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An enduring in vitro wound 
healing phase recipient 
by bioactive glass‑graphene oxide 
nanocomposites
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Bioactive glass (BG) is an interesting topic in soft tissue engineering because of its biocompatibility 
and bonding potential to increase fibroblast cell proliferation, synthesize growth factors, and 
stimulate granulation tissue development. The proposed BG with and without sodium (Na), prepared 
by the sol–gel method, is employed in wound healing studies. The BG/graphene oxide (GO) and BG 
(Na-free)/GO nanocomposites were investigated against fibroblast L929 cells in vitro; the 45S5 BG 
nanocomposites exhibited desired cell viability (80%), cell proliferation (30%), cell migration (25%), 
metabolic activity, and wound contraction due to extracellular matrix (ECM) production and enhanced 
protein release by fibroblast cells. Additionally, the antioxidant assays for BG, BG (Na-free), GO, and 
BG/GO, BG (Na-free)/GO were evaluated for effective wound healing properties. The results showed 
decreased inflammation sites in the wound area, assessed by the (2,2-diphenyl-1-picryl-hydrazyl-
hydrate) (DPPH) assay with ~ 80% radical scavenging activity, confirming their anti-inflammatory and 
improved wound healing properties.

The primary research topic in advanced medical bioengineering concerns wound dressing without scarring 
and other complications. Chronic diabetic wounds are more dangerous than regular1 and have a low level of 
vascular endothelial growth factor (VEGF), resulting in reduced angiogenesis. The danger of tissue necrosis is 
severe in diabetic people2. In the medical profession, treating chronic wounds has become difficult; numerous 
clinical studies are underway to treat diabetic wounds. As a result, the wound healing material must be partly 
hydrophilic or hydrophobic, non-toxic, non-allergic, anti-bacterial, allow for oxygen and moisture content, 
operate as a microbe barrier, and remove excess exudates3.

Soft tissue engineering has established a promising wound healing solution with its enhanced healing process 
and appropriate biocompatible materials, including biopolymer, bioglass (BG), and carbon-based materials4. The 
BG’s substantial properties such as the sustainable release of ions, biocompatibility, anti-bacterial and angio-
genic property, and bioactivity are the primary influence of the significant wound healing process in soft tissue 
regeneration5,6. Skin wound healing is a complicated process involving several cell types and processes, including 
epidermal, fibroblastic, and endothelial cell proliferation, cell migration, extracellular matrix (ECM) formation, 
and wound contraction, all of which are controlled by various cytokines and growth factors7,8. Any skin injury can 
allow bacteria to readily enter and establish colonies, resulting in serious wound infections9. The three-dimen-
sional (3D) non-periodic matrix structure is maintained in the BG with different compositions10. For example, 
45 wt% SiO2, 24.5 wt% CaO, 24.5 wt% Na2O, and 6.0 wt% P2O5 are present in 45S5 BG. Silica is a network former, 
whereas Ca, P, and Na ions serve as network modifiers11. The presence of Si helps precipitation or reconstruction 
of the surface by non-bridging oxygen sites12. It thus improves the attachment of other possible metal ions and 
other corresponding functional groups for improved bone-bonding ability and mechanical stability13. Because of 
these characteristics, BGs are more suited to soft tissue engineering than hard tissue engineering or implants14. 
The real benefit of BGs in soft tissue engineering is that they have a high level of bioactivity in physiological 
conditions and a high surface reactivity for producing hydroxyl carbonate apatite (HCA) layers on soft tissue15. 
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Despite this, the BGs were widely employed in soft tissue engineering for wound healing applications because 
of their osteogenic, angiogenesis, proliferators, and biocompatibility properties16.

Due to their exceptional mechanical properties and biocompatibility, nano-featured carbonaceous structures 
such as one-dimensional (1D) carbon nanotubes (CNTs), two-dimensional (2D) layers such as graphene, gra-
phene oxide (GO), and reduced graphene oxide (rGO) are recognized as highly potential materials for reinforc-
ing matrices in biomaterials17. In graphene biological research, graphene derivatives and their interactions with 
bio-organisms have recently received a lot of interest18. The use of graphene derivatives for soft tissue engineering 
is the current trend for quicker and more efficient wound healing19. The GO structure has a lot of functional 
groups that may covalently connect to proteins and growth factors to help cells grow and differentiate faster. 
GO is prone to surface modification and may be composited with biomaterials to improve its characteristics for 
various tissue engineering applications20. Cell behavior is influenced by the quantitative oxygen available on the 
GO surface, and a partial decrease in rGO can promote cell adhesion and proliferation21. It may also be used 
to promote wound healing, increase wound contraction, and reduce scar formation22. In addition, the wound 
healing process is categorized into four stages: hemostasis (blood clotting), inflammation (swelling), proliferation 
(cell multiplication), and tissue remodeling.

Physicochemical and biological analytical techniques were used to investigate and assess the characteristics of 
45S5 BG, GO, and their nanocomposites for the distinct stages of wound healing. As a result, BG and GO were 
chosen as the primary wound-healing materials for chronic and diabetic wounds in the present work based on 
their merits and abilities. The current report focuses on the importance of Na, which governs the wound healing 
properties of BG. Because the BG with Na ion may draw down beneficial wound healing qualities like hemostat, 
the Na may also easily leak out the BG matrix23. This is the first report on comprehensive in vitro wound heal-
ing for BG and BG (Na-free), which exhibits appreciable scavenging activity at lower concentrations and may 
exhibit an anti-inflammatory function.

Results and discussion
The mineralization mechanism for bone growth via calcium and phosphate deposition on the bone matrix will 
influence bone-forming properties24. Mineralization in soft tissues is called ECM production or metastatic cat-
egorization in necrotic cells25,26. The BG, BG (Na-free), GO and BG/GO, BG (Na-free)/GO nanocomposites were 
immersed in Simulated Blood Fluid (SBF) solution for up to 28 days to identify the physiochemical pathway of 
mineral deposition on the surface along with the ECM forming potential of BG in vitro. Later, the samples were 
collected and dried at predetermined intervals (1st, 14th, and 28th day) for analysis.

Structural analysis.  X-ray diffraction (XRD) patterns of mineralized samples are presented in Fig. 1. The 
formation of hydroxy carbonate apatite (HCA) at 32° and 29° with calcium phosphate hydroxide, calcium hydro-
gen phosphate, and calcium silicate phases on the 1st and 14th day of mineralization is displayed in Fig. 1a,b. 
Furthermore, the fully crystallized carbonated hydroxyapatite layer (CHAp) was developed on the 28th day that 

Figure 1.   XRD patterns for BG, BG (Na-free), GO and BG/GO, BG (Na-free)/GO nanocomposites after 
mineralization; (a) 1st day, (b) 14th day, (c) 28th day, and (d) illustration of ion-exchanged CHAp formation.
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was confirmed by observing peaks at 2θ values of 26.6°, 31.2°, 32.2°, and 34.2° (Fig. 1c), which correspond to 
(002), (211), (300), and (202) diffraction planes, as evidenced by enhanced peak intensity and peak shift in the 
apatite phase (Fig. 1d). With increased immersion duration and amorphous nature, the diffraction peaks of the 
Na4Ca4(Si6O18) phase for BG were decreased27.

The morphology of mineralized samples observed on the 1st, 14th, and 28th days was shown in Fig. 2a–e. 
The BG and BG (Na-free) exhibited sphere-like morphology as the CHAp layer grew on the surface. BG has 
a spherical shape with a smooth surface by inhibiting the rod and flake-like morphologies. Compared to the 
morphology before mineralization, the nanocomposites display rice and ball-like shape with GO sheet separa-
tion (Fig. 2a,b). After mineralization, the stacked layers of GO were separated into a single layer by absorbing 
additional cations from the SBF solution (Fig. 2e). From the BG/GO nanocomposites, the layers for GO sheets 
with porous character and mineral deposition were visible. Finally, the GO reveals sheet-like shapes as thin layers, 
confirming the stacked-layer separation using Raman analysis of the 2D area in the GO Raman spectra. After 
immersion in SBF for various time intervals, the elemental composition of BG, BG (Na-free), GO, BG/GO, and 
BG (Na-free)/GO nanocomposites were shown in Supplementary Fig. S1. After immersion, the atomic percent-
ages of Ca and P atoms increased, but the atomic percentage of Si atoms decreased28. These findings revealed 
that the BG created an ECM using the CHAp layer in a short period (Fig. 2c,d). The Ca and P concentrations in 
SBF after immersion was also measured using Inductively coupled plasma–optical emission spectrometry (ICP-
OES). Ca and P ion concentrations increased on the 1st day and decreased on the 14th and 28th day, as shown 
in Fig. 3a,b. Compared to P ions, the Ca ion has a substantially greater concentration on the 1st day, indicating 
that CHAp rather than hydroxyapatite (Hap) layer development is required for soft tissue regeneration. Na+ 

Figure 2.   Scanning Electron Microscope (SEM) images of (a) BG, (b) BG/GO, (c) BG (Na-free), (d) BG 
(Na-free)/GO, and (e) GO nanocomposites after mineralization.
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was detected only in the BG at the same time. These findings are consistent with the energy-dispersive X-ray 
spectroscopic analysis (EDS) findings.

Hemoclot assay.  The blood clot study was conducted to determine the currently proposed materials clot-
ting time efficiency using three different methodologies (Thrombogenic, UV Absorption, and Le and White 
method). Several specific assays are available to determine hemoclot activity as shown in Fig. 4c. Hence, we 
intend to compare the most studied methods to investigate the material’s performance against effective hemo-
clot formation29. For the UV absorption method, the BG (Na-free) has a 3 min clotting time shown in Fig. 4b, 
and their corresponding supernatant after UV analysis is displayed in Fig. 4a. Furthermore, the BG has a longer 
clotting time because it has the potential to break RBCs by increasing osmotic pressure in the fluid due to the Na 
content30. Due to the less hydrophilic character of rGO, the interaction of blood with BG (Na-free)/GO nano-
composites and GO samples consumed a long time due to the unstable rGO presence with less absorption and 
exposure to a wide surface led to the formation of multiple layers31. During composite preparation, GO may be 
converted to rGO. Further, the thrombogenic method exhibits a shorter clotting time for BG (Na-free) than the 
UV absorption method. Similarly, the hemoclot activity was studied at room temperature using the thrombo-
genic activity and Le and White method32 were shown in Supplementary Fig. S2a,b, and the clot duration was 
calculated and presented in Table 1.

Ca ions in 45S5 BG play a vital role in coagulation by stimulating the development of clotting factors (IV) 
thrombin and fibrin33. Because of the release of Na with increasing alkaline pH and osmotic pressure, the BG has 
a longer clotting time. As a result, the RBCs may be lysed by Na34. Due to the mild hydrophobic character of rGO, 
the BG/GO and BG (Na-free)/GO nanocomposites had a longer clotting time. Owing to the transition of GO to 
rGO reduction and the porous nature of BG, the contact angle measurement establishes the hydrophilic nature 
of BG (Na-free) and slight hydrophobicity of BG/GO and BG (Na-free)/GO nanocomposites Supplementary 
Fig. S3. The hydrophobic characteristic of composites prevents lipid layers of RBCs from interacting with the GO 
surface, potentially lowering blood clotting capacity and lengthening clotting time. As a result, the hemostatic 
data is supported by the contact angle measurements.

Hemocompatibility assay.  Hemocompatibility of the fabricated nanocomposites was evaluated using 
human blood to assay the process of hemolysis. According to International Organization for Standardization 
(ISO) 10993-4 standards, wound healing products with a hemolytic value of less than 5% are considered safe35. 
The hemolysis assay was used to measure the rupture rate of RBCs in BG, BG (Na-free), GO and BG/GO, BG 
(Na-free)/GO nanocomposites with three distinct concentrations of 1, 3, and 5 mg, with weighted samples dupli-
cated as 950 µL PBS + 50 µL RBCs. According to the findings, BG (Na-free) had the least amount of lysis (Fig. 5). 
However, the presence of Na in BG enhanced erythrocyte lysis36. GO with BG (Na-free) composites exhibited 
good compatibility for 1 mg, but GO with BG composites showed mild lysis at 3 and 5 mg. Compared to the 1 
and 3 mg samples, the 5 mg samples have a higher lysis rate. According to ASTM standards (ASTM F 756), all 
of the fabricated composites had very little lysis and are thus considered an excellent hemocompatible material 
to take forward.

Antibacterial activity studies.  BG, BG (Na-free), GO and BG/GO, and BG (Na-free)/GO nanocompos-
ites were tested for antibacterial activity against P. aeruginosa and S. aureus. According to the findings, BG, BG 
(Na-free), GO, BG/GO, and BG (Na-free)/GO all had an excellent antibacterial impact against gram-positive 
and gram-negative bacteria. Furthermore, compared to antibiotics (Tetracycline hydrochloride), BG and BG/
GO had modest antibacterial efficacy against S. aureus, a gram-positive bacterium in Fig. 6a–d. The increased 
release of alkali ions Na in the medium bacterial harm the bacterial cell membrane37. Because of their pointed 

Figure 3.   Determination of Ca and P concentration in SBF for different immersion days; (a) calcium ion 
concentration, (b) phosphate ion concentration.
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Figure 4.   Hemoclot Assay of BG, BG (Na-free), GO and BG/GO, BG (Na-free)/GO nanocomposites; (a) 
photographs of supernatant collected, (b) optical density (O.D.) representation of hemoclot for 10 and 20 mg 
samples, and photographs of a blood clot with fibrin formation (inset), (c) schematic representation of 
hemostatic behavior of 45S5 BG-GO Nanocomposite.

Table 1.   Hemoclot assay of BG, BG (Na-free), GO and BG/GO, BG (Na-free)/GO nanocomposites using UV 
absorption technique and the Le and White method.

Sample
Thrombogenic 
activity

UV absorption 
(mins)

O.D. value (± 0.02) 
(10 mg) O.D. value (20 mg)

Le and White’s 
method

Control 15 min  < 10 0.4783 0.3628 5 min 58 s

BG 6 min 53 s  < 10 0.2517 0.0874  > 10 min

BG/GO 7 min  < 10 0.80085 0.6813  > 10 min

BG (Na-free) 7 min 26 s  < 10 0.08225 0.05205 3 min

BG (Na-free)/GO 6 min  < 10 0.1064 0.10235 4 min 12 s

GO 5 min  < 10 0.5103 0.13935 4 min 2 s
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Figure 5.   Hemolysis assay for BG, BG (Na-free), GO and BG/GO, BG (Na-free)/GO nanocomposites for 
varying concentrations and inserted photographs of haemolysed samples. The asterisks indicate significant 
difference (*p < 0.09, **p < 0.02, ***p < 0.0318).

Figure 6.   Photographs of antibacterial activity with (a) BG (Na-free), GO and BG (Na-free)/GO 
nanocomposite against P. aeruginosa, (b) BG and BG/GO nanocomposite against P. aeruginosa, (c) BG 
(Na-free), GO, and BG (Na-free)/GO nanocomposite against S. aureus, (d) BG and BG/GO nanocomposite 
against S. aureus. 
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rod-like form, the BG (Na-free) particles have a better antibacterial impact, damaging the bacterial membrane’s 
cell wall and causing bacterial death38 as it is known as the one-dimensional material with definite high index 
phase setting as more surface energy. Several defects and oxygen vacancies exist in the GO, which might interact 
with water molecules to form reactive oxygen species (ROS)39. By preventing the transition of a bacterial mem-
brane, these ROS will trigger bacterial death40. As a result, increased structural instability in GO and rGO leads 
to increased bacterial mortality and anti-bacterial action.

BG, BG (Na-free), GO, BG/GO and BG (Na-free)/GO nanocomposite revealed adequate antibacterial activity 
against the S. aureus and P. aeruginosa bacteria (Fig. 7). GO, and BG (Na-free) shows an equal level of response 
when compared to control. BG (Na-free)/GO nanocomposite shows less viability of bacteria than the control. 
Also, the antibacterial activity was decreased with the addition of GO for S. aureus, and there is no significant 
observable difference between S. aureus and P. aeruginosa bacteria. Moreover, the BG and BG/GO samples with 
increased bacterial formation are due to the hydrophobic nature of BG/GO and generally, the BG’s Na ions may 
leach out easily from the BG matrix and cause damage to the bacterial cell membranes which leads less bacterial 
resistance. Overall, the results confirmed that the incorporation of GO into the BG matrix is a notable approach 
to improving antibacterial activity.

Cell viability and cell proliferation assay.  The cytotoxicity of 45S5 BG and GO must be assessed for 
wound healing applications. Since the BG, BG (Na-free), GO, and BG/GO, BG (Na-free)/GO nanocomposites 
directly interacted with L929 cells as a direct technique. L929 cells are normal immortalized cell lines from the 
mouse’s subcutaneous connective tissue, which was used to determine dose-dependent cytotoxicity after 24 h of 
incubation. Furthermore, roughly 85% of fibroblast cells were metabolically active at the higher concentration of 
samples (100 μM), indicating a modest cytotoxic response (Fig. 8a). The proliferation stage of fibroblast cells was 
driven by several growth factors like VEGF, transforming growth factor (TGF), and matrix metalloproteinases 
(MMPs) for angiogenesis formation. For BG (Na-free) particles, the cells had a spindle-shaped morphology and 
excellent cell formation41. Furthermore, other samples do not exhibit a noticeable rate of proliferation, as the 
GO has a lower rate of proliferation, while the BG/GO and BG (Na-free)/GO nanocomposites have a higher 
rate of proliferation, as the BG (Na-free) causes cell growth via fibroblast growth factors (Fig. 8b). At 72 h, the 
proliferation rate was increased for BG (Na-free) and gradually increased for BG/GO and BG (Na-free)/GO 
nanocomposites.

Apoptosis assay.  The apoptotic test was used to further clarify the in vitro cytocompatibility of BG, BG 
(Na-free), GO, and BG/GO, BG (Na-free)/GO nanocomposites. The current study used the differential uptake 
of acridine orange and ethidium bromide by L929 cells to detect apoptosis. The interpolating fluorescent 
stain, cell-permeable acridine orange, generates consistent green fluorescence from both living and non-viable 
cells. The apoptotic cells were brightly labeled with the usual chromatin condensation and nuclear fragmenta-
tion development42. After 24 and 48 h of incubation, the excellent confluence of live cells with bright-field green 
fluorescence was seen when BG and BG (Na-free) interacted with cell DNA. The cell counts steadily declined 
when the concentration was increased from 25 to 100 μL, and an ideal range of cell density and morphology was 
found at 50 μL for all samples in Fig. 9a,b. Break-in ribonucleic acid in the monolayer might cause a change in 
cell morphology. When compared to control, both 45S5 BG and GO samples retain their cell structure up to 48 h 
were seen in Fig. 9. Compared to 24 h, cell density was low at 48 h at a concentration of 100 μL. These findings 

Figure 7.   Antibacterial activity of BG, BG (Na-free), GO, BG/GO, and BG (Na-free)/GO nanocomposites 
against S. aureus and P. aeruginosa bacteria. The asterisks indicate significant difference *p < 0.02, **p < 0.03, 
***p < 0.05.
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are consistent with cell viability and proliferation data. The density of live cells acridine orange (AO) stained 
increased at 50 and 75 μL concentrations; however, at high concentrations (100 μL), BG and GO showed slightly 
less density of viable cells than BG (Na-free), BG/GO, and BG (Na-free)/GO nanocomposites. At the end of the 
48-h apoptosis experiment, greater cell density (increase in AO living cells) was detected.

Scratch assay.  BG, BG (Na-free), GO, and BG/GO, BG (Na-free)/GO nanocomposites demonstrated mod-
erate wound contraction with varying concentrations up to 24 h, as illustrated in Fig. 10a. Compared to nano-
composites, BG (Na-free) and BG at higher concentrations (100 μL) have potent healing properties. The GO, 
BG/GO, and BG (Na-free)/GO exhibit only 25% of wound closure due to less interaction of rGO with cell mem-
branes. These results are in good concurrence with cell proliferation assays. However, compared to the control, 
all samples have reduced wound contraction. The primary reason for reduced contraction of cells with BG, BG 
(Na-free), GO, and BG/GO, BG (Na-free)/GO nanocomposites is the lower concentration (0.1 mg/mL) which 
is tenfold lower than typical for 24 h incubation duration. The low concentration slowed cell movement. It is 
also implied that extending the healing time beyond 36 h might result in full-area cell migration in the samples. 

Figure 8.   Cytocompatibility and cell proliferation properties; (a) cell viability of BG, BG (Na-free), GO and BG/
GO, BG (Na-free)/GO nanocomposites over L929 for the incubation for 24 h. The asterisks indicate significant 
difference (*p < 0.02, **p < 0.08, ***p < 0.02), (b) cell proliferation of fibroblast cells on BG, BG (Na-free), GO 
and BG/GO, BG (Na-free)/GO nanocomposites for 72 h incubation. The asterisks indicate significant difference 
(*p < 0.015, **p < 0.045, ***p < 0.068).

Figure 9.   Apoptosis assay of L929 cell treating with the following samples; (a) upto 24 h and (b) upto 48 h.
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However, there is a sustainable formation (40%) in the cell line for BG and BG (Na-free) samples at the concen-
tration of 50, 75, and 100 μL.

DPPH assay.  In the intricate symphony of diabetic wound healing, multiple elements such as hyperglyce-
mia, neuropathy, blood supply, matrix turnover, wound contraction, and the microbiome plays a vital role43. It 
is now recognized that oxidative stress reduction is vital in diabetic wound healing. Overproduction of ROS 
is caused by an imbalance of free radicals and antioxidants in the body, which leads to cell, tissue, and wound 
damage44. As a result, lowering ROS levels through antioxidative systems may help to enhance healing by reduc-
ing oxidative stress-induced damage45. On the other hand, excessive generation of defective ROS detoxification 
causes rapid inflammation and oxidative stress-induced cellular damage, which is the primary cause of wound 
healing delays46. For dose-dependent relationship assay (10, 30, 50, 70 mg), the BG (Na-free), BG, GO, and BG 
(Na-free)/GO, BG/GO nanocomposites, the scavenged DPPH radicals show enhanced activity in Fig. 10b shows 
the DPPH activity for BG (Na-free), BG, GO, BG (Na-free)/GO, and BG/GO nanocomposites simultaneously 
depends upon concentration. The DPPH activity values are comparatively enhancing for 10, 15, and 20% of BG/
GO, etc. When the concentration of BG (Na-free), BG, GO, BG (Na-free)/GO, and BG/GO nanocomposites is 
gradually increased, the scavenging activity increases. Furthermore, the BG (Na-free) and BG/GO composite 
had the highest scavenging effect. The radical formation in graphene-based materials is caused by sp2 carbons 
and their delocalized spin across the graphene sheets, which is considered a significant factor in the destruction 
of radical generation via electron transfer47. The free radical scavenging activity of the 45S5 BG and GO against 
the production of hydroxyl radicals and the oxidation process was confirmed by the DPPH assay.

Raman spectra analysis.  The Raman spectra for mineralized samples were obtained on the 1st, 14th, and 
28th days and are displayed in Fig. 11 Furthermore, the bonds with ID/IG values are listed in Supplementary 
Table S1. The phosphate (P–O–P) stretching peak was seen at 964  cm−1 (1st day), 963  cm−1 (14th day), and 
954 cm − 1 (28th day), indicating the formation of apatite layers via phosphate stretching mode in addition to 
Si–O–Si stretching mode. The apatite layer development was well initiated on the 1st day and confirmed on 
the 28th day. Furthermore, the GO-incorporated BG exhibits a more remarkable shift in the phosphate bond 
and the D and G bands. The presence of functional groups in the GO influences the mineralization process. 
After mineralization, the 2D region formed for GO shows fluctuations in the number of graphene layers48. GO 
functional groups (–COOH, –OH) interact with the inorganic salts (Na+, Ca+, P+) in the SBF solution during 
the mineralization process and undergo charge transfer, which tends to exfoliate the GO layer as shown in 
Fig. 12a–f. It is anticipated that the exfoliation of the GO sheet may interrupt the GO’s interplanar distance due to 
cation intercalation and leading to weakening of the Vander Waals force49; which facilitates GO sheet separation 
which affects the 2D band, as shown in Fig. 11a-i,b-ii,c-ii Because of the presence of Na+ in the BG (Na-free), the 
BG/GO composite alone displays 2D bands in Fig. 11b-i,c-i. The amount of Na+ in the nanocomposites affects 
the exfoliation of GO layers during immersion. The non-bridging oxygen in 45S5 BG formed an electrostatic 
interaction with the GO functional groups. The carboxyl group and oxygen vacancies in GO attract positively 
charged cations when they are in contact with the SBF solution, and the ions are deposited in the GO, increasing 
the interlayer spacing and forming separate sheets.

Figure 10.   (a) Scratch assay of L929 fibroblast cells treated with BG, BG (Na-free), GO, and BG/GO, BG 
(Na-free)/GO nanocomposites. The asterisks indicate significant difference (*p < 0.05, **p < 0.017, ***p < 0.022, 
****p < 0.055), (b) antioxidant activity of BG (Na-free), BG, GO, and BG/GO, BG (Na-free)/GO nanocomposites 
was measured using the DPPH radical scavenging assay. The asterisks indicate significant difference (*p < 0.0003, 
**p < 0.023, ***p < 0.047).
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Material characterization.  Structural analysis.  XRD patterns were indexed and identified the orientation 
of the prepared 45S5 BG crystal structure shown in Fig. 13a. BG has a sodium calcium silicate (Na4Ca4(Si6O18)) 
phase with a combeite structure50 (ICDD card no. 75-1686), whereas BG has a calcium phosphate silicate 
(Ca5(PO4)SiO4) phase with silicocarnotite crystal structure (ICDD card no. 73-1181). Furthermore, due to the 

Figure 11.   Raman spectra of BG, BG (Na-free), GO and BG/GO, BG (Na-free)/GO nanocomposites after 
mineralization; (a) 1st day; (a-i) 2D-region of GO, (b) 14th day; (b-i,b-ii) 2D-region of BG/GO and GO, (c) 
28th day; (c-i,c-ii) 2D-region of BG/GO and GO.
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development of the BG-GO matrix, the XRD patterns of the BG/GO and BG (Na-free)/GO nanocomposites 
exhibit changed crystal orientation. The GO (001), (002), and (100) planes appeared at the 2θ values of 11.09°, 
26.47°, and 42.° respectively. Furthermore, due to the inclusion of oxygen functional groups from GO, the BG/
GO nanocomposite has a higher intensity than BG were displayed in Fig.  13b. The reduced graphene oxide 
(rGO) signal produced at 42° confirmed an expansive and amorphous character. Compared to BG (Na-free), the 
nanocomposite BG (Na-free)/GO exhibits a two-fold increase in intensity and a peak shift. Similarly, the BG/
GO nanocomposite exhibits peak widening and shifts a twofold reduction in intensity. The calcium phosphate 

Figure 12.   Schematic representation of structural modifications of BG and GO immersed in SBF solution; 
(a) BG immersed in SBF with cationic ion exchange, (b) formation of Si layer by dissolving Ca and P ions, (c) 
CHAp layer formation on the BG surface, (d) stacked layers of GO in SBF solution, (e) GO sheets interact with 
BG matrix and cations in SBF via hydroxy and carbonyl groups, which reduces the interplanar distance and 
weakens the van der Waals force between the sheets, (f) separated GO stack into a single layer with BG matric 
interconnection.

Figure 13.   XRD patterns for (a) BG and BG (Na-free), (b) BG, BG (Na-free), GO and BG/GO, and BG 
(Na-free)/GO nanocomposites.
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silicate and calcium phosphate phase are seen in the nanocomposites of BG/GO, and BG (Na-free)/GO, respec-
tively.

Morphological analysis.  SEM imaging on the surface of the fabricated nanocomposites was performed to exam-
ine the morphology, microstructure, and element distribution displayed in Fig. 14a–e. BG morphology revealed 
micron-sized spherical particles with cluster formation (Fig. 14a), and BG spheres were decorated over the GO 
sheets in BG/GO nanocomposites. The fabricated BG (Na-free) has rods and flake-like morphology (Fig. 14c), 
but when GO was added, the BG (Na-free)/GO nanocomposite had a spherical morphology connected to the 
GO sheets. The separate GO sheets were observed and shown in Fig. 14e, which depicts 2D stacked and lined 
layers of sheets. The interaction of functional groups (–COO, –OH) with the non-bridging oxygen sites resulted 
in the attachment of BG and BG (Na-free) particles on the GO surface in composite samples (Fig. 14b,d). The 
mapping pictures showed the distribution of the chemical composition of 45S5 BG and GO in Supplementary 
Fig. S4a–g. In EDS mapping corresponding to the regions covered by GO in nanocomposites, significant signals 
for Si, Ca, P, Na, and O were observed and indicated the presence and uniform distribution of Si, Ca, and P on 
the GO surface. High carbon and oxygen signals were also observed for GO sheets. The composition of elements 
was analyzed using EDA, and their spectrum of BG, BG (Na-free), GO, and BG/GO, BG (Na-free)/GO nano-

Figure 14.   SEM images of (a) BG, (b) BG/GO, (c) BG (Na-free), (d) BG (Na-free)/GO, and (e) GO.
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composites validated the presence of all necessary components and is exhibited in Supplementary Fig. S5 and 
weight percentage were tabulated in Supplementary Table S2.

The BG and BG (Na-free) particles were formed as solid spheres fused with matrix-like surfaces, as exhibited 
in high-resolution transmission electron microscopy (HRTEM) micrographs of BG, BG (Na-free), GO, and BG/
GO, BG (Na-free)/GO nanocomposites (Fig. 15a). The 45S5 BG particles in the nanocomposites are connected 
to the GO surface in various morphologies, including long rods and microscopic spheres. The morphology of the 
GO samples resembles a single stacked sheet. With the appropriate planes, the selected area electron diffraction 
(SAED) pattern determines the amorphous nature of 45S5 BG microcrystals (Fig. 15b inset). Thin black rings in 
the SAED pattern imply the GO particle formation, while the bright spot indicates 45S5 BG particle formation51. 
The HRTEM data supports the successful formation of the (Na4Ca4(Si6O18)) and Ca5(PO4) SiO4) phases as well 
as the (002) plane for GO, as revealed by the XRD patterns.

Compositional analysis.  The chemical state and composition of BG, BG (Na-free), GO and BG/Na, BG (Na-
free)/GO nanocomposites were determined using X-ray photoelectron spectroscopy (XPS), and the spectrum 
results are given in Supplementary Table S3. The XPS survey spectra determine the relative amounts of silica, 
phosphorus, calcium, carbon, oxygen, and sodium present in the BG/GO, BG (Na-free)/GO nanocomposites. 
The survey spectrum shows the presence of Si 2s, Si 2p, P 2s, P 2p, Ca 2s, C 1s, O 2s, O 1s, and O KLL. Further, 
the survey spectrum of BG/GO shows the presence of Si 2s at 152.23 eV, Si 2p at 99.56 eV, P 2s at 188.60 eV, P 
2p at 131.66 eV, Ca 2s at 438.39 eV, Ca 2p3–Ca 2p1–Ca 2p at 346.35 eV, C 1s at 283.65 eV, O 1s at 531.69 eV, O 
KLL at 979.86 eV, Na 2s at 42.63 eV and Na 1s at 1071.91 eV (Fig. 16ai). The survey spectrum of BG (Na-free)/
GO shows the presence of Si 2s, Si 2p, P 2s, P2p, Ca 1s, Ca 2s, Ca2p3–Ca2p1–Ca2p, O 1s and O KLL as shown 
in Fig. 16bi. The survey spectrum of BG (Na-free) shows the presence of Si 2s, Si 2p, P 2s, P2p, Ca 2s, O 1s and 
O KLL as shown in Fig. 16ci. The survey spectrum of BG shows the presence of Si 2s, Si 2p, P 2s, P2p, Na 2s, Na 
1s, Na 2p, Ca 2s, O 1s, Na KLL and O KLL as shown in Fig. 16di. The survey spectrum of GO shows the presence 
of C 1s, O 1s and O KLL as shown in Fig. 16ei. The Si 2p spectra assigned two peaks for BG/GO at 104.67 and 
102.63 eV and 102.5 eV for BG (Na-free)/GO as SiO2 and Si 2p3/2 state (Fig. 16aii,bii). The Ca 2p spectra for BG/
GO display three peaks at 350.97, 348.2, and 347.15 eV for Ca 2p1/2, CaCO3, and Ca(PO4)2 (Fig. 16aiii). Further, 
two peaks at 350.57 and 347 eV assigned to Ca 2p1/2 and Ca 2p3/2 for BG (Na-free)/GO (Fig. 16biii). The P 2p 
spectra revealed two peaks at 134.6 and 133.1 eV for the P 2p3/2 state and PO3 formation for BG/GO, and a single 
peak at 133.5 eV for the P 2p3/2 state for BG (Na-free)/GO52 (Fig. 16aiv,biv). The C 1s spectra of BG/GO reveal 
three peaks at 290, 286.4, and 284.7 eV, and two peaks at 289.3 and 284.7 eV for BG (Na-free)/GO, with C=O, 
C–O–C, and C–C bonds attributed to the peaks (Fig. 16avi,bv). The high-resolution spectrum of O 1s shows two 
peaks at 532.7 and 531.3 eV for BG/GO and 532.7 and 531.2 eV for BG (Na-free)/GO ascribed to oxygen-silica 
and oxygen-carbon bonding, respectively (Fig. 16avii,bvi). The Na 1s showed two peaks for Na–O, and (Na–O–
Si NBO) bonds at 1073.4 and 1072 eV53,54 (Fig. 16av). In GO, the C1s spectrum contains three peaks at 284.7, 
286.9, and 285.6 eV, corresponding to the sp2 carbon, the epoxide, carboxyl, and carbonyl functional group two 
Si 2p spectra for BG show lower and higher energy shifts (101.5 and 103.1 eV). The carbon peak at 284.8, 286.8, 
and 288.9 eV was assigned for carboxyl groups, and the presence of CaCO3 increased with GO composition 
(Fig. 16eii). The oxygen spectrum of GO at 532.93 eV is assigned as C=O, C–O–C (Fig. 16eiii). The BG (Na-free) 
shows SiO2 peak at 102.96 eV and Si 2p3/2 peak at 101.3 eV and BG shows SiO2 peak at 103.18 eV and Si3N4 peak 
at 101.53 eV (Fig. 16cii,dii). The Ca 2p state as two peaks of Ca 2p3/2 and Ca 2p1/2 for BG (Na-free) at 347.6 and 
251.2 eV and for BG at 347.04 and 350.7 eV (Fig. 16ciii,diii). The BG (Na-free) and BG shows phosphours peaks 
of P 2p3/2, PO3 and P–C at 133.7, 133.15 and 131.79 eV respectively (Fig. 16civ,div). For BG(Na-free) the Na 1s 
peak occurs at 1072. eV and 1071.14 eV for Na–O (Fig. 16dv). The high-resolution spectrum of O 1s shows one 
peak for BG (Na-free) at 532.7 eV as O–Si and three peaks for BG at 531.17, 532.82 and 535.6 eV as O–Si, Bridg-

Figure 15.   (a) HRTEM images of the BG, BG (Na-free), GO, and BG/Na, BG (Na-free)/GO nanocomposites 
(scale bar: 200 nm), (b) corresponding cross-sectional profile (scale bar: 2 nm) at different magnifications, with 
respective SAED pattern (inset). The arrows show sheet separation.
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Figure 16.   XPS spectra of (a) BG/GO, (b) BG (Na-free)/GO nanocomposites, (c) BG (Na-free), (d) BG, (e) 
GO. The survey and core-level spectrum of Si 2p, Ca 2p, P 2p, Na 1s, C1s, and O1s.
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ing oxygen and Si–O–Si respectively (Fig. 16cv,dvi). The results show that the relative positions of XPS peaks are 
associated with P–O bonding, CaCO3 formation, and Si 2p3/2 at a stable state with a GO matrix.

Structural defects and functional group examination.  The Raman spectra of BG, BG (Na-free), GO, and BG/
GO, BG (Na-free)/GO nanocomposites are displayed in Supplementary Fig. S6. The D and G bands of pure 
GO correspond to structural disorder, and the stretching of the carbon sp2 bond with the ID/IG ratio is ~ 0.9. 
The incorporation of GO with 45S5 BG results in a decrease in the intensity of both D and G bands and a hyp-
sochromic shift ~ 1343 and 1566 cm−1, indicating that GO caused a surface attachment on the 45S5 BG matrix. 

Figure 16.   (continued)
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The band peaks at ~ 947, 986, and 594 cm−1 suggest P–O symmetrical stretching, P–O–P stretching, and P–O 
bending vibrations, respectively. The non-bridging oxygen sites in the Si–O–Si bond with monomers of SiO4

4− 
correspond at 868 cm−1.

Fourier transform infrared (FTIR) studies were used to assess the apatite layer deposition on the BG, BG 
(Na-free), GO and BG/GO, BG (Na-free)/GO nanocomposite surfaces (Supplementary Fig. S7a). The bands 
appeared at ~ 1439, 1027, 759, 570, and 457 cm−1 attributed to the (C–O) residual, (Si–O–C) (stretch), SiO4, 
PO4, (Si–O–Si) stretch, and P–O (bend), respectively. The signal at ~ 1027 cm-1 shifts to (Si–O–C) asymmetric 
stretching vibration, indicating that the GO carbonyl group has been transformed to (Si–O–C) with the assistance 
of the 45S5 BG SiO2 group55. In addition, the mineralized samples (Supplementary Fig. S7b–d) have in-plane 
stretching vibrations of C–H, C–N, and C–O at 2984, 2854, and 1458 cm−1, respectively, indicating the creation 
of the CHAp phase and the detailed vibrational planes were shown in Supplementary Table S4. The change in 
(Si–O–Si) stretching and bending vibrations around 1028 to 1018 cm−1 and 472 to 455 cm−1 indicated apatite 
layer formation. By establishing calcium carbonate and phosphate areas, the Si–O–Si stretching band at 1028 cm−1 
becomes less intense as the mineralization days increases. Hence, the FTIR findings for apatite production 
validated the studied composite material’s intermolecular interaction.

Thermal studies.  The BG and BG (Na-free) samples were subjected to TG/DTA analyses before annealing and 
presented in Supplementary Fig. S8a,b at different intervals. The endothermic peak in BG is associated with 
a peak at 135 °C and the elimination of H2O molecules, while the TG curve reveals an 11.26% weight loss at 
200 °C. At 567 and 306 °C, the second weight loss endothermic peak of 18.98% occurs, further increasing the 
destruction of organic molecules. Similarly, from 134 to 570 °C, the BG (Na-free) displays a total weight loss of 
37.7%, with DTA maxima at 194, 300, and 570 °C determining the endothermic process.

Mechanical stability analysis.  The microhardness test was obtained at room temperature with an applied load 
of 0.3 Kgf and a dwell time of 10 s which shown in Supplementary Fig. S9. All the samples are indicated with 
error bars and denote a decrease in hardness when load increases. Compared to pure 45S5 BG and GO, the 
nanocomposites show a linear increase in hardness due to the microstructure of the GO.

Conclusion
The in vitro biological efficacy of BG, BG (Na-free), GO and BG/GO, and BG (Na-free)/GO nanocomposites 
were extensively investigated. The hemoclot experiment indicates that BG (Na-free) can clot blood in 3 min, an 
essential step in wound healing. The interlink between BG (Na-free) and GO and their nanocomposites had an 
increased fracture toughness of nearly 85%. An in vitro wound healing test of the BG, BG (Na-free), GO, and 
BG/GO, BG (Na-free)/GO nanocomposites demonstrate 30–40% wound healing up to 24 h. In which, at greater 
concentrations, the BG (Na-free) and BG exhibit improved wound closure, but the BG (Na-free)/GO, BG/GO, 
and GO do not show meaningful effects because the GO nanosheets may hinder cell growth. The generation of 
oxygen species and hydroxyl radicals in 45S5 BG and GO materials was measured using the DPPH test, with 
an effective scavenging performance of 80% for BG (Na-free), 60% for BG, 65% for BG (Na-free)/GO, 80% for 
BG/GO, and 70% for GO at higher concentrations (70 mg/mL). BG and BG (Na-free) composites performed 
better in the early stages of wound healing, whereas the GO composites had more significant stability and anti-
inflammatory properties. Collectively, our findings suggest that 45S5 BG and GO nanocomposites are potential 
materials for chronic or diabetic wound healing in the early stages. The proposed nanocomposites will be used 
to fabricate wound healing pads, bandages, or sheets as a product with in vivo models shortly.

Materials and methods.  TEOS (Si(OC2H5)4) TCL, orthophosphoric acid (H3PO4) Merck, calcium nitrate 
(CaNO3), sodium nitrate (NaNO3), sulphuric acid (H2SO4), hydrochloric acid (HCl), and sodium nitrate 
(NaNO3) SRL, hydrogen peroxide (H2O2) Merck, potassium permanganate (KMnO4) SRL, nitric acid (HNO3) 
SRL, graphite (Sigma), Cell-Line L929 mouse fibroblast cells, NCCS Pune. XRD (X-Pert Pro PANalytical, Neth-
erlands), HRTEM (Jeol/JEM 2100, Japan), SEM (Hitachi S-3400N, Japan), XPS (Physical Electronics), FTIR 
(SHIMADZU (Miracle 10, US), RAMAN (WiTec alpha 300, Germany), TGA (NETZSCH STA 2500, Germany), 
UV–Visible Spectroscopy (LAB MAN LMSP-UV1200, India), Hardness (Wilson-Wolpert, Canada), ICP-OES 
(Perkin Elmer Optima 5300DV, USA), ELISA Plate Analyser (ROBONIK).

Preparation of 45S5 bioglass (45S5 BG).  The 45S5 BG was synthesized by the sol–gel method with 
a composition of 46.1% SiO2, 26.9% CaO, 24.4% Na2O, and 2.6 P2O5 precursors with the stoichiometry of 
11.48 mL tetraethyl ortho silicate (TEOS), 1.74 mL H3PO4, 6.24 g of CaNO3, and 13.84 g of NaNO3 as shown 
in Supplementary Fig. S1056,57. All the precursors were prepared in double-distilled (DD) water. TEOS + HNO3 
was first dissolved in ethanol and DD water (1:2) suspension and held under constant stirring. The suspension is 
allowed to form gel until it reaches a clear solution. After the gel was formed, H3PO4 was added dropwise to the 
agitated solution until it dissolved entirely, and subsequently, the gelation process was allowed further for 12 h. 
The CaNO3 was then added dropwise and kept at 80 °C for 36 h. The samples were also dried for 24 h in a hot air 
oven at 100 °C. The as-prepared samples were calcined for 3 h at 800 °C (heating rate 5 °C/min) to achieve phase 
formation without residues and were designated as BG. Similarly, the 45S5 bioglass was made without sodium 
and is termed BG (Na-free) with a similar synthesis process.

Synthesis of graphene oxide (GO).  To avoid environmental concerns, the revised hammers process uses 
H3PO4 instead of NaNO3, which is non-toxic and produces high-quality GO sheets58,59. The improved hammers 
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approach was used to synthesize the GO samples as shown in Supplementary Fig. S11. 2.0 g graphite powder was 
typically added to 100 mL of saturated H2SO4 under constant stirring followed by dropwise H3PO4 addition. The 
H2SO4:H3PO4 ratio was calculated to be 100:1. The KMnO4 (6.0 g) was progressively added for exploitation while 
stirring continuously with a cold bath. The diluted liquid became brown after complete exfoliation, indicating 
hydrolysis and absolute exfoliation of intercalated graphite oxide. The brown suspension was then turned black 
with the addition of H2O2 to remove the remaining oxidants. Finally, the resulting solution was washed numer-
ous times with HCl and DD water to neutralize the pH and eliminate excess residuals. The washed and filtered 
samples were dried for 24 h at 100 °C.

Preparation of BG‑GO nanocomposite.  A simple reduction approach employing hydrazine hydrate and probe- 
and ultra-sonication methods were used to fabricate the BG and GO as a nanocomposite as shown in Supple-
mentary Fig. S12. The BG and BG (Na-free) samples were weighed (900 mg), dispersed in 10 mL DD water, 
and stirred for 1 h. The BG and GO suspensions were mixed and maintained under constant stirring. The GO 
granules (100 mg) were added slowly and probe sonicated for 15 min. 15 mL hydrazine hydrate was introduced 
to reduce the oxygen molecule in GO and further ultra-sonicated for 2–3 h. Finally, sonicated samples were 
washed, filtered, and then dried in a vacuum oven at 100 °C for 12 h. The prepared samples were named BG/GO 
nanocomposite (BG with Na) and BG (Na-free)/GO nanocomposite (BG without Na).

In vitro biomineralization assay.  This investigation employed Hank’s balanced salt solution as the simu-
lated body fluid (SBF) solution. Na+ 213.0  mM, K+ 7.5  mM, Mg2+ 2.25  mM, Ca2+ 3.75  mM, Cl- 221.7  mM, 
HCO3

− 6.3 mM, HPO4
2− 1.5 mM, SO4

2- 0.75 mM are the components of SBF. The BG, BG (Na free), GO and BG/
GO, BG (Na free)/GO nanocomposite pellets were incubated at 37 °C for up to 28 days in 10 mL SBF (pH 7.4) in 
15 mL falcon tubes60. The submerged samples were washed extensively with DD water and dried at 100 °C under 
a vacuum. XRD, FTIR, Raman, and SEM investigations were carried out to examine the development of apatite 
layer formation on composite surfaces.

In vitro biocompatibility assay.  Healthy volunteers provided the appropriate amount of blood, mixed 
with 1.6 g/L of ethylenediaminetetraacetic acid (EDTA) to avoid coagulation. The blood was centrifuged at 4 °C 
for 10 min at 2000 rpm. Phosphate buffer saline (PBS) was used to wash the collected erythrocytes (RBCs). The 
RBCs were then resuspended in a suitable amount of PBS (pH 7.4). The positive control comprises 950 μL of 
DD water and 50 μL of blood, whereas the negative control has 950 μL of PBS and 50 μL of blood. A calculated 
number of samples were placed in a vial containing 1 mL of re-suspended RBCs and incubated for 1 h at 37 °C 
with gentle shaking. The vials were then centrifuged for 10 min at 2000 rpm, and the supernatant was collected. 
Finally, using a UV–Visible Spectrophotometer, the absorbance was measured at 540 nm. The following equation 
(1) was used to compute the percentage of hemolysis;

In vitro cytotoxicity and cell proliferation MTT assay‑direct method.  A direct Methyl thiazolyl 
diphenyl tetrazolium bromide (MTT) test was used to investigate the cytotoxicity of BG and GO. The fibroblast 
L929 cells were grown in Dulbecco’s Modified Eagle’s medium (DMEM), which included 10% fetal bovine serum 
(FBS) and 1% penicillin-streptomycin61. The cells (1 × 105 per well) were planted in 24-well plates and incubated 
at 37 °C with 5% CO2. The cells were treated with various concentrations of all samples (0, 0.5, 2.5, 5.0, 7.5, 
10.0 μM) for 24 and 48 h to assess the cytotoxicity based on the concentration of the samples. The mitochondrial 
enzyme decrease was achieved by adding 5 mg/mL of MTT to the samples and incubating them for 4 h. Follow-
ing the incubation period, 1 mL of dimethyl sulfoxide (DMSO) was added to each well to dissolve the formazan 
crystals62. The absorbance at 570 nm was measured using an ELISA reader with DMSO as a control. Measure-
ments found the concentration necessary for a 50% inhibition (IC50). An inverted phase-contrast microscope 
was also used to view the morphology of the cells. The percentage of viable cells was computed using the fol-
lowing Eq. (2),

Apoptosis assay.  The development of apoptosis is a key element of wound healing since it influences cell 
function and cytocompatibility. Exponentially developed L929 cells were planted in 48-well plates with a cell 
density of 50,000 cells per well for apoptosis tests. The cell lines were grown at 37 °C with 5% CO2 in Minimum 
Essential Medium Eagle (MEM) containing 10% fetal bovine serum (FBS) and a Penicillin (100 U/mL)–Strepto-
mycin (100 g/mL) antibiotic solution63. After alcoholic cell fixation, the cells were stained with 50 μL of double 
dye (Acridine orange/Ethidium bromide) and 10 μL of a medium, which was allowed to bind for 10 min before 
the media was withdrawn. The cells were cultured with samples (0.1 mg/mL) at varying concentrations (0, 5, 
25, 50, 75, 100 μL) for 24 and 48 h at 37 °C after the medium was withdrawn and rinsed with PBS buffer for the 
experimental groups. A fluorescence microscope was used to capture the fluorescence pictures in the UV-region, 
blue channel.

(1)
[

Hemolytic percentage =

sample absorbance − negative control

positive control − negative control
× 100

]

.

(2)Cell viability (%) =

(

Corrected abs. of sample/corrected abs. of control
)

× 100.
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Wound healing (scratch assay).  For cell migration studies, the scratch assay was developed. The fibro-
blast L929 cells were cultured in DMEM with 10% FBS supplemented. After the cells had grown to roughly 80% 
confluence in a 24-well tissue culture plate for 24 h, a slight scratch was formed on the monolayer of the cells 
using a fresh 1 mL pipette tip across the well. Scratched wells were gently washed to remove the detached cells. 
The BG, BG (Na free), GO and BG/GO, BG (Na free)/GO nanocomposites were added to the wells (0.1 mg/mL), 
and the cells were left to heal for the period allotted. In addition, using an inverted phase-contrast microscope, 
time-dependent pictures were acquired. Finally, using Eq. (3), the wound contraction % was computed.

Antioxidant activity.  Generally, the scavenging activity of antioxidants is measured using 1,1-DPPH, a 
synthetic nitrogen-centered free radical, that accepts electrons or hydrogen radicals from antioxidants to form a 
stable molecule. The free radical scavenging activity of nanocomposites was assessed by using the DPPH assay. 
The BG (Na free), BG, GO, BG (Na free)/GO, and BG/GO were immersed in 2 mL of methanol solution over-
night. Then, 2.5 mL of DPPH radical solution (concentration of 0.04 mg/mL) was added to 0.5 mL of methanol 
solution and the sample. After 30 min of incubation in the dark at 37 °C, the absorbance was measured using 
UV–Visible spectroscopy at 517 nm. The blank and control solutions were methanol and DPPH, respectively. 
The following equation was used to compute DPPH radical scavenging activity64.

Antibacterial assay.  The antibacterial activity was characterized via the colony counting method. S. aureus 
was used to represent gram-positive and P. aeruginosa as gram-negative bacteria. Bacteria were inoculated indi-
vidually with 20 mL of Luria–Bertani (LB) broth media. After a revival of the culture, a loop full of culture was 
introduced into the sterile fresh broth and incubated at 37 °C in an orbital shaker. After reaching the mid-log 
phase, the cells were centrifuged (4 °C, 4000 rpm for 10 to 15 min), then obtained pellets were washed several 
times using PBS. Further, the cells were used to analyze the antibacterial activity in the presence of materials. 
The samples were well sonicated using a bath sonicator, and the ratio of the samples (1 mg) with PBS, sterile 
broth, and cell suspension used to be at 8:1:1. Then the materials were incubated with the presence of bacteria 
for 6 h. Thereafter serially diluted to 10 dilutions, after that, 10−5, 10−6, and 10−7 dilutions were smeared into the 
agar poured, prepared plates Mueller–Hinton (MH) agar. Furthermore, the plates were incubated for overnight 
to count the minimum inhibitory concentration (MIC), in which bacteria without material is used as a negative 
control. Similarly, MH agar poured plates were used to enumerate the zone of inhibition, and wells were cre-
ated in the microbial species spreader plates. Antibiotic (tetracycline) is used as a positive control the remaining 
four wells were used to introduce the samples of 20 mg/mL. After overnight incubation, the zone was captured 
through a camera and MIC photographic images corresponding to 10−7 dilutions were exhibited65.

Statistical analysis.  To compare the means of more than two groups, statistical analysis was performed 
using the standard one-way analysis of variance with significant levels. Statistical analysis Data were analyzed by 
ANOVA and Bonferroni’s test using Origin (Origin Lab, Northampton, MA, USA).

Data availability
All data generated or analyzed during this study are included in this published article (and its Supplementary 
Information files).
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