp) and graphene oxide (GO) were added as
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reinforcement materials. The structural changes, surface morphology, porosity, and mechanical

properties were investigated through spectroscopic and analytical techniques like Fourier transfor-

mation infrared (FT-IR), scanning electron microscope (SEM), Brunauer–Emmett-Teller (BET),

and universal testing machine Instron. The scaffolds showed remarkable stability, aqueous degra-

dation, spongy morphology, porosity, and mechanical properties. Antibacterial activities were per-

formed against gram -ive and gram + ive bacterial strains. The BgC-1.4 scaffold was found more

antibacterial compared to BgC-1.3, BgC-1.2, and BgC-1.1. The cell culture and cytotoxicity were

evaluated using the MC3T3-E1 cell line. More cell growth was observed onto BgC-1.4 due to its

uniform interrelated pores distribution, surface roughness, better mechanical properties, consider-

able biochemical affinity towards cell adhesion, proliferation, and biocompatibility. These

nanocomposite scaffolds can be potential biomaterials for fractured bones in orthopedic tissue engi-

neering.

� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

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

Bone is a highly porous vibrant tissue that is known for its pos-
sible skeleton property to protect the body’s soft tissues
and organs. It serves as a mineral supplying and blood produc-

tion reservoir (Khan et al., 2020a,b,c; Soundarya et al., 2018).
Bone damage is very common these days due to accidents,
trauma, and diseases. Osteomyelitis is a common bone micro-

bial disease that is triggered via bacterial or fungal infiltration.
Staphylococcus aureus is the most popular microbe that leads
to infection during surgery or implantation like hip replace-

ment or repair of bone fracture (General & Welfare, 2013;
Thévenin-Lemoine et al., 2016; Wiggli et al., 2017).
Osteomyelitis also affects children’s long bones such as arms
or legs, although it usually occurs in adults on the neck, spine,

and feet. Bone infection, if not handled carefully, can grow
over a long period and may permanently damage the bone
(Masters et al., 2019; Skrabl-Baumgartner et al., 2019).

Biomedical procedures that are essential during trauma and
fracture can’t cure these deficiencies immediately. Bone tissue
engineering is an innovative approach for the repair and treat-

ment of damaged bone tissue (Hu et al., 2019). Porous scaf-
folds are three-dimensional potential biomaterials with high
water-holding capacity, similarity to the extracellular matrix
(ECM), and mechanism of cell adhesion and proliferation to

compensate for bone defects. However, until care about
Osteomyelitis type infections is not considered such
approaches will not be successful. Therefore, the development

of appropriate material and methodology for the fabrication
of porous, biodegradable, biocompatible, and antibacterial
scaffold is essential not only for bone regeneration to mimic

the instinctive structures of bone tissue but also to tackle the
pathogen infections that occur during the biomedical proce-
dure for the bone-implant (Fang et al., 2019; Khan et al.;

Saravanan et al., 2017; Shah et al., 2016). Numerous materials
and methods were adopted to fabricate the scaffold synthesis
for bone tissue engineering by employing polymers (both nat-
ural and synthetic) and ceramics (hydroxyapatite, bioglasses,

silica, and titian, etc.). The selection of materials is a crucial
step because the features of any material can decide the overall
properties of the scaffold. In recent decades, biopolymers have

gained considerable attention in tissue engineering due to their
biodegradation, non-toxicity, and inherent antibacterial and
biocompatible activities (Aslam et al., 2020; Khan et al.,
2020a,b,c). b-G is an ideal biodegradable biopolymer for cell

attachment substrates, cell growth, and the preservation of
the distinct phenotype. b-G is a naturally occurring biodegrad-
able biopolymer. It has several pharmaceuticals, medicinal,

and anti-bacterial features that could lead to its ultimate appli-
cations in tissue engineering.Though b-G uses in pharmaceuti-
cal materials as wound healing and drug delivery carriers to
support biological activities have been reported in the litera-

ture but not much has been done on its application in tissue
engineering (Khan et al., 2020a). BC, a biopolymer, is another
very effective polymer produced from certain Gram -

ive bacteria. Its chemical formulation is identical to plant cel-
lulose, however, both have slightly different properties in terms
of water holding capacity and mechanical strength (Ullah

et al., 2016). BC has a nanofibrous microstructure hav-
ing smaller fiber diameters, higher mechanical strength,
cross-linking rate, water holding capacity, crystallinity, and

moldability (Yamanaka et al., 1989). Various studies have con-
firmed the biocompatibility of BC and its composite materials.
BC can’t be biodegraded naturally by human enzymes, how-
ever, its biodegradation can be regulated by cellulases incorpo-

ration. These characteristics make BC a better choice in tissue
engineering scaffolding (Torgbo & Sukyai, 2018). HAp is a
well-known ceramic brittle material, known as bone cement,

resembles natural bone components, and exhibits excellent
biocompatibility (Askari et al., 2020). The properties of a scaf-
fold such as porosity, pore size, water holding capacity,

mechanical strength, and biodegradation can be controlled
through polymeric/HAp ratios and synthesis methods.
Graphene-based materials have been recognized due to their
abundance and economical synthesis from graphite. It has

many potential applications in electricity, electronics, molecu-
lar sensing, catalysis, and has recently been recognized in
biomedical engineering such as nanomedicine, drug delivery,

tissue engineering, and wound healing (Chung et al., 2013).
Many different approaches have been used to fabricate porous
biocompatible scaffolds from polymer and ceramic materials.

For example, Maheshwari et al. synthesized PVA/HAp/PCL
composite scaffolds and investigated their physicochemical
and biological activity for potential application in bone regen-

eration. The developed scaffolds were found to be biocompat-
ible showing good osteoblast (MG-63) cell line adhesion and
proliferation. Furthermore, the MG-63 cells retained
their morphology in the cultural media. (Maheshwari et al.,

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2014). Sancilio et al. developed alginate/HAp nanocomposite
scaffolds for bone tissue engineering. They observed that the
scaffolds were biocompatible, and non-cytotoxic (Sancilio

et al., 2018). Unnithan et al. reported osteogenic GO/hyaluro-
nic acid/chitosan composite biomaterial for bone tissue
engineering. During the in-vitro studies on this material, they

found that the material showed a positive impact on biominer-
alization, and excellent biocompatibility to encourage osteoge-
nesis (Unnithan et al., 2017). These studies, however, did not

concentrate much on the antibacterial aspect of the scaffold.
However, most natural polymer based scaffolds have low
tensile strength and readily degrades in moist environment.
To aovid degradation, these are gerenally crosslinked with

crosslinkers, which are very toxic. Recently new approach
was studied, where nautral biopolymers were grafting through
free racial polymerization of arylicacid (AAc, a realtively non-

toxic) to produce composite hydrogel with better mechanical
properties (Khan et al., 2020a,b,c).

In this study, we have fabricated novel porous, antibacte-

rial, biocompatible scaffolds having good mechanical strength
for bone tissue engineering. The free-radical polymerization
technique was used to graft b-G, and BC by decorating n-

HAp and GO into the polymers network. The freeze-drying
technique (at �40 �C) was used to fabricate porous scaffolds
for hard tissue regeneration (Scheme 1). To the best of our
knowledge, this formulation is never reported before.

2. Materials and methods

2.1. Chemicals and reagents

The barley flour (mesh size 20 mm) was bought from DSP

Gokyo Food and Chemical Co. Ltd., Osaka Japan. Bacterial
Scheme 1 Stepwise synthesis of the polymeric composite scaffolds for

nanomaterials via free-radical polymerization and freeze-drying.
cellulose, acrylic acid (AAc), N’, N-methylene-bis-acrylamide
(N’, N-MBA), n-HAp powder (<100 nm particle size), gra-
phene oxide (GO), phosphate buffer saline solution (PBS),

and hydrochloric acid were obtained from Sigma-Aldrich,
Selangor, Malaysia. All chemicals were of analytical grade
and used without any purification.

2.2. Extraction and purification of b-glucan from barley floor

The extraction and purification of b-G ((1,3;1,4)-b-glucans)
were conducted by a well-reported method with a slight mod-
ification (Wood et al., 1989). The fine barley flour (100 g) was
dispersed into 500 mL deionized water. The pH of the slurry

was adjusted at 10 using Na2CO3 (20%, v/w). The suspension
was strongly stirred for 30 min at 45 �C. Then, the suspension
was centrifuged at 18000 � g for 20 min at 4 �C and pH 4.5 to
separate the precipitated protein. The separated protein was

discarded and absolute ethanol was added into the suspension
with equal quantity at slow stirring to get precipitated b-G.
The suspension was centrifuged at 4000 � g for 15 min to

recover precipitate and allowed at 4 �C overnight. It was then
freeze-dried to get a fine powder of b-G. The powder was
packed into an airtight glass jar for further usage.

2.3. Synthesis of the nanocomposite materials

The nanocomposites were synthesized by free radical polymer-
ization as reported by Khan et al (Khan et al., 2020a,b,c).

Briefly, 1 g of b-G and 1 g of BC with different amounts of
GO (0.1, 0.2, 0.3 & 0.4 g) were dispersed into deionized water.
Then, the solution was transferred to a two-neck round bot-

tom flask under continuous heating for 2 min at 65 �C under
the nitrogen atmosphere. After 30 min, 0.50 mL of AAc as a
bone tissue engineering, from polymeric materials, GO, and HAp
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monomer and N, N-MBA as a crosslinker (0.05% of AAc) was
added to the reaction media. After 45 min, 2.5 g of n-HAp
powder was gradually added to the mixture with continuous

stirring to obtain a homogenized mixture solution. Finally,
0.05 g of potassium persulfate was added to the mixture solu-
tion as an initiator. The mixture solution was heated at 65 �C
for 3 h with continuous stirring. Hence, the grafting of AAc
into b-B/BC was done by a free-radical polymerization reac-
tion. The nanoparticles were engulfed by the polymeric net-

work of grafted bG/BC at the end of reaction. Nitrogen gas
was removed from the reaction media. The reaction media
was allowed to cool untill room temperature. The reaction
media was vacuum filtered and washed with excessive deion-

ized water to eliminate unreacted chemicals and dried over-
night at 55 �C in the oven. Then, 5 g of nanocomposite
powder was dispersed into 10 mL of deionized water and filled

into cylindrical molds (2 cm � 6 cm) to create a homogenized
slurry. These molds were frozen at � 40 �C for 24 h and freeze-
dried to obtain porous scaffolds. The details of chemicals have

been described in Table 1 and the proposed structural chem-
istry is shown in Scheme 2. The scaffolds were coded as
BgC-1.1, BgC-1.2, BgC-1.3, and BgC-1.4 due to the variable

amounts of GO. The pore size and porosity of the scaffolds
was analyzed using Brunauer–Emmett–Teller (Gemini II
2370 micromeritics) and image J software (Table 1).

2.4. Characterizations

FT-IR analysis for the determination of various functional
groups was carried out by using Perkin-Elmer Diamond

1000 FT-IR spectrophotometer. The frequency range was
4000 to 400 cm�1 with 64 scans and 4.0 cm�1 resolution.
The amorphous and crystalline behavior of scaffold samples

was determined by the X-ray diffractometer (Bruker AXS
D8 Advance XRD). The XRD data were obtained at a
40 kV and a 30 mA using Cu Ka radiation (1.540 Å). 2h�
was selected in the range of 20� to 80�. The fracture surface
morphologies of the composite scaffolds, cell adhesion, and
proliferation of cells onto the composite scaffold were investi-
gated by scanning electron microscope ((SEM) (JEOL-JSM-

6480) coupled with Energy dispersive spectroscopy (EDS) to
determine the elemental analysis of the scaffold samples. The
scaffolds were well dried and gold-sputtered before analysis.

Brunauer–Emmett-Teller ((BET) Micromeritics Gemini II
2370) was used to determine the pore size and porosity of
the scaffolds. Wetting properties of the scaffolds were mea-

sured using an XCA-50 contact-angle meter. The wetting anal-
ysis was performed by releasing water droplets (4 lL) over the
scaffold surface. The surface was photographed at different
time intervals. The analysis was carried out in triplicate. The

mechanical properties of the scaffolds were analyzed by a uni-
Table 1 Composition, pore size, and porosity of the nanocomposit

Scaffold Sample b-G (g) BC (g) n-HAp (g)

BgC-1.1 1 1 2.5

BgC-1.2 1 1 2.5

BgC-1.3 1 1 2.5

BgC-1.4 1 1 2.5
versal mechanical testing machine ((UTM (Testometrics, Uni-
ted Kingdom)) with a loading rate of 10 mm/min. The
obtained load–displacement data from the compressive

stress–strain curve was used to calculate Young’s modulus
and other mechanical properties. The mechanical testing was
carried out in triplicate.

2.5. Swelling and water uptake

The swelling of the dried scaffolds was recorded by immersing

the scaffolds separately into the PBS buffer solution and
deionized water (pH 7.4) at 37�C. The scaffolds were taken
out from both media at regular intervals. The experiment

was carried out untill 24 h. The excess BPS and water were
removed carefully from the scaffold by tissue paper. The
swelled scaffolds were weighed and the percentage swelling
of the scaffolds was calculated by the following equation (1).

Each data was recorded in triplicate.

Swelling %ð Þ ¼ Wf �W0

W0

� 100 ð1Þ

Whereas: Wf = final weight and W0 = Initial weight
To measure the water retention of the scaffolds, the dried

scaffolds were separately immersed in deionized water at vari-

ous temperatures (35, 37, 39 ℃) The scaffolds were removed
from the water at a predetermined time. The excess water
was removed carefully from the scaffold by tissue paper. These
scaffolds were then weighed. The water retention was obtained

by Equation (2). Each data was recorded in triplicate.

WaterUptake %ð Þ ¼ Ww �Wd

Ww

� 100 ð2Þ

Whereas: Ww = wet scaffold and Wd = dry scaffold

2.6. Degradation

In-vitro degradation (in terms of weight loss) of the scaffolds
was conducted in PBS solution (7.4 pH) at 37 �C. Dried scaf-
folds were separately weighed and immersed in PBS. After a

predetermined time, the scaffolds were gently taken out of
the PBS solution, placed into an oven at 55 �C for 1 h, and
weighed. The percentage of the degradation was determined
for 30 days. The PBS solution was replaced with fresh PBS

solution after every two days. The weight loss of the scaffolds
was determined by Eq. (2). Each data was recorded in
triplicate.

Degradation %ð Þ ¼ Wo �Wt

Wo

� 100 ð3Þ

Where: Wt = weight after incubation at a time ‘‘t” and

Wo = weight at ‘‘0”.
e scaffolds.

GO (mg) Pore size (mm) Porosity (%)

0.1 357 ± 6.34 73 ± 2.23

0.2 293 ± 2.92 61 ± 5.67

0.3 185 ± 2.81 53 ± 2.91

0.4 127 ± 3.42 47 ± 1.26



Scheme 2 The proposed interactive chemistry of the components (b-G, BC, n-HAp, GO, acrylic acid, and N’, N-methylene-bis-

acrylamide) of the nanocomposite scaffolds.
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2.7. Anti-microbial activities

Antibacterial activity of the scaffolds against Gram + ive Sta-
phylococcus aureus (ATCC-29213), and Gram-ive P. aerugi-
nosa (ATCC-27853) and Escherichia coli (ATCC-15224) was

investigated by a well-reported disc diffusion method (Khan
et al., 2020a). An equal amount (20 mL) of hot agar was
poured into Petri dishes and let it solidified. Then, bacterial

culture was spread uniformly over the solidified agar by a ster-
ile cotton swab. After this, 85 lL of the pure slurry of scaffolds
was separately dropped over each Petri dish and incubated for
24 h at 37 �C. The zones of inhibition were measured in mil-

limeters (mm) using a meter ruler. Each data was recorded
in triplicate (Bauer, 1966).

2.8. In vitro studies

2.8.1. Cell culture and morphological analyses

Mouse pre-osteoblast (MC3T3-E1) cell-line was purchased
from ATCC (Manassa, VA, USA) and preserved according
to ATCC recommendations. Cell culture and cell morphology
assays were conducted against scaffolds and well plates coated

with 0.1% gelatin solution. The well plate coated with 0.1%
gelatin was considered as a positive control. These plates were
incubated under standard in-vitro conditions (at 37 �C, 5%
CO2) and recommended medium formulation of alpha modi-

fied MEM medium (with ribonucleosides and 2 mM L-
glutamine(Cat# A1049001 GibcoTM)). The complete medium
was prepared by adding 10% fetal bovine serum (FBS #

10270106, GibcoTM) and 1:100 volumes of 100 Pen/Strep solu-
tions (Cat# 15140122, GibcoTM). The density of MC3T3-E1 cell
lines was considered to be 5000 cells per cm2 in a 100 mm cul-

ture plate. The pre-osteoblast cells were cultured over the com-
posite bioactive scaffolds (2 mg/mL) for 24, 48, and 72 h. After
the stipulated period, the cell lines were washed with PBS to
remove unattached cells and particles. Absolute ethanol was

used to fix the cultured cells (5 min at room temperature).
These fixed scaffolds were dried well and gold-sputtered before
analysis. The SEM micrographs of the cell culture were taken

using an accelerating voltage of 5 kV with an operating pres-
sure of 7 � 10�2 bar. The deposition current was 20 mA for
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2.0 min. Cell morphologies were investigated under the Nikon
ECLIPS TS100 fluorescence microscope using a 488 nm exci-
tation filter. Vital dye like Fluorescein diacetate (FDA) was

used to avoid the background interference in microscopy cre-
ated by scaffold coating. FDA is a vital dye that allow only liv-
ing cells and not the coating material to give green fluorescence

under the fluorescence microscope’s 488 nm excitation filter.
Before, microscopic analysis, FDA stock solution was pre-
pared according to manufacturer’s instructions. 1.0 mL of

Dimethyl sulfoxide (DMSO) was mixed with 0.5 mg of FDA
(Sigma Aldrich, Taufkirchen, Germany). The working solu-
tion was prepared in the serum-free medium using FDA stock.
The working medium was loaded on cells and allowed to

absorb the dye at room temperature for 2 min. The excess
FDA solution was removed from the cells by briefly rinsing
the cells with 1X PBS (Phosphate Buffer Saline: 137 mM

NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4).
Finally, the cell morphologies were imaged under the
microscope.

2.8.1.1. Cell viability and cytotoxicity using neutral red (NR)
assay. Neutral Red (NR) assay was used to measure cell viabil-

ity and cytotoxicity. The mouse MC3T3-E1 cell line was pur-
chased from ATCC (Manassa, VA, USA). The NR assay
was employed by seeding cells in 12 well plates. The density
ofMC3T3-E1 cell lines was considered to be 5000 cells per

cm2 in a 100 mm culture of 24 well plates with different scaf-
folds concentrations (0.125–2.00 mg/mL). These were incu-
bated under a humid atmosphere (95% humidity), 5% CO2

at 37 �C for 24 h (in triplicate)). The wells of each concentra-
tion were assayed with NR assay as described by Repetto et al
(Repetto, Del Peso, & Zurita, 2008). Before assay, the medium

was filtered with a 0.45 mm syringe filter to remove undissolved
debris. The cells were de-stained in a de-staining solution (50%
distilled water, 49% absolute ethanol, and 1% glacial acetic

acid) for 10 min at 37 �C. The cells were then washed with
150 lL PBS (per well) by immersing the plate in PBS and
removing the washing solution by gentle tapping. The optical
density (OD) of the cells was measured with a microplate

reader (Bio-Tek, ELx-800, USA) at a wavelength of 540 nm.
The cell viability (%) was evaluated by Eq. (2).

Cellviabilityð%Þ ¼ ODS

ODC

� 100
2.8.1.2. Statistical analysis. The data were obtained in tripli-
cate and presented as mean ± standard error (S.E.). Statistical
data were analyzed via statistical software system (IBM, SPSS
Statistics 21). Means and standard errors (mean ± S.E) were

measured for each analysis and S.E values were presented as
Y-error bars in the Figures. Error bars showed standard
deviations (p < 0.05; size of sample n = 3). The T-test signif-

icances value calculated for cell viability was p < 0.001 and
optical density was p < 0.05.

3. Results and discussion

3.1. FT-IR and XRD analysis

Fig. 1 shows the FTIR spectra of BC, b-G, GO,n-Hap
(Fig. 1A), and composite scaffolds (Fig. 1B). The characteristic
band positions BC, b-G, GO, and nHAp are shown in their
spectra. Since these positions and their intensities might vary
in the composite, hence these are discussed in detail for the

composite. The broadband in the region of 3100–3500 cm�1

is attributed to the H-bonding stretching vibrations, which is
the characteristic band of polysaccharides. Close observation

of the band revealed that the intensity of the broadband
increased with an increase in the amount of GO. This confirms
the successful incorporation of GO into the polymeric network

through H-bonding (Kamal et al., 2014; Modrogan et al.,
2020). The bands at 1228 cm�1, 1033 cm�1, and 910 cm�1

are attributed to the C–O stretching of AAc and pyranose,
O-H bending vibration of the pyranose, and pyranose rings,

respectively. The appearance of these bands in the spectra of
the nanocomposite scaffold confirms the grafting of b-G/BC
through AAc (Srivastava & Kumar, 2013). The absorption

bands at 2931 cm�1 and 2855 cm�1 are attributed to the
stretching of –CH2. The intensities of these bands increased
from BgC-1.1 to BgC-1.4. This increase was attributed to the

increased participation of –CH2 groups in free radical poly-
merization (Liu et al., 2012; Muruganandi et al., 2018). The
band at 1725 cm�1 is attributed to the C = O stretching vibra-

tion of the COOH group on GO. This is confirmed by the
increase in the intensity of the band with an increase in the
amount of GO into a nanocomposite scaffold. The absorption
band at 1632 cm�1 was attributed to O-H vibrations of the

water molecules (Muruganandi et al., 2018). The bands at
1026 cm�1, 607, and 562 cm�1 represented the triply degener-
ated P-O stretching and O-P-O bending of HAp. The spectra

also showed two characteristic bands in the regions of 540–
610 cm�1 and 990–1110 cm�1 for Ca+ and PO-3

4 moieties of
HAp (Khan et al., 2020a,b,c). Moreover, the appearance of

HAp at 630 cm�1 presented –OH confirming HAp into a
nanocomposite scaffold (Khan et al., 2020a; Khan et al.,
2020b,c). Thus, it was concluded from the spectra that all

the components interacted and bonded well with each other
in the nanocomposite scaffold.

Fig. 1C illustrates the XRD diffraction scans of the com-
posite scaffolds. The results indicated that crystalline HAp

exists in the composite with phases as recorded in the ICDD
database. The characteristic peaks of HAp were found at 2h
30.1, 41.9, 44.6, 49.2, and 55.4 which are corresponding to

the planes (002), (211), (130), (400), (213) and (004). The
cell parameters of HAp calculated for the nanocomposite scaf-
fold were a = b = 9.4000 and c = 6.9300 Ao and the average

crystallite size was 23.29 nm. These values are in agreement
with the standard data (PDF-4–932). The peak intensity of
the HAp decreased due to the presence of polymeric compo-
nents (amorphous phase BG, BC, AAc, and N’N-MBA)

(Khan et al., 2020a,b,c). This could be attributed to the hiding
effect of HAp by the polymer matrix. A broad peak observed
at 2h 21.6 to 24.5 is the characteristic peak of GO (Garg et al.,

2017); (Long et al., 2019; Todica et al., 2014). It is also impor-
tant to note that BC, b-G, and AAc all show their diffraction
peaks of different intensity and broadness in this region. In the

composite, these peak intensities varied only due to the
increase in GO. However, the changes in the peak broadness
are associated with the reduction in crystallinity due to the

synthesis of BG-g-b-G polymeric composite through free
radical polymerization. The above results indicated the pres-
ence of the GO and HAp in the polymeric network, and the



Fig. 1 FT-IR spectral profile of the different functional groups BC, b-G, GO, nHAp and nanocomposite scaffolds.

Development of porous, antibacterial and biocompatible GO/n-HAp/bacterial cellulose/b-glucan biocomposite scaffold 7
successful polymerization of bG, BC, AAc, and N’N-MBA
(Schematic 2).

3.2. Morphological and energy dispersive X-Ray

The morphology of the scaffolds gives us significant informa-

tion about the potential interaction of the cells with the scaf-
fold. SEM morphological observations are therefore very
important. Fig. 2 shows the SEM micrographs of the

microstructural variations of the scaffolds. It is evident from
the micrographs that all scaffolds possessed interconnected
and homogeneous pore distribution. A highly interconnected
porous structure of the scaffold is essential to retain tissue fluid

and maintain high oxygen, nutrient, and waste permeability.
Crosslinking and an increase in the amount of GO not only
regularized porosity, pore size but also caused a decrease in

porosity as well. The initial increased pore size and porosity
of the nanocomposite scaffolds is attributed to the increased
amount of retained water, which is presumably mostly non-

bonded water (non-boned water is the water that freezes and
creates pores). As the amount of the GO is increased; the free
OH groups were occupied which led to the low hydrophilicity
of the nanocomposite scaffolds, a low amount of non-bounded
water, and hence decreased pore size. A critical porosity, pore

size, and pore area result in a flexible scaffold with good cell
adhesion, cell infiltration, proliferation, secretion of the extra-
cellular matrix, and better in vitro degradation rate (Caló &

Khutoryanskiy, 2015; Karahaliloglu et al., 2017), (Riahi
et al., 2017). Porous ceramic implants that are fit for osteoin-
tegration have a pore size ranging from 100 to 350 mm. Since

the pore size of the nanocomposite scaffolds is in the range
of 127–357 mm (Table 1), which is in the range and/or greater
than ceramics implants (100–350 mm), hence these are highly
suitable for cell infiltration and cell adhesion. The chemical

composition analysis of the composite scaffolds was conducted
using X-ray differential spectroscopy (EDS) (Fig. 2 and
Table 2). Carbon (C), oxygen (O), calcium (Ca), and phospho-

rus (P) elements were found in the composite scaffold (Table 2).
The increasing spectral intensities of C and O were attributed
to the increasing amount of GO. The peaks of Ca and P for

HAp were also observed in the scan of the nanocomposite
scaffolds (He, Liu, Yuan, & Lu, 2014; Yuan et al., 2013).
The presence of these components indicates the incorporation
of GO and HAp into the BG-g-b-G polymeric matrix.



Fig. 2 SEM micrographs and EDS elemental analysis of the nanocomposite scaffolds.
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3.3. Wetting

Wetting analysis is used to examine the hydrophilic or
hydrophobic nature of the surface of a material. The lower
the water content angle (WCA), the higher is the hydrophilic-

ity and vice versa. The hydrophilic or hydrophobic character
helps to understand surface response towards cellular behav-
ior during biological activities. (Huang et al., 2016). Fig. 3

shows the wettability of the nanocomposite scaffolds as a
function of the amount of GO. At 1 min, the WCA of the
BgC-1.1, BgC-1.2, BgC-1.3 & BgC-1.4 scaffolds was
Table 2 Elemental analysis of the nanocomposite scaffolds.

Scaffold Sample Elemental analysis (%)

Carbon (C) Oxygen

BgC-1.1 28.64 24.47

BgC-1.2 32.72 27.65

BgC-1.3 37.14 30.84

BgC-1.4 42.74 34.17
118.40�, 103.50�, 92.20�, and 79.70� and at 10 min was
95.60�, 82.00�, 77.20� & 64.10�, respectively. The increasing

amount of GO shifted the surface hydrophilicity to
hydrophobicity not only due to increased interactions of
the oxygenated functionalities with polymer but also by reg-

ulating the porosity of the scaffolds (Wright et al., 2018),
(Golafshan et al., 2018). However, at max. concentration of
the GO; the surface of the scaffold was hydrophilic. The

hydrophilic nature of the BgC-1.4 is attributed to the pres-
ence of the excessive unreactive GO in the scaffold. Many
factors (stiffness, surface charge, surface chemistry, rough-
(O) Calcium (Ca) Phosphorus (P)

31.91 14.98

27.79 11.84

22.14 09.88

17.89 05.27



Fig. 3 Wetting analysis of the nanocomposite scaffold at 1 min and 10 min.
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ness, or wettability) affect the interaction of the cells with the
surface. More wettability some time negate adhesion of cell.

However, an increased stiffness of the scaffold with a critical
wettability may induce cell responses like adhesion and
proliferation.

3.4. Porosity and pore area

Table. 1 shows the change in % porosity and pore size as a

function of the amount of GO. The % porosity decreased as
the amount of the GO was increased. The order of the decrease
in % porosity was BgC-1.1 > BgC-1.2 > BgC-1.3 > BgC-1.4.
Pore size also followed the same trend BgC-1.1 > BgC-1.2 >

BgC-1.3 > BgC-1.4 (Table 1). Crosslinking and an increase in
the amount of GO not only regularized pores and pore size but
also caused a decrease in % porosity. The initially increased %

porosity and pore size are attributed to the increased amount
of retained water, which is presumably mostly non-bonded
water (non-boned water is the water that freezes and creates

pores). This non bonded water during freeze-drying evapo-
rated, which led to an increase in the % porosity of the
nanocomposite scaffold. As the amount of the GO was
increased, the free –OH groups were occupied which increased

the hydrophobicity of the nanocomposite scaffold. This not
only decreased the amount of non-bounded water and %
porosity but also caused a decrease in the pore size. Even

though % porosity decreased, still the pore size of the
nanocomposite scaffolds was in the range of 127–357 mm
(Table 1), which was equal to/greater than the standard pore

size of the ceramics (100–350 mm) required for better cell infil-
tration and cell adhesion.

3.5. Mechanical testing

Fig. 4 illustrates the stress–strain curves and young’s modulus
as a function of the GO. It is obvious from the figures that
adding GO content increased the mechanical strength of the

scaffolds. The Ultimate compression strength (UCS) increased
from 3.90 Mpa for BgC-1.1 to 12.13 MPa for BgC-1.4,
Young’s modulus (Y) from 82.59 Mpa for BgC-1.1 to
394.87 MPa for BgC-1.4, and % strain from 9.23% for BgC-

1.1 to 18.43 % for BgC-1.4 (Fig. 4A-B and Table 3). The com-
posite scaffolds with 0.4 mg GO exhibited superior mechanical
properties as compared to other scaffolds. The superior prop-

erties of the scaffold are attributed to the fact that GO has high
surface energy and load-bearing properties which imparted
better mechanical strength to the scaffolds. Hence, it is
believed that the use of GO is suitable for applications in bone

tissue engineering (Shin et al., 2016). UCS and % porosity are
inverse to each other (Fig. 5C). Even though the % porosity
and pore size decreased, still the pore size of the composite

scaffolds is in the range as mentioned in the above sections.
Mechanically stiff materials with roughness and appropriate
porosity are adequate materials to facilitate bone repair by

inducing cell responses like adhesion and proliferation.

3.6. Degradation

Fig. 5 shows the degradability of the nanocomposite scaffolds
conducted in PBS under in vitro conditions (pH 7.4 and at
37 �C). In vitro degradation helps to understand the mecha-
nism of scaffold degradation with time, which is very impor-

tant for osteogenesis in bone tissue engineering. The
composite scaffolds exhibited different degradation behavior
with time (Fig. 5). Rapid and high degradation was observed

for BgC-1.1, whereas slow and low degradation was observed
for BgC-1.4. This trend of the degradation could be attributed
to the glycosidic bonds dissociation of b-G, and BC (Kaur

et al., 2018), and the weak interactions between the compo-
nents of the nanocomposite scaffold in the case of BgC-1.1
and the strong interactions of the components of the BgC-

1.4 (Berglund et al., 2019).

3.7. Swelling and water retention

Fig. 6 A shows the swelling ability of scaffolds determined

in PBS solution and deionized water under in-vitro (pH
7.4 at 37 ℃) conditions. The swelling of the scaffolds is



Fig. 4 Mechanical behavior of the composite scaffolds: (A) stress–strain curves, (B) young’s modulus, and UCS, and (C) relationship of

porosity with UCS and Young’s modulus.

Table 3 Mechanical properties of the nanocomposite scaffold.

Sample Young’s modulus (MPa) Ultimate compression strength (MPa) Strain (%) Crosslinking density (moL.m�3)

BgC-1.1 82.59 ± 1.5 3.90 ± 1.1 9.23 ± 1.5 0.011

BgC-1.2 194.85 ± 2.1 4.98 ± 1.3 12.76 ± 2.1 0.026

BgC-1.3 297.41 ± 2.2 8.67 ± 2.1 16.07 ± 1.1 0.040

BgC-1.4 394.87 ± 2.8 12.13 ± 2.4 18.43 ± 1.2 0.052
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an important phenomenon in osteogenesis (due to the adhe-
sion, propagation, and proliferation of MC3T3-E1 cells) as

swelling leads to the creation of pores and increases the
porosity of the scaffolds that helps in cellular activity. Of
the two media used, all the nanocomposite scaffold samples

showed comparatively more swelling in an aqueous medium;
though the composite scaffolds showed the same patterns in
both media. The composite scaffold BgC-1.4 showed maxi-

mum swelling in both media. This increased swelling could
be attributed partially to the electrostatic repulsion of the
alcoholate and carboxylate groups of the polymeric matrix
and GO, and partially to the slow and low degradation in
both media (Namazi et al., 2019). The composite scaffold

BgC-1.1 showed minimum swelling in both media. This
behavior could be attributed to the presence of the lower
carboxylate groups in the matrix (due to the low amount

of the GO) and rapid and high degradation (due to weak
interactions amongst components of the composite scaffold)
in both media (Ghorpade., et al 2019). Fig. 6B shows the

water retention ability of the composite scaffolds at different
temperatures (35, 37, and 39 ℃). It is evident from the
results that the composite scaffold BgC-1.4 retained more



Fig. 5 Degradation of the nanocomposite scaffolds in PBS

solution under in vitro (pH 7.4 and at 37 ℃).
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water at all temperatures as compared to the other
nanocomposite scaffolds. This is attributed to the formation

of a less degradable composite network with an increased
amount of GO, which did not allow water to flow out of
the composite at all three temperatures (Depan et al.,

2011; Stepien and Johnson, 2009; Qi, 2013). This behavior
complements our argument stated above in favor of the bet-
ter swelling of the BgC-1.4. The ability of a scaffold to reg-

ulate water retention capacity can be controlled by using
various polymeric materials with specific water retention
abilities. The lower retention of water by scaffolds results
in dehydration and exudes accumulation in the wound. A

polymer composite scaffold with sufficient water retention
is, therefore, necessary to provide a moist environment to
create the best bone regeneration microenvironment (Qi,

2013).
Fig. 6 Swelling kinetics of the nanocomposite scaffolds in aqueous a

scaffolds at various temperatures (35, 37, 39 ℃). The pH of the media
3.8. Antimicrobial activities

Antibacterial activities of scaffolds (BgC-1.1, BgC-1.2, BgC-1.3
& BgC-1.4) were analyzed against the severe infection-causing
pathogens (S. aureus, E. coli, and P. aeruginosa) using disc dif-

fusion method (Fig. 7). S. aureus is a pathogen that is known
for causing osteomyelitis (infection in the bone), which can
reach a bone by traveling through the blood stream or spread-
ing from nearby tissue. This infection can also begin in the bone

itself; if bone is exposed to this pathogen (Bereksi et al 2018;
Pugazhendhi et al., 2018). The zones of inhibition against the
pathogens for each scaffold extract were measured. It is evident

from Fig. 7 that the zones of inhabitation increased as the
amount of the GO was increased. The minimum zone of inhibi-
tion was observed for BgC-1.1 (~8 mm for P. aeruginosa,

~7.5 mm for S. aureus,~ and 8.5 mm for E. coli) scaffold and
the maximum for BgC-1.4 (~17.7 mm for P. aeruginosa,
~21.5 mm for S. aureus, and ~ 24. mm for E. coli). The potential

bonding of the lipophilic components (lipoproteins, liposaccha-
rides, and phospholipids) of the pathogenic cell walls with
nanocomposite scaffolds may be a combined effect of electro-
static and hydrophobic interactions. These interactions may

vary with pathogens. For instance, scaffold BgC-1.1 zones of
inhibition were ~ 8 mm for P. aeruginosa,~7.5 mm for S. aur-
eus,~ and 8.5 mmmm for E. coli. Generally, the microorganisms

adsorb and immobilized onto the surface of the hydrogels, and
even the hydrogel may enter into the cells via the cytoplasmic
membrane and binds to the ribosome of the pathogen to dis-

rupt protein synthesis and hinder microbial activity (Doyle
et al., 2019; Xie et al., 2020). Our discussion is also supported
by increased WCA measurement.

3.9. In-vitro studies

3.9.1. SEM morphological analysis

The SEM morphologies of the MC3T3-E1 cells adhered to the
nanocomposite scaffolds (BgC-1.1, BgC-1.2, BgC-1.3 & BgC-
1.4) are shown in Fig. 8. To achieve successful clinical bone

implant and mineralization, it is imperious to optimize cell
nd PBS media at 37 ℃ and (B) Water retention of the composite

was 7.4.



Fig. 7 Antibacterial activity (zones of inhibition) nanocomposite

scaffolds against infection-causing pathogens.

Fig. 8 SEM micrographs of the cell-cultured onto nanocomposite sc

48 h (E, F, G, and H), and 72 h (I, J, K, and L). The red arrows indic

composite scaffolds.
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adhesion, proliferation, and differentiation. The pre-osteoblast
cell-cultured onto nanocomposite scaffolds for different time-
periods (24, 48, 72 h) responded well by exhibiting good

attachment and spreading all over the surface (Fig. 8). The
adherence, proliferation, and propagation of the pre-
osteoblast not only increased with time but also with the GO

amount. This could be attributed to the fact that GO not only
organized polymer chains but also form the irregular crumpled
sheet into the polymer matrix. These crumpled sheets increased

the roughness of the surface of the biocomposite. Rough sur-
faces give more sites for cell anchoring which also helps in
the proliferation of cells (Tang et al., 2015). The other reason
for the better adhesion of the cell to the composite is the supe-

rior mechanical properties with increased GO. Mechanically
stiff materials are adequate to facilitate bone repair by induc-
ing cells responses like adhesion and proliferation

3.9.2. Cell viability and optical density

Bone formation is a multi-steps process. Under in-vitro condi-
tions stem cells undergo several morphologically different

stages to become osteoblasts. The critical step in bone forma-
tion is proper cell adhesion to the matrix. Our scaffolds under
affolds. The micrographs were taken after 24 h (A, B, C, and D),

ate the pre-osteoblast cell adherence and proliferation of onto the



Fig. 9 Cell viability (A) and optical density of the proliferated cell (B) onto composite scaffolds: Gelatin-coating 0.1% was used as

control. The percentage of cell viability in control was considered 100%. The mouse preosteoblast cells were seeded onto nanocomposite

scaffolds using standard in-vitro conditions. The T-test significances value calculated for cell viability was p < 0.001 and optical density

was p < 0.05.
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Fig. 10 Cell morphology of the MC3T3-E1 cell onto nanocomposited scaffolds, positive and negative controls at different time intervals

(24, 48 & 72 h). Cells showed enhanced growth onto positive control after 72 h whereas no cell growth was observed onto negative control.

Composite scaffolds BgC-1.4 and BgC-1.3 have shown similar cell behavior like a positive control.
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study have shown potential for MC3T3-E1 cells adhesion and

proliferation. Comparing the results, we can see that almost all
samples had good potential for cell adhesion and proliferation
with very low cytotoxicity (Fig. 9A-B) (Khan et al., 2020a).

These properties of our scaffolds are ideal for their potential
use in bone formation under in-vitro conditions. The minor
difference in the cell adhesion and proliferation between the

samples may be attributed to the different physicochemical
behavior of the scaffolds compared to positive control (0.1%
gelatin)(Sigma AldrichTM). It is evident from Fig. 9A that
BgC-1.4 has maximum cell viability, 93%, in comparison to
positive control (gelatin) which has 100% cell viability. The

order of the cell viability for the other samples was BgC-1.3
(79.8%) > BgC-1.2 (71.4%) > BgC-1.1 (68.9%). Similarly,
the optical density of the proliferated cells was maximum for

BgC-1.4 (Fig. 9B).

3.9.3. Cell morphology

Fig. 10 depicts the MC3T3-E1 cell morphologies cultured onto

the nanocomposite scaffolds, positive (0.1% gelatin-coating)
control, and negative (DMSO) control for 24 h, 48 h, 72 h.
The attached cells showed ideal cell morphologies for the
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MC3T3-E1 cells (cells were cylindrical) (Khan et al., 2020a,b,
c). The cells adhered to the scaffolds BgC-1.1 and BgC-1.2
have shown relatively less retained thread like morphologies

as compared to the positive control. No cells were observed
onto negative control, as all cells died. It was also observed
that increasing the amount of GO (BgC-1.3 and BgC-1.4),

the cell morphology shifted towards regular cylindrical mor-
phology from thin threads. The morphology of the cell was
almost similar to the positive control. Thus, it is evident that

increasing the amount of GO has a positive impact on cell
adhesion, proliferation, and differentiation.

4. Conclusions

We have developed a nanocomposite scaffold for bone tissue
engineering via free radical polymerization and freeze-drying

technique using BC and b-G. n-HAp and GO were added as
reinforcement materials. The structural changes, surface mor-
phology, porosity, and mechanical properties were investigated
through spectroscopic and analytical techniques like FT-IR,

SEM, BET, and universal testing machine Instron. The scaf-
folds showed remarkable stability, aqueous degradation,
spongy morphology, porosity, mechanical properties. Antibac-

terial activities were performed against gram-ve and gram+ ve
bacterial strains. The BgC-1.4 scaffold was foundmore antibac-
terial compared to BgC-1.3, BgC-1.2, and BgC-1.1. The cell cul-

ture and cytotoxicity were evaluated using the MC3T3-E1 cell
line.More cell growth was observed onto BgC-1.4 due to its uni-
form interrelated pores distribution, surface roughness, better
mechanical properties, considerable biochemical affinity

towards cell adhesion, proliferation, and biocompatibility.
These encouraging results support the applications of the scaf-
folds as an improved alternative for tissue engineering

applications.
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Caló, E., Khutoryanskiy, V.V., 2015. Biomedical applications of

hydrogels: A review of patents and commercial products. Eur.

Polym. J. 65, 252–267.

Chung, C., Kim, Y.-K., Shin, D., Ryoo, S.-R., Hong, B.H., Min, D.-

H., 2013. Biomedical applications of graphene and graphene oxide.

Acc. Chem. Res. 46 (10), 2211–2224.

Depan, D., Girase, B., Shah, J., Misra, R., 2011. Structure–process–

property relationship of the polar graphene oxide-mediated cellular

response and stimulated growth of osteoblasts on hybrid chitosan

network structure nanocomposite scaffolds. Acta Biomater. 7 (9),

3432–3445.

Doyle, M.P., Diez-Gonzalez, F., Hill, C., 2019. Food microbiology:

fundamentals and frontiers. John Wiley & Sons.

Fang, J., Li, P., Lu, X., Fang, L., Lü, X., Ren, F., 2019. A strong,
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