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Abstract
Objective: The use of biocompatible scaffolds with appropriate characteristics to treat large bone defects has attracted 
significant attention. The main objective of the current study is to fabricate a 3D nanocomposite structure that contains 
green synthesized magnesium oxide nanoparticles (MgONPs) and bacterial cellulose (BC) nanofibres, as a bioscaffold 
for bone regeneration.    
Materials and Methods: In this experimental study, Camellia sinensis extract was used as the green method to 
synthesize MgONPs. The synthesized hydrogels were evaluated for their porosity, morphology, degradation rate, 
mechanical features, cell attachment, and cytocompatibility. Osteogenic differentiation was assessed by alkaline 
phosphatase (ALP) activity, real-time reverse transcription-polymerase chain reaction (RT-PCR), and alizarin red 
staining. 
Results: MgONPs significantly increased both mechanical strength (P=0.009) and porosity (P=0.01) of the BC 
hydrogels. Human MG-63 osteoblast proliferation significantly increased in the MgONP-BC group compared to the 
pure BC group (P=0.003). Expression rates of both the ALP (P=0.001) and osteocalcin (OCN) genes were significantly 
enhanced in cells seeded on the MgONP-incorporated BC. MG-63 cells had significantly greater calcium deposition 
and ALP activity (P=0.002) on the MgONP-BC scaffold compared to the BC at day 21. 
Conclusion: The MgONP-BC scaffold can promote the osteogenic activity of osteoblast-like cells, which indicates its 
therapeutic potential for bone tissue regeneration.
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Introduction
Bone tissue can repair itself; however, self-healing 

may not adequately repair the injured tissue in large 
bone defects (>3 cm) that occur with surgical removal 
and in congenital defects. Though various types of 
bone graft are available to restore function and improve 
defects (1), autograft bone remains the gold standard 
for defect reconstruction as it provides osteoinductive 
growth factors, an osteoconductive scaffold, and 
osteogenic cells, all of which are essential for new 
bone growth. Disadvantages of autografts include 
pain and scarring at the donor site, antigenicity, and 
the transmission of infectious diseases. Xenografts 
and allografts carry the risk of immune rejection and 
disease transmission upon transplantation. Synthetic 
bone grafts are promising substitutes for treatment 

of bone defects because of the limitations associated 
with bone autografts, xenografts, and allografts (2).

Advantages of synthetic bone substitutes include 
adequate availability and lack of disease transmission. 
Tissue engineering techniques to generate artificial 
bone grafts that mimic natural bone tissue while 
overcoming traditional graft disadvantages have 
emerged (3). Bacterial cellulose (BC) has attracted 
considerable interest in biomedicine because of 
its intrinsic three-dimensionality, high chemical 
purity, renewable nature, lightweight nature, and 
high biocompatibility properties compared to other 
types of cellulose (4, 5). The incorporation of 
different bioactive materials like gold nanoparticles 
into the network of a BC hydrogel can improve its 
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physicochemical properties and stimulate osteogenic 
activity of the implanted scaffold (6). BC scaffolds in 
their natural state, however, are not bioactive materials; 
thus, their application in bone tissue engineering (BTE) 
is inevitably limited. To address this issue, scaffolds 
that incorporate nanoparticles such as hydroxyapatite 
have been proposed (7).

Magnesium oxide nanoparticles (MgONPs) are 
bioactive materials that can accelerate bone growth (8), 
yet few studies have investigated the effect of MgO in 
direct contact with osteogenic cells either in vitro or in 
vivo. One previous study reported that MgO powder 
implanted into the marrow cavity of rat tibia caused 
a 25% increase in bone thickness. Results of studies 
have shown an increase in alkaline phosphatase (ALP) 
gene expression of osteoblasts and proliferation when 
cultured on polymer/MgONP composites, which makes 
this family of composites more attractive for further 
research (9, 10).

There are a limited number of publications on green 
synthesized MgONP-BC as a biomaterial for bone 
regeneration. Thus, the current study explores the effects 
of MgONP-incorporated BC scaffolds on ALP activity, 
viability, cell morphology, and osteogenesis-related gene 
expression, of ALP, osteocalcin (OCN), and runt-related 
transcription factor 2 (Runx2).

Materials and Methods
This research was approved by the Ethics Committee of 

Tabriz University of Medical Sciences, Tabriz, Iran (IR.
TBZMED.REC.1400.376). No human or animal subjects 
were used in this research.

Nanocomposite scaffold preparation

Colonies of Acetobacter xylinum ATCC 53582 were 
cultured in Hestrin & Shramm broth [H&S; 0.5% (w/v) 
yeast extract, 2% (w/v) glucose, 0.5% (w/v) peptone, 
0.15% (w/v) citric acid, and 0.27% (w/v) Na2HPO4, 
pH=5.0]. After the cells were cultured under static 
conditions at 30°C for two days, an aliquot of these 
cells was transferred to 50 ml H&S broth (1:10 culture-
to-H&S broth ratio)  and incubated at 30°C for five 
days. BC pellicles formed at the air/water interface 
during growth. The BC pellicles were rinsed with 1% 
NaOH distilled water and incubated at 90°C for 15 
minutes to eliminate the bacteria. The BC layers were 
rinsed multiple times with distilled water to ensure that 
the NaOH was totally removed (7). Then, hydrated BCs 
were stored at -20°C for one day and lyophilized for 
48 hours in a freeze dryer (FD10 Freeze Dryer, Tabriz, 
Iran). The dried BC were soaked in aqueous MgONPs 
solution (3% w/v) at ambient temperature under 
magnetic stirring for 72 hours to enable a reaction with 
the BC fibrils (7, 11). Afterwards, all scaffolds were 
sterilized by UV light exposure for two hours prior to 
cell culture.

Synthesis of magnesium oxide nanoparticles

Green synthesis of magnesium oxide nanoparticles using 
Camellia sinensis extracts and chemical synthesis of 
nanoparticles

We mixed 10 g of dried Camellia sinensis herb 
with 100 ml of double-distilled deionized water; 
the mixture was boiled at 70°C for 30 minutes with 
continuous stirring. The prepared solution was filtered 
through Whatman’s No. 1 paper. The obtained extract 
was mixed with magnesium chloride hexahydrate 
(MgCl2.6H2O) in a 90:10 v/w ratio and continuously 
stirred for 4 hours at 70°C. Suspensions were 
centrifuged (10 000 rpm/10 minutes). Finally, the 
MgONP pellets were collected, washed with deionized 
water, and dried at 40°C for two hours. The prepared 
powders were then calcined for three hours at 500°C. 
Subsequently, the MgONPs were subjected to several 
assays in order to confirm nanoparticle formation (8). 
The chemical synthesized MgONPs were prepared 
according to a previously published technique (10).

Characterisation of magnesium oxide nanoparticles
UV-visible spectroscopy analysis

MgO nanopowders were resuspended to produce a 
dilute suspension, and their synthesis was examined by 
UV-visible (UV-vis) spectroscopy (Shimadzu, Japan) at 
the range of 200-800 nm.

Dynamic light scattering and zeta potential 
measurements

The stability and size of green synthesized MgONPs 
were evaluated by zeta potential (ZP) and a dynamic 
light scattering (DLS) analyser (Malvern Zetasizer nano-
ZS90, UK), respectively.

Antibacterial effects of magnesium oxide nanoparticles

The antibacterial effects of the MgONPs against 
Staphylococcus aureus (S. aureus), methicillin-
resistant S. aureus, Pseudomonas aeruginosa (P. 
aeruginosa), and methicillin-resistant P. aeruginosa 
were assessed by disk diffusion. S. aureus, methicillin-
resistant S. aureus, P. aeruginosa, and methicillin-
resistant P. aeruginosa were prepared with a 
suspension equivalent to 1.5×108 CFU/mL McFarland 
and cultured with a sterile swab on the surfaces of 
Müller-Hinton agar plates. Sterile paper discs (5 mm) 
were impregnated with different concentrations of 
MgO-NP suspension (1 and 5%)  and placed on the 
surface of the agar medium by using sterile forceps. 
The plates were incubated at 37°C for 24 hours, after 
which the clear halo of stunting was measured. The 
findings were described according to the diameter of 
the clear zone (inhibition zone) around each disk (12, 
13). Tests were carried out in triplicate.
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Characterisation of scaffolds and magnesium oxide 
nanoparticles
Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) 
spectroscopy (Nicolet 8700 spectrometer; Thermo Fisher 
Scientific, Waltham, MA, USA) was used to determine 
the functional group of the dried MgONPs and scaffolds 
(14). Spectra data were recorded over a wavenumber 
range of 400-4000/cm.

Morphological analysis of scaffolds and magnesium 
oxide nanoparticles

The morphology and size of the MgONPs were 
determined by field emission scanning electron 
microscopy (SEM, Carl Zeiss, Germany). Specimens 
(scaffolds and MgONPs) were covered with gold and 
observed at an accelerating voltage of 15 kV. The 
composition of MgONPs and Camellia sinensis leaf 
extract was analysed by SEM-energy-dispersive X-ray 
(SEM-EDX) spectroscopy (14).

Mechanical characterisation of scaffolds
The mechanical strength of the scaffolds was evaluated 

using a Universal Testing Machine (Instron 4505) 
equipped with a 1 kN load cell at room temperature. 
The tested specimens were cut into “round disk” shapes 
with dimensions of 5 mm height and 1 cm diameter. The 
cross-head speed was adjusted to 2 mm/minute, and the 
load was set to a 70% reduction in specimen height. The 
stress-strain curve was plotted, and the slope of the first 
linear segment of the curve (n=4) was used to determine 
Young’s modulus.

Porosity study
The porosity of various scaffolds was measured using 

the liquid displacement procedure. Briefly, the scaffold 
(1 cm diameter and 5 mm thickness) was soaked for 30 
minutes in volume V1 of ethanol. The total volume of the 
ethanol and scaffold after complete immersion was V2, 
and the residual volume after the ethanol-impregnated 
scaffold was removed was V3. The following formula 
was used to calculate the porosity of scaffolds:

P (%) = (V1-V3) / (V2-V3)

  The test was performed four times to obtain the average 
porosity value (15).

Degradation rate and Mg2+ release of scaffolds

The scaffold degradation rate was determined 
by immersing the specimens (10-mm diameter and 
2-mm thickness) in a phosphate-buffered saline 
(PBS) solution of pH=7.4 at 37°C for 21 days. After 
incubation at various time periods (7, 13, and 21 days), 
the scaffolds were removed from the degradation 
medium, rinsed with distilled water, and dried in a 

vacuum oven.

Degradation rate=  (WO-WT) / (WO) ×100

W0 and WT represent, respectively, the initial weight of 
the scaffolds before and after immersion in PBS up to day 
T (8). The Mg2+ release assay was carried out using the 
protocol of Suryavanshi et al. (10).

In vitro swelling evaluation
Swelling potential was evaluated by soaking the 

scaffolds in PBS buffer solution with pH=7.4 for 2, 6, 
24, 48, and 72 hours (n=4). The percentage of increase in 
water uptake was calculated using the following equation:

Swelling ratio (%) = (Wt − W0)/W0 × 100

Where: Wt is the weight of wet scaffolds at time t and 
W0 is the weight of dry scaffolds (15).

In vitro biological evaluation 
Viability/cytotoxicity assay 

The MTT assay was used to assess viability of cells 
seeded (density: 3×103 cells) on the scaffolds on days 
7, 14, and 21. Briefly, 150 µL of the 0.5 mg/mL MTT 
solution was added to the scaffolds/cells, which were 
then incubated for three hours at 37°C and 5% CO2, and 
then removed from the solution. After incubation, 50 µL 
DMSO was added to dissolve the formazan crystals, and 
the plate was read by an ELISA microplate reader at 570 
nm (Biorad, Hercules, CA, USA).

Percentage of cell viability was calculated using the 
following equation:

Percentage cell viability = OD Sample / OD Control × 100

ODt=The OD of cells/scaffold; ODC = the OD of control 
cell (15).

Cell seeding on scaffolds and culture conditions
Human MG-63 osteoblast-like cells were cultured 

in Dulbecco’s Modified Eagle Medium (DMEM) 
low glucose supplemented with 1% (v/v) penicillin/
streptomycin solution, 50 mg/L ascorbic acid, 10 mmol/L 
β-glycerophosphate, 10 nmol/L dexamethasone, and 10% 
(v/v) foetal bovine serum, and incubated at 37°C with 5% 
CO2 and 95% relative humidity. During the 21-day study 
period, the medium was renewed every three days. When 
the MG-63 cells reached 70-80% confluency, they were 
detached using a 0.25% trypsin-EDTA solution (Gibco). 
Thereafter, 50 µl of cell suspension that contained 2×105 
cells was slowly dropped onto the surface of the UV-
sterilized scaffolds (15).

Cell distribution

We applied 4’,6-diamidino-2-phenylindole (DAPI) 
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staining to assay MG-63 cell proliferation on the scaffolds. 
After washing with PBS, the samples were fixed with 3.7% 
paraformaldehyde for three hours, stained with DAPI, and 
observed under a fluorescence microscope (Nikon Eclipse 
Ti2, Japan).

Measurement of oxidative stress in scaffolds

The total antioxidant capacity (TAC) and nitric oxide 
(NO) level of the collected supernatants of the cells seeded 
on the scaffolds were determined using ferric reducing 
power (FRAP) and the NO assay, respectively (17, 18).

Osteogenic measurements
Alkaline phosphatase activity determination

The ALP activity of the cells cultured on different 
scaffolds was determined after incubation for 7, 14, and 21 
days by an ALP assay kit (Pars Azmoon, Iran) according 
to the manufacturer’s instructions. Finally, ALP activities 
were normalized versus the total protein content (19). 

Alizarin red staining for mineralisation assay
The mineralisation of MG63 cells after incubation for 

21 days was quantitatively measured using the alizarin red 
staining assay (19). The alizarin red staining concentration 
was evaluated by absorbance measurement using a 
spectrophotometer (Pharmacia, Novaspec II, Biochrom, 
England) at a wavelength of 405 nm.

Bone-associated gene expression assay
The real-time reverse transcription-polymerase chain 

reaction (RT-PCR) method was performed to evaluate 
the expression levels of ALP, OCN, and runt-related 
transcription factor 2 (Runx2) genes after 21 days of 
cell culture. Briefly, total RNA was extracted from the 
cell-seeded scaffolds by TRIzol/chloroform based on 
the manufacturer’s protocol (Life Biolab, Heidelberg, 
Germany). Then, cDNA was synthesized from total RNA 
by using an AddScript cDNA synthesis kit (AddBio, South 
Korea) and oligo dT20 and random hexamers. RT-PCR was 
performed by Ampliqon SYBR Green Master Mix (RealQ 
Plus 2x Master Mix, Ampliqon, Denmark) and then carried 
out in a Step One Plus™ system (Applied Biosystems, 
USA). The expression levels of the Runx2, OCN, and ALP 
genes were calculated by RT-PCR and normalized using 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as 
the housekeeping gene. The relative changes in intended 
gene expression were assessed using the 2-(ddCT) method. 
The designed primers used in this experimental study are 
listed below:

ALP- Human-
F: 5´-GCTGGGAAATCTGTGGGC-3´
R: 5´-CCATGATCACGTCAATGTCCCT-3´
Runx2- Human-
F: 5´-TCATGGCGGGTAACGATGA-3´
R: 5´-GGGAGGATTTGTGAAGACGG-3´

OCN- Human
F: 5´-CAGCCACCGAGACACCATGA-3´
R: 5´-CTTGGACACAAAGGCTGCAC-3´
GAPDH- Human
F: 5´-AAGGTGAAGGTCGGAGTCAAC-3´
R: 5´-GGGGTCATTGATGGCAACAA-3´

Statistical analysis
All quantitative data are reported as mean ± standard 

deviation (n=4). Statistical significance was determined 
as a P<0.05 using one-way analysis of variance (ANOVA) 
and Tukey’s post hoc test in GraphPad Prism, version 
8.4.3 (San Diego, CA, USA).

Results
Characterisation of magnesium oxide nanoparticles 
and scaffolds
UV-visible spectroscopy assay 

Figure 1A and B show UV-vis spectroscopy images 
of the synthesized MgONPs. The MgONPs prepared 
by chemical synthesis had a maximum peak of 325 nm 
(Fig.1A), whereas MgONPs prepared by green synthesis 
showed a maximum peak of 285 nm (Fig.1B).

Dynamic light scattering and zeta potential of 
magnesium oxide nanoparticles

We conducted DLS analysis to determine the dispersion 
and size of MgONPs in the colloidal solution through the 
reaction of light beams with biosynthesized MgONPs. 
The green synthesized MgONPs were observed at 56.03 
to 88.33 nm with a polydispersed index value of 0.484. 
The average size of the MgONPs was 72.18 nm (Fig.1C).

The ZP, a key indicator of the stability of the colloidal 
dispersions and surface charge of nanoparticles, was 
-19.1 ± 5.86 mV in the biosynthesized MgONP sample, 
which indicated that the colloidal solution was stable 
(Fig.1D) and that the MgONPs had a negative surface 
charge based on their area.

Morphology observation by scanning electron 
microscopy  

Figure 1E shows the morphology and size of 
biosynthesized MgONPs as observed by SEM. The 
MgONPs had compact agglomerates. These images also 
showed that the biosynthesized MgONPs had spherical 
morphologies with high aggregation, which confirmed 
polydispersity in the DLS analysis (Fig.1E). EDX analysis of 
the extract (Fig.1F) and green synthetic MgONPs (Fig.1G) 
showed the purity of the nanoparticles and confirmed 
formation of these nanoparticles with strong signals in the O 
and Mg regions. Quantitative analysis results indicated that 
the weight percentages of O and Mg ions in the sample were 
54.1 and 20.6%, respectively, while the atomic ratio was 
50.3 and 17.1%, respectively (Fig.1F).
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Fig.1: Analysis of UV-vis, DLS, ZP, SEM and EDX spectrum tests for MgONPs in different groups. A. UV-vis analysis of chemical synthesized MgONPs and B. 
MgONPs synthesized by Camellia sinensis. C. DLS analysis of MgONPs synthesized using Camellia sinensis extract. D. ZP analysis of biosynthesized MgONPs. 
E. SEM analysis of MgONPs synthesized using Camellia sinensis. F. EDX spectrum analysis shows major peak of extract and G. MgONPs synthesized by 
Camellia sinensis extract, which corresponds to the MgONPs. UV-vis; UV-visible, DLS; Dynamic light scattering, ZP; Zeta potential, SEM; Scanning electron 
microscopy, EDX; Energy-dispersive X-ray, and MgONPs; Magnesium oxide nanoparticles.

Fourier-transform infrared spectroscopy 
characterisation

FTIR spectra of the MgO nano-powder and green 
synthesized MgONPs are presented in Figure 2A. The 
stretching bond at 470.63 cm-1 clearly confirmed the 
formation of green synthesized MgONPs. The existence 
of several bioactive metabolites such as anthocyanins, 
tannins, and flavonoids was attributed to the strong band 
observed near 3441.01 cm-1 for the O–H bond vibration of 
the hydroxy group. The stretching vibration of C=C was 
responsible for the band at 1633-1651 cm-1, whereas the 
stretching vibration of C=C and the bending of the N–H 
bond were responsible for the band at 1462-1539 cm-1. 
The stretching vibration of the C–O bond was attributed 
to the band at 1089.78 cm−1 (Fig.2A).

Antibacterial activity of magnesium oxide 
nanoparticles

The data did not show any significant difference 
related to antibacterial activity of the green and 
chemically synthesized MgONPs (1 and 5% w/v) for 
S. aureus, P. aeruginosa, and methicillin-resistant P. 
aeruginosa (P=0.08) (Fig.2B, D-G). The antibacterial 
activity of green synthesized MgONPs at the 1% 
and 5% w/v suspensions significantly inhibited the 
growth of methicillin-resistant S. aureus compared to 
the Camellia sinensis extract (P=0.003, Fig.2F). The 
green synthesized MgONPs at the 5% concentration 
(Fig.2C, F) had the largest inhibition zones (P=0.001, 
Fig.2F).
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Fig.2: Fourier transform infrared spectroscopy (FTIR) study and antibacterial effects of magnesium oxide nanoparticles (MgONPs). A. FTIR spectra of green 
and chemically synthesized MgONPs. Results of disc diffusion tests to determine the antibacterial effects of green and chemically synthezied MgONPs 
(1 and 5%). B. Staphylococcus aureus (S. aureus), C. methicillin-resistant S. aureus, D. Pseudomonas aeruginosa (P. aeruginosa), E. Methicillin-resistant 
P. aeruginosa. F. Growth inhibition zone of S. aureus and methicillin-resistant S. aureus, and G. growth inhibition zone of P. aeruginosa and methicillin-
resistant P. aeruginosa. One-way analysis of variance (ANOVA) test results for antibacterial activity of green and chemically synthezied MgONPs in the 
different groups. *; P≤0.05 growth inhibition zone decreased in green synthesized MgONPs (1, 5%) groups in comparison to the chemical synthesized 
MgONPs group. 

Scanning electron microscopy and Fourier-transform 
infrared spectroscopy assay of the scaffolds 

SEM images showed that a large volume of the BC 
scaffolds were occupied by pore interconnectivity and 
interwoven nanofibres (Fig.3A). Examination of the 
scaffolds demonstrated that MgONP-BC had a highly 
porous microstructure compared to the pure BC membrane 
(Fig.3B).

The absorption peak of the BC in FTIR was 1317-
1161 cm−1: CO stretching, 1651.7 cm−1: CH2 symmetric 
stretching, 2895.15 cm−1: asymmetric CH2 stretching, 
and 3361.9 cm−1: OH stretching. The major characteristic 
peaks of BC (3338.5 cm-1 to H–O, 1561.05 cm-1 to C-H, 
and 1073.14 cm-1 to C-O) and MgONP (590.63 cm-1) were 

shown in the FTIR spectra of the MgONP-BC groups. 
The coexistence of characteristic peaks of MgONP and 
BC in the spectra of the MgONP-BC hydrogels confirmed 
successful incorporation of MgONP into the BC network 
(Fig.3C).

Porosity, degradation rate, cumulative Mg+2 release 
and swelling ratio measurement of the scaffolds

Porosity investigations revealed that the scaffolds are 
highly porous (Fig.3D). The MgONPs-BC had a higher 
porosity (89.2 ± 4.85%) than pure BC (62.9 ± 3.49%). 
The results showed no significant difference in swelling 
ratio between the MgONP-BC group and the BC groups 
(P>0.05) at 2, 6, 24, 48, and 72 hours. The swelling ratio 
was 75% for the BC groups and 78% for MgONP-BC after 
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24 hours, which increased to 79 and 88%, respectively, 
after 72 hours (P=0.01, Fig.3E).

Figure 3F shows the scaffold degradation rates in PBS 
(both pH=7.4) after incubation on days 1, 7, 14, and 21. 
There was no significant difference observed between 
pure BC and MgONPs-BC on days 7, 14, and 21 (P=0.07). 
The release curves of Mg+2 from the BC and MgONP-BC 
scaffolds are shown in Figure 3G. In the first week, the 
MgONP-BC scaffolds exhibited a relative burst release; 
by day 14, the composite membranes released 70-80% of 
the nanoparticles in a sustained manner. These findings 

revealed that the MgONP-BC scaffolds continuously 
released nanoparticles into the external medium.

Viability/cytotoxicity assay of the scaffolds
The MTT assay was used to determine cell viability 

on the scaffolds (Fig.3H). Both the MgONP-BC and BC 
scaffolds had a positive effect on cell viability on days 7, 
14, and 21. A comparison of those scaffolds showed that 
cell viability was significantly higher in the MgONP-BC 
scaffold compared to pure BC after 21 days of cell culture 
(P=0.003).

Fig.3: The analysis of SEM, porosity, swelling, degradation rate, Mg+2 release, and cytotoxic effects of scaffolds in the different groups. A. SEM image of 
BC and B. MgONP-BC scaffolds (scale bar: 10 µm). C. Fourier transform infrared spectroscopy (FTIR) spectra of scaffolds. ANOVA results for D. Porosity, E. 
Swelling, F. Degradation rate, G. Mg+2 release, and H. Cytotoxic effects of scaffolds in the different groups. *; P≤0.05 for porosity, swelling and cytotoxic 
effects of scaffolds increased in the MgONPs-BC groups in comparison to the BC group. SEM; Scanning electron microscopy, BC; Bacterial cellulose, 
MgONP; Magnesium oxide nanoparticle, and ANOVa; One-way analysis of variance.  
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Mechanical properties of the scaffolds

Both mechanical strength and Young’s modulus were 
higher for MgONPs-BC scaffolds compared to the 
pure BC scaffold (P=0.009). Nonetheless, there were 
considerable differences  in Young’s moduli among 
all groups (Table 1). The initial linear slope of stress-
strain curves was used to determine the stiffness of 
the scaffolds, and was calculated as Young’s modulus. 
Young’s modulus was 146.36 ± 4.24 MPa for BC and 
191.19 ± 15.10 MPa for MgONP-BC.

Table 1: Young’s modulus and compressive strength of various scaffolds

Sample Young’s modulus 
(MPa)

Compressive strength 
(MPa)

Pure BC 146.36 ± 4.24 36.19 ± 3.18

MgONPs-BC 191.19 ± 15.10* 53.09 ± 5.02##

One-way analysis of variance (ANOVA) test results for Young’s modulus and 
compressive strength in the research groups. *; P≤0.01 Young’s modulus 
increased in the magnesium oxide nanoparticle-bacterial cellulose 
(MgONPs-BC) groups in comparison to the BC group and ##; P≤0.01 
increased compressive strength in the MgONPs-BC group compared to the 
BC group.

Assessment of total antioxidant capacity and nitric 
oxide levels 

Figure 4A shows the TAC levels. After 14 days, the 

MgONP-BC scaffolds had higher TAC than the BC 
scaffolds (P=0.004). After 21 days of incubation, 
however, TAC levels in the MgONP-BC scaffolds 
did not show any significant difference compared 
with pure BC scaffolds (P=0.05). According to Figure 
4B, there was a significant difference in NO level for 
the MgONP-BC scaffolds. NO levels significantly 
decreased (P=0.001) after 21 days in the MgONP-BC 
scaffolds compared with the pure BC scaffolds. 

Cell distribution
DAPI staining was used to evaluate cell proliferation 

on the scaffolds. After seven days of culture, the 
number of cells in the biosynthesized MgONPs-
BC scaffold (Fig.5A) increased in comparison with 
the pure BC scaffold (Fig.5B). Overall, MgONPs 
appeared to improve cell proliferation on the BC 
scaffolds; therefore, they were used in this study. MG-
63 cells were cultured on a plate with the same cell 
culture conditions on the scaffold and considered to 
be a two-dimensional (2D) group (Fig.5C).

Osteogenic measurements
Alizarin red staining for mineralisation

The green synthesized MgONP significantly 
enhanced mineralisation levels of cells on BC scaffolds 
at 21 days of incubation (P=0.004). These findings 
showed that the presence of MgONPs in the BC 
scaffolds could accelerate MG-63 cell mineralisation 
activity (Fig.5D).

Fig.4: TAC and NO of cell-seed scaffolds. ANOVA results for TAC and NO in BC-based scaffolds. A. TAC increased in the MgONP-BC groups in comparison 
to the BC group (*P≤0.05). B. NO decreased in the MgONP-BC groups in comparison to the BC group (P≤0.05). TAC; Total antioxidant capacity, NO; Nitric 
oxide, ANOVA; One-way analysis of variance, BC; Bacterial cellulose, and MgONP; Magnesium oxide nanoparticle.
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Osteogenesis-related gene expression
The MgONP-incorporated BC scaffolds exhibited 

increased ALP (P=0.001) and OCN (P=0.004) expressions 
compared with pure BC scaffolds at 21 days. No significant 
difference in human Runx2 expression was observed 
between the MgONP-BC and pure BC scaffolds (Fig.5E).

Measurement of alkaline phosphatase activity
The MG-63 cells on BC showed lower ALP activity 

compared to the MgONP-BC scaffolds after 14 (P=0.005) 
and 21 (P=0.002) days of cell culture (Fig.5F). ALP 
activity levels did not show any significant change for 
cells on the BC and MgONP-BC scaffolds at seven days.

Fig.5: The analysis of 4’,6-diamidino-2-phenylindole (DAPI) staining, alizarin red s concentration and gene expressions of ALP, OCN, and Runx2 in the 
different groups. A. DAPI staining of MG-63 cells on magnesium oxide nanoparticle-bacterial cellulose (MgONP-BC), B. BC scaffolds, and C. A well plate 
at seven days after cell seeding (scale bar: 100 µm). D. One-way analysis of variance (ANOVA) test results for alizarin red s staining concentration in the 
different groups. *; P≤0.05 Alizarin red s staining increased in the MgONPs-BC group in comparison to the BC group (scale bar: 100 µm). E. ANOVA results 
for gene expressions of ALP, OCN, and Runx2 in the different groups. *; P≤0.05 ALP, OCN, and Runx2 expressions increased in the MgONPs-BC group in 
comparison to the BC group. F. ALP activity in cells cultured on BC and MgONP-BC scaffolds. *; P≤0.05 ALP activity increased in the MgONPs-BC groups in 
comparison to the BC group.
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Discussion
Green synthesized MgONPs incorporated into 

BC scaffolds improved their physicochemical 
properties. In the current study, we proved that 
these MgONP-incorporated BC scaffolds increased 
porosity, compressive strength, cell proliferation, and 
mineralisation. To the best of our knowledge, this 
study was the first to report that MgONP-BC scaffolds 
could promote the osteogenic activity of MG-63 cells. 
UV-spectrophotometry analysis indicated a maximum 
absorbance peak at 322 nm, which showed the formation 
of small-sized green synthesized MgONPs (20). The 
results of this study supported those of previous studies 
(20), although there was a sharp absorbance peak of 
green synthesized MgONPs at 285 nm.

The present study revealed that the green synthesized 
MgONP of Camellia sinensis significantly inhibited 
bacterial growth of methicillin-resistant S. aureus 
in a dose-dependent manner. In line with this data, 
Ravoor et al. (21) reported that MgONPs inhibited the 
growth of methicillin-resistant S. aureus. In the current 
study, chemical synthesized MgONPs exhibited no 
antibacterial effects against S. aureus, methicillin-
resistant S. aureus, methicillin-resistant P. aeruginosa, 
or P. aeruginosa. In the case of methicillin-resistant S. 
aureus, the highest antibacterial activity was observed 
at 5% w/v green synthesized MgONP. Notably, the 1% 
w/v and 5% w/v concentrations of green synthesized 
MgONP had no antibacterial activity against S. 
aureus, P. aeruginosa, or methicillin-resistant P. 
aeruginosa. Because Camellia sinensis extract had an 
antibacterial effect on methicillin-resistant S. aureus, 
we hypothesized that the antibacterial effect of green 
synthesized MgONP nanoparticles could be related to 
the biomolecules of the Camellia sinensis extract that 
attached to the nanoparticle surfaces.

SEM images in the current study indicated a mean 
diameter of 74 nm and a spherical shape for green 
synthesized MgONPs. DLS analysis also confirmed 
the ~72 nm diameter size distribution. We observed a 
ZP of approximately -19.1 mV, which indicated good 
stability of the synthesized nanoparticles. 

The small size (<100 nm) of MgO offers valuable 
advantages for bone regeneration. First, it effectively 
promotes osteoblast adhesion and osteogenic activity 
of the nanocomposite scaffolds. Second, it stimulates 
the angiogenic response and reduces inflammation (22, 
23). Our RT-PCR evaluation showed that MgONPs-
loaded BC scaffolds had greater expression of the 
osteogenesis-specific marker genes ALP and OCN 
compared to the BC scaffolds.

ALP activity levels are important for bone 
mineralisation and are measured as an osteogenic 
marker. Based on the data, ALP levels exhibited no 
significant difference for the cells seeded on the 
scaffolds at seven days. In contrast, increased ALP 

activity was seen in cells seeded on MgONP-BC 
scaffolds on days 14 to 21 compared to day 7. Other 
study results have shown that higher ALP activity is 
integral for ECM regeneration before mineralisation 
in the presence of osteoblasts (24).

The EDX result of MgONPs synthesized from the 
aqueous extract of Pterocarpus marsupium revealed 
two peaks for O and Mg ions with weight percentages 
of 69.3 and 30.6%, respectively (25). The FTIR 
spectrum of green synthesized MgO nanoparticles 
showed sharp peaks at 653.51-825.42 cm-1, which 
corresponded to the Mg–O–Mg groups as well as at 
3447.11 cm-1 that was attributed to the O-H bending of 
the hydroxy group, and was related to the presence of 
several bioactive metabolites (anthocyanins, tannins, 
and flavonoids). An absorption peak found at 1590.22 
cm-1 corresponded to the carbonyl group of flavonoids 
(26). Similarly, EDX analysis of this study revealed 
that the green synthesized MgONPs were extremely 
pure, and contained both Mg and O ions.

In line  with previous studies, the current study 
showed that the peak intensity of O-H in the FTIR 
spectrum of the green synthesized MgO nanoparticles 
increased, and the existence of broad peaks of MgO 
and Camellia senses extract in the FTIR spectra of 
green synthesized MgONPs indicated successful 
synthesis of the MgONPs of the plant extract; this was 
consistent with the EDX data.

In the present study, SEM imaging revealed high 
porosity in the MgONP-BC scaffolds compared to BC 
scaffolds. BC contains many free hydroxyl groups that 
react with water molecules, and this causes a reduction 
in pore size and porosity (27). The interaction of water 
molecules with the free hydrophilic functional groups 
of the scaffolds reduces the pores (28). Our porosity 
results were similar to those of Khan et al. (29), who 
reported that the enhancement of pore size and porosity 
in BC-based scaffolds incorporated with nanoparticles 
was related to an increase in the amount of retained 
water, which was most likely predominantly unbound 
water. Unbound water is defined as water that freezes 
and cause pores.

The results of other studies have shown that the 
magnetic nanoparticles loaded in the scaffolds acted 
as a backbone and improved the mechanical strength 
and high porosity in the nanocomposite scaffolds (30). 
The presence of graphene oxide (GO) nanoparticles 
increased the porosity and interparticle space of 
composite scaffolds by increasing their ability to 
retain water. Despite increased porosity, GO increased 
the mechanical properties of the scaffold because of 
the interactions between the fillers and the polymer 
matrix and improved cell attachment and proliferation 
(31). Chitosan-collagen scaffolds incorporated with 
zinc oxide nanoparticles showed higher porosity than 
chitosan-collagen scaffolds (32). We hypothesized 
that the increased water absorption in scaffolds that 
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contain MgONP and the interaction of nanoparticles 
with the free hydroxyl group of the BC scaffolds could 
increase the number of unbound water molecules in 
the scaffolds. After freezing and the freeze-drying 
process, larger pores form in these scaffolds.

MgONP-incorporated sodium alginate can increase 
mechanical strength. The results of mechanical 
property evaluations showed that Young’s modulus 
of the MgONPs (4 wt%)-sodium alginate scaffolds 
enhanced about 44% compared with sodium alginate 
scaffolds. Nasri-Nasrabadi et al. (9) reported that the 
increase in Young’s modulus at 4% MgONP could be 
attributed to the mobility limitations of the polymer 
chain and the formation of strong intra-molecular 
hydrogen bonds between the hydroxyl groups of 
the scaffold and nanoparticles. The current results 
showed that MgONP (3%)-BC had good porosity 
and mechanical strength. We hypothesized that the 
hydrogen/covalent bonding that occurred between the 
OH groups of the BC scaffolds and MgONPs enhanced 
the toughness and reduced the chains’ mobility, and 
enhanced the mechanical strength of the MgONPs-BC. 
Numata et al. (27) demonstrated that a slow-release 
system that combined a BC hydrogel and nanoparticles 
could be effectively used in the biomedical field. In 
the current study, MgONPs were released in a burst 
from the nanofibres within 14 days with about 70-80% 
release for MgONP-BC.

SEM images of the BC scaffolds in the current 
study showed a smooth and uniform surface. After 
incorporation of MgONPs into the BC scaffold, 
the nanocomposite surface exhibited highly porous 
structures. Therefore, the current findings supported 
the results where, in the absence of silver nanoparticles, 
BC scaffolds formed dense structures with irregularly 
shaped and highly interconnected pores (33). In the 
present study, SEM analysis of the MgONPs-BC 
scaffolds showed spherical particles entrapped between 
the BC nanofibrils. Aggregates of nanoparticles were 
also observed on the nanofibres.

It is crucial to evaluate the liquid uptake ability of 
scaffolds when they are considered for use in tissue 
engineering. Improvement in the swelling ratio of 
scaffolds is a prerequisite for waste diffusion, facilitated 
nutrients and an enhanced cell attachment, and cellular 
interactions which enhance tissue regeneration. 
Although an enhancement in the swelling capacity 
of the scaffold seems to be significant, continuous 
swelling leads to a decrease in the compressive 
strength of the scaffold and its disintegration (34). 
In the current study, the swelling ability for BC and 
MgONP-BC scaffolds was found to be incremental at 
2, 6, 24, 48, and 72 hours and this showed their ability 
to absorb fluids. Therefore, the presence of MgONPs 
did not affect the ability of the scaffolds to absorb 
liquids.

FTIR analysis indicated BC had typical peaks of 

3361.9 cm-1 (O-H stretching) and 2895.15 cm-1 (C-H 
stretching), and MgONP-incorporated BC had peaks 
of 480.5 cm-1. In the FTIR spectra of alginate/polymer 
(vinyl alcohol) scaffolds, the Mg-O stretching 
vibrational band at 540 cm-1 could not be isolated 
because those peaks overlapped significantly with 
the intense peaks of the scaffold (35). According to 
our results, a wavelength of 400-650 cm−1 can be 
used to determine the presence of MgONPs in the BC 
scaffold. Therefore, this study showed that MgONPs 
were successfully incorporated in the BC scaffold.

Previous studies have reported that green synthesized 
MgONPs have an antioxidant effect (36) and can 
stimulate some bone regeneration mechanisms (37). 
The differentiation of pre-osteoclasts into osteoclasts 
is activated by oxidative stress and enhances bone 
resorption. Antioxidant compounds promote osteoblast 
growth and bone production while inhibiting the 
differentiation and activity of osteoclasts. High levels 
of ROS have opposing effects; they inhibit osteoblast 
differentiation and decrease reduce mineralisation and 
osteogenesis activity (38).

NO has dose-dependent effects on osteoclast and 
osteoblast activity. Therefore, the balance of NO 
levels can be important to the appropriate regeneration 
of critical-size bone defects. Low NO levels lead to 
increased osteoblast proliferation and bone formation, 
while high NO levels stimulate osteoblast apoptosis 
(39). These obtained results agree with the current 
results, in which NO levels were reduced in MgONP-
BC compared to BC scaffolds, while TAC levels were 
significantly higher for MgONP-BC scaffolds than for 
pure BC scaffolds.

DAPI-stained images on day 7 of the study revealed 
an enhanced number of cells in the MgONP-BC 
compared to the other groups. MTT analysis also 
exposed an increased cell survival rate in cells on the 
MgONP-BC scaffolds. 

The current results introduce MgONP-BC 
nanocomposite as an advisable high-performance 
scaffold for BTE applications. Some limitations in 
areas of this study that need further attention include 
the lack of investigation into the osteogenic effects 
of MgONP-BC in vivo. This evaluation can provide 
valuable data about the behaviour of scaffolds in 
healing of bone defects. These MgONP-BC scaffolds 
elevate the osteogenic differentiation of MG-63 cells 
and display good cytocompatibility, which indicates 
their feasibility as a biomaterial for bone regeneration.

Conclusion

Green synthesized MgONPs showed antioxidant and 
antibacterial effects. After loading, the BC scaffold 
exhibited good biological characteristics for cell 
attachment and proliferation. MgONP-BC scaffolds 
could overcome the limitations of cell adhesion and 
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mineralisation during the bone regeneration process in 
vitro. The MgONP-BC hydrogel could be an efficient 
system for bone regeneration, and MgONPs can be 
suggested as a bioactive factor in bone repair; therefore, 
in vivo experiments on the use of these additive materials 
are recommended.
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