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Abstract Graphene oxide (GO)-NPs possess excellent physicochemical and biological properties
and could have prominent antimicrobial activities. We used solution-based Hummer’s method to
synthesize pure, CA coated and PEG coated GO-NPs and the XRD revealed hexagonal lattice
structure and the crystallite size of pure and coated GO-NPs calculated in the range of 7-16 nm.
In addition, a spongy like surface in pure GO-NPs and randomly crumpled like surface by using
the CA and PEG coating agents was also identified and SEM images irregular, non-uniform and
rod shape morphology of the graphite powder. The GO in the UV region and the band gap
decreased from 2.30 to 2.03 eV while different modes (C—=C and C=O0) on the surface of pure
and coated GO-NPs were evident as indicated by Raman spectra. Finally, in-vitro antimicrobial
activity was assessed against two-gram negative bacterial strains viz. A. hydrophilaand E. coli
and one fungal stain F. avenaceum at 10 and 20 mg/mL concentrations. Our results indicated
enhancement in the inhibition zones of pure GO-NPs from 8 to 17 mm, PEG coated GO-NPs from
8 to 20 mm and CA coated GO-NPs from 8 to 17 mm respectively. Overall the PEG coated
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GO-NPs had prominent antimicrobial activities and we recommend application of polymer coated
GO-NPs for wound healing process.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The potential threat of bacterial infectious diseases which include
Pneumonia, Anthrax, Cholera, Tuberculosis, Botulism, and Tetanus
cause of distressing in millions of people. The treatment of pathogenic
bacterial infection possible with drugs createsa lot of side effects on
human health (Ahmad et al., 2021; Muhammad et al., 2020). These
side effects are reduced by using the non-traditional antibacterial
nanomaterials (Munir et al., 2021; Munir et al., 2020; Robkhob
et al., 2020). The carbon base nanomaterials/ nanosheet (Graphene
and graphene oxide) have excellent physicochemical and biological
properties and are preferred for biomedical applications which include
antibacterial, anticancer, antifungal, antioxidant, and antiviral infec-
tions (Bilal et al., 2021; Chung et al., 2013; Priyadarsini et al., 2018).
Recent studies are provided detailed information about synthetic, mis-
cible, and biodegradable polymers-coated nanomaterials that improve
the stability, biocompatible and nontoxic for cells and tissues
(Sunderrajan et al., 2018). The PEG is a hydrophilic polymer and
CA is an organic acid that reacts with Graphene oxide nanoparticles
(GO-NPs) to increase its physical and chemical characteristics.

Graphene is the most prominent material in lab research and indus-
trial applications (Kamenska et al., 2021). The chemical addition of
functional groups (OH, COOH) in graphene materialthen it was chan-
ged into graphene oxide. Nowadays, the main challenge for researchers
is the synthesis of graphene-based nanomaterials with control physical
properties (Al Mogbel et al., 2021). The organic/polymer coating
agents increase the agglomeration level in graphene base nanomaterial
(Chowdhury et al., 2014). The GO materials show excellent biocom-
patibility, tissue repair and enhance the proliferation level of stem cells.
The GO-NPs have antifungal, anticancer, and antibacterial activities
against gram-negative and positive strains of bacteria (Placha and
Jampilek, 2019). Likewise, GO-NPs can damage the bacterial mem-
brane and cause oxidative stress the bacteria was dead. A huge number
of coating agents were used to enhance antimicrobial activity
(Sengupta et al., 2019). Al Mogbel et al (2021) reported that the
PVP-coated GO-NPs provided significant results in the field of bio-
physics but they have weak mechanical properties as compared to
GO-NPs. After coating the GO-NPs it was identified that the hydrogen
bonding takes place between hydroxyl and carboxylic groups in GO
with pyrrolidone rings in PVP. The PVP-coated GO-NPs enhance tis-
sue compatibility, limited absorption of water, and high mechanical
strength and could have substantial biological activities.

The linear synthetic Polyethylene glycol (PEG) and biodegradable
Citric acid (CA) coated Graphene oxide (GO)-NPs was synthesized by
using Hummer’s method. The prepared samples were characterized
with different techniques like X-ray powder diffraction (XRD), Scan-
ning electron microscope (SEM), Ultraviolet—visible spectroscopy
(UV-VIS) and Raman spectroscopy. The bio assay was completed
with the help of well diffusion method against two gram negative
strains such as Aeromonas hydrophila (A. hydrophila), Escherichia coli
(E. coli), and one fungi Fusarium avenaceum (F. avenaceum).

2. Experiment

2.1. Chemicals

To investigate the quantitative analysis of pure and coated
GO-NPs were synthesized by using various chemicals such as
graphite powder, hydrogen peroxide (H,O,), sulphuric acid

(H>SOy4), and potassium permanganate (KMnQOy), de-ionize
water, citric acid, and polyethylene glycol. The prepared pure
and coated GO-NPswere used for antimicrobial activities.

2.2. Synthesis of GO-NPs

Hummer’s method was used to synthesize of GO-NPs in which
3 g of graphite powder was dissolved in 75 mL of H,SOy,. After
that, the materials were stored in an ice bath and continuous
stirring on a magnetic stirrer for three hours. During this pro-
cess, the 9 g of KMnO,4 was added slowly to the graphite pow-
der solution and the temperature was adjusted at 15 °C to
control the reaction rate. Furthermore, the 300 mL of de-
ionized water was added dropwise to dilute the solution and
then remove from the ice bath to increase the temperature upto
50 °C. In the end, the reaction was terminated by using 15 mL
of H,0,, and the final product was filtered using filter paper.
The materials were dried in an oven at 100 °C for 3 days
and the materials were ground by using mortar and pestle.

2.3. Citric acid and Polyethylene glycol coated GO-NPs

During the synthesis process, the 0.5 g polyethylene glycol was
added to 10 mL of de-ionized water. The prepared PEG solu-
tion was added to the GO solution to obtain the PEG-coated
GO materials. After that, the same process was repeated for
citric acid 0.2 g to obtain the CA-coated GO materials.

2.4. Material characterization techniques

The prepared pure and coated GO-NPs were characterized by
using various characterization techniques such as XRD, SEM,
UV-VIS, and Raman spectroscopy. The structural analysis
was identified by XRD (Cu-Ka radiation, D8 Advance, Bru-
ker, X’Pert3 MRD XL), and the surface morphology was
investigated via SEM (tabletop) and UV-VIS (Lambda 25,
Perkin Elmer) was used to identifyabsorbance bands. Finally,
confocal Raman spectroscopy (MN STEX_ PR1100) was used
to calculate the different modes attached to the surface of pure
and coated GO-NPs.

2.5. Antimicrobial assay

2.5.1. Culturing of Aeromonas hydrophila, Escherichia coli, and
Fusarium avenaceum

The well diffusion method was used to culture bacteria and
fungi{A4. hydrophila (CECT 839), E. coli (MTCC 443) and F.
avenaceum (PDA)}to investigate the antimicrobial activity.
The initial step was preferred to solidifying media and then
cultured samples were implanted in Petri dishesfor 24 h at
37 °C. After that the different concentrations (10 and 20 mg/
mL) of pure, CA coated and PEG coated GO-NPs and then
again incubated for 24 h to investigate the changes in the inhi-
bition zone.
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3. Results and discussion
o (A) 1 3.1. XRD analysis
60 The XRD analysis was performed to investigate the crystalline
20 (degree) nature of pure and coated GO-NPs. Fig. | shows the multiple
diffracted peaks representing the different miller indices planes
Fig. 1  XRD spectrum of pure and coated GO-NPs. such as (001) and (002) compared with previously published

data (Jabbar et al., 2017; Johra et al., 2014). The hexagonal lat-
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Fig. 2 SEM analysis of Graphite powder, Pure and coated GO-NPs.
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2 r T r T r T T tice structureidentified the most prominent peaks of pure and
coated GO-NPs. The analysis indicated that coating agents
(247 nm) (A) Pure GO-NPs enhance the intensity level which depends upon the orientation
23 (B) CA coated GO-NPs of the peaks and no extra peak appeared. Moreover, the CA coat-
(323 nm) (©) PEG Coated GO-NPs ing agent shifted the peak toward shorter (20) as compared to pure
and PEG-coated GO-NPs (Jihad et al., 2021). In the case of gra-
o phite powder, the d-spacing (0.3395 nm) and crystallite sizeslightly
§ increased as compared to pure and coated GO-NPs. The crystal-
2 lite size, FWHM, and d-spacing value of pure and coated GO-
§ NPswere calculated by using equations ((1) and (2)). Table 1 indi-
< ] cated that PEG-coated GO-NPscrystallite size is much greater as
compared to pure andCA-coated GO-NPs.
k.
D= 1
fcosB (M
>
T T T T |(A) T a= d/’k/ hz + k2 + 12 (2)
400 600 800 1000
Wavelength (nm) .
3.2. SEM analysis
Fig. 3 UV-VIS spectrum of pure and coated GO-NPs.
The SEM analysis was used to identify the surface morphology
of the pure and coated GO-NPs. Fig. 2 (A) Graphite power (B)
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Fig. 4 Band gap of pure and coated GO-NPs.
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Fig. 5 Raman spectrum of pure and coated GO-NPs.

Pure GO-NPs (C) CA-coated GO-NPs (D) PEG-coated GO-
NPs. Fig. 2 (A) shows the irregular, non-uniform, and rod-
like shape attachedto the surface of the sheet. Fig. 1(B) repre-
sents the wrinkles and spongy-like surface of pure GO-NPs. It
means that the GO-NPs have a large surface area due to oxi-
dation as compared to Graphite powder (Samadian et al.,
2020; Hayes et al., 2015). Likewise, Fig. 2 (C) indicatesthe sur-
face morphology of GO-NPs changes with CA and also shows
that the agglomeration increases between GO-NPs. Fig. 2(D)
shows the strong interaction between the PEG and GO-NPs.
Due to this interaction, the randomly crumpled-like morphol-
ogy appeared in PEG-coated GO-nanomaterial.

3.3. UV=VIS analysis

Theoptical absorbance spectrum of pure and coated GO-NPs
was investigated via UV-VIS spectroscopy. Fig. 3 indicates
the spectrums of pure, CA-coated, and PEG-coated GO-NPs
in which the Ist peak at 247 nm and 2nd peak at 323 nm. Fur-
thermore, the coating agents CA and PEG enhance the inten-
sity level of the spectrums (Georgieva et al., 2021). The peaks
at 247 nm show the conformation of GO-NPsandit repre-
sented the m-n* transition of the C—C bond. Furthermore,
the 2nd peak at 323 nm expressed the n-n* transition of the
C=0 bond (Bhargava and khan, 2018). The Tauc relationex-

pressed in equation (III) was used to calculatethe band gap of
pure, CA-coated, and PEG-coated GO-NPs (Gospodinova
et al., 2021). Fig. 4 shows that band gap decreases (2.30—
2.01 eV) due toan increase in the particle size of CA-coated
and PEG-coated GO-NPs.

(ahv)1/2 = A(hv — Eg) (111)
3.4. Raman spectroscopy analysis

The Raman spectroscopy was used to collect structural infor-
mation such as disorder, defect, and doping level. Itis an essen-
tial tool to provide details informationabout carbon-based
nanomaterials. Fig. 5 indicates the spectrum of pure, CA-
coated, and PEG-coated GO-NPs which appear in D and G
bands (Li et al., 2018). The D band at 1336 cm™' indicate
the presence of a C—C ring and the G band that appeared
at 1586 cm™! shows that sp> hybridization and also expressed
the scattering E,, phonon. After coating the GO-NPs were
expressed G-band broader due to a reduction in the size of
the sp> plan which cause the excess oxidation (Orth et al.,
2013). The D band was expressed more intense beakswhich
means that the more reduction due to coated GO-NPs. Like-
wise, the intensity level increase of coatedGO-NPs due to sur-
face activity and the relative intensity of D and G indicates the
cluster size increase. Furthermore, the previous study provided
the detailed information about the intensity level increase at
every stage of modification (Usman et al., 2018).

3.5. Antimicrobial assay

Fig. 6 shows thatin-vitro antimicrobial activity was assessed by
using the well diffusion method. The reactive oxygen species
was responsible to increase the inhibition zone by using the dif-
ferent doses of pure and coated GO-NPs. The free radical
played a central role to damage the cell wall cause the bacteria
dead. This study was done with the help of two different con-
centrations (10 mg/mL and 20 mg/mL) of pure and surface-
coated GO-NPs against two gram-negative bacteria such as
Aeromonas hydrophila and Escherichia coli, as well as one fila-
mentous fungi Fusarium avenaceum (Olborska et al., 2020;
Valentini et al., 2019). The inhibition zone change by using
10 mg/mL of pure, PEG and CA GO-NPs was investigated
for A. hydrophila (8,8, and 8 mm), E. coli (15, 13, and

Aeromonas hydrophila

25 4

Inhibition zone (mm)

W Fusarium avenaceum

15 + I
I I
10 -
I I I
5 -
0

W Escherichia coli

Pure GO-NPs
(10 mg/ mL)

Pure GO-NPs
(20 mg/ mL)

PEG-GO-NPs
(10 mg/ mL)

Graphene oxide nanoparticles

PEG-GO-NPs CA-GO CA-GO
(20 mg/ mL) (10 mg/ mL) (20 mg/ mL)

Fig. 6 Antimicrobial activity of pure and coated GO-NPs.
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14 mm), and F. avenaceum (15, 13, and 14 mm). Furthermore,
by increasing the concentration upto 20 mg/mL then inhibition
zone change was investigated forA. hydrophila (12, 14, and
12 mm), E. coli (17, 20 and 17 mm) and F. avenaceum (17,
17, and 18 mm). The antimicrobial analysis shows that the
PEG-coated GO-NPs are suitable for antimicrobial activity.

4. Conclusion

The hummer’s method was used to synthesize pure and coated GO-
NPs for antimicrobial activity. The hexagonal lattice structureand
crystallite size in the range of 7-16 nm were investigated with the
help of XRD analysis. The irregular, non-uniform, rod shape, the
spongy and randomly crumpled-like surface of graphite powder,
pure, CA-coated, and PEG-coated GO-NPswere identified via SEM
analysis. Moreover, the optical absorbance in the range of the UV
region and the band gap decrease (2.30-2.03 eV) with CA and
PEG-coated GO-NPs were calculated with UV-VIS analysis. The
presence of different bands on the surface of the spectrum was mea-
sured by Raman spectroscopy analysis. After that, the antimicrobial
activity against A. hydrophila, E. coli and F. avenaceum were done by
using 10 and 20 mg/mL of pure and (PEG and CA) coated GO-NPs.
The PEG-coated GO-NPs enhance the antimicrobial activity upto a
significant level of inhibition zone of 20 mm. In future the polymer-
coated GO-NPs are preferred for antioxidant and wound healing
purposes.
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