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Abstract: Graphene oxide (GO) and reduced graphene
oxide (rGO) nanoparticles were synthesized using 40mL
of lemon juice extract as a reducing agent. The synthesized

nanoparticles were characterized using various analytical tech-
niques, including UV–visible spectroscopy, scanning electron
microscopy, energy-dispersive X-ray spectroscopy, Fourier
transform infrared spectroscopy, and X-ray diffraction.
The results confirmed the successful synthesis of GO
and rGO nanoparticles with varied sizes and shapes.
The synthesized nanoparticles were tested for their anti-
microbial activity against a range of bacterial and fungal
strains, including Escherichia coli, Staphylococcus aureus,
Klebsiella pneumoniae, Candida albicans, Fusarium oxy-
sporum, and Aspergillus flavus. Multiple concentrations
of GO and rGO nanoparticles were tested, and it was
observed that 100 µg·mL−1 of both GO and rGO showed
the highest inhibitory effect against bacterial and pro-
duced zones of inhibition of 17.66 mm, 18.67 mm, and
17.88 for E. coli, S. aureus, K. pneumoniae and 20.33,
22.45, and 21.34 mm for C. albicans, F. oxysporum, and A.
flavus. Comparatively, GO performed well as compared to
rGO regarding antimicrobial activity. The synthesized
nanoparticles exhibited significant antimicrobial activity
against various bacterial and fungal strains and have the
potential to be developed as novel antimicrobial agents.
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1 Introduction

In the current era, nanotechnology has a wide range of
applications, producing tiny nanoparticles with diameters
between 1 and 100 nm, which are crucial for the treatment
of many diseases [1–3]. Due to their large surface-to-
volume ratio and high surface energies, these particles
have a variety of biomedical purposes [4,5]. Nanoparticles
(NPs) are among the most frequently produced and used
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particles due to their outstanding properties, including
their antibacterial and antioxidant activities, biocompat-
ibility, and optical-polarizability [6]. In terms of catalysts, anti-
microbials, antioxidants, memory aids, and cancer therapies,
nanoparticles have a promising effect over other substances
like Zn, Fe, Mn, Se, Cu, Ag, and Si [7]. Antimicrobial
resistance represents a substantial and escalating global
challenge necessitating novel strategies for addressing
infections induced by antibiotic-resistant bacterial strains
[8,9]. Metallic nanoparticles such as silver (Ag), gold (Au),
copper oxide (CuO), iron oxide (Fe3O4), titanium oxide (TiO2),
or zinc oxide (ZnO) are frequently employed as antimicro-
bial agents due to their established potent antimicrobial
activity [10]. Numerous investigations have demonstrated
the biocidal efficacy of diverse metal and metal oxide nano-
particles against Gram-positive and Gram-negative bacteria,
fungi, and viruses [1,11]. The antimicrobial properties of
metallic nanoparticles are profoundly influenced by their
elevated specific surface area, high surface-to-volume ratio,
and nanoscale dimensions, facilitating robust interactions
with microorganism membranes. This interaction results in
membrane disruption, cellular penetration, and subsequent
damage to internal cellular structures, ultimately culminating
in cell demise [12].

Graphene is a carbon-based material consisting of
a single layer of sp2-bonded atoms with exceptional
properties such as high surface area (2,630 m2·g−1), high
electrical conductivity (2,000 S·cm−1), high thermal con-
ductivity (4,840–5,300 W·m−1·K−1), high electronic car-
rier mobility (200,000 cm2·V−1·s−1), and high Young’s
modulus (10 TPa) [13–16]. These properties make graphene
a potential material for a wide range of applications. Gra-
phene oxide (GO) is a modified form of graphene that con-
tains extra oxygen functional groups, including epoxides,
hydroxyl, carboxyl, and carbonyl groups on its edges and
basal planes. GO-based coatings have been investigated
for their potential to enhance the antibacterial properties
of titanium implants [17–20]. The negatively charged and
hydrophilic nature of GO facilitates interaction with osteo-
blasts, making it a promising material for implant applica-
tions. The sharp edges of GO can cause damage to the outer
membranes of bacterial cells, as observed in studies on the
antibacterial properties of GO and hydroxyapatite compo-
sites [20,21].

Studies have shown that both GO and reduced graphene
oxide (rGO) possess antibacterial properties and can disrupt
bacterial cell membranes with their sharp edges [21]. GO and
rGO containing oxygen functional groups can oxidize glu-
tathione, a redox mediator in bacteria, and thus reduce bac-
terial growth. rGO has been found to possess higher oxidation
capacity than GO, graphite, and graphite oxide [22].

The emergence of multidrug-resistant microorganisms
has become a major global health concern, necessitating the
development of novel therapeutic strategies. Antimicrobial
materials can be used to prevent microbial contamination
and pathogen transmission in various settings, such as bio-
medical instruments and food delivery containers [23–26].

Graphene materials are advantageous than traditional
antibiotics due to physical action mechanisms which con-
tribute to decreased chances of microbial resistance. The
surface oxygen content variation of these materials is
the key factor for the antibacterial activity [27]. Therefore,
the present study was conducted to synthesize the GO and
rGO nanoparticles, and to check their antimicrobial activity
against selected fungal and bacterial strains.

1.1 Preparation of extract

The lemon juice extract was prepared by acquiring fresh
lemons from the local market in District Bagh, Azad Jammu
and Kashmir, Pakistan. Thorough cleaning and squeezing
yielded 40mL of juice, subsequently heated for 10min, fil-
tered, and diluted with distilled water to produce 50mL. To
enhance reproducibility, the method involved rigorous stan-
dardization, encompassing consistent extraction protocols.
The resulting mixture underwent additional stirring for
15min at room temperature, followed by filtration. This
extract was then combined with a solution of 4.7 g KMnO4

in 100mL water, acidified with 2.5 mol·L−1 H2SO4. After an
hour of vigorous stirring, the purple color of the KMnO4

solution transformed to black, indicating a complete reduc-
tion by the lemon juice extract. The ensuing precipitate was
isolated, washed thoroughly to eliminate potassium ions,
and subsequently dried overnight at 90°C, followed by
calcination at 300–400°C for 5 h under ambient atmo-
sphere [28].

1.2 Synthesis of GO

GO was prepared using 5 g of graphite and 2.5 g of sodium
nitrate into 120 mL of 95% H2SO4. The resultant solution
was placed in an ice bath, stirred for 30 min, and 15 g of
potassium permanganate was added with stirring at less
than 20°C temperatures. After that 150 mL of distilled water
was added slowly and the solution on a magnetic stirrer over-
night. After increasing the temperature from 20 to 98°C, 30%
hydrogen peroxide was added to the solution. The product
was washed using 5% methanolfollowed with distilled water.
Finally, the product was obtained after drying.
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Reduction of GO: GO 80mg was mixed with 50 mL of
distilled water and subjected to sonication for 40 min at
30°C temperature. Finally, lemon juice extract was added
into the solution and refluxed for 45 min. At this stage, GO
changed into rGO, which is washed with distilled water,
dried, and stored at 4°C for further use [28,29].

1.3 Characterization

In this study, UV–visible spectroscopy was utilized to con-
firm the synthesis of GO and rGO. The morphology and size
of the GO nanoparticles were examined using scanning
electron microscopy (SEM), which involved the acquisition
of images with a conventional secondary electron detector
and a 10-kV electron beam. To determine the functional
groups present in GO and rGO (rGO), Fourier transformed
infrared spectroscopy (FTIR) was employed, with different
wavelengths plotted on an FTIR graph to identify various
functional groups. The crystalline nature of the synthe-
sized GO nanoparticles was determined using X-ray dif-
fraction (XRD) at the NCP, Islamabad, with NPs powdered
samples placed on Shimadzu XRD-6000 and set in the range
of 5°–50° at a 2θ angle. The average size of the nanoparticles
was determined using Debye–Scherer’s equation, which
considers the shape factor (K), X-ray wavelength (λ), full
width in radius at half maximum (β), and Bragg’s angle (θ)
(Table 1).

1.4 Experimental layout

1.4.1 Source of test organisms

All organisms used in this study included Staphylococcus
aureus, Escherichia coli, Klebsiella pneumoniae, and Candida
albicans, Fusarium oxysporum, and Aspergillus flavus were
obtained from the Department of Microbiology, QAU
Islamabad.

1.4.2 Antifungal activity

Standard protocols were employed for media preparation
in this study. To prepare 1 L ofmedia, 39 g of PDAwas dissolved
in 1,000mL of distilled water. The fungal culture was streaked
onto the media, and 20mL of the PDA media was poured into
each Petri plate and solidified. Then, 25 µL of the samples were
placed onto the discs. The petri plates were incubated at 25°C
for 96 h. Three replicationswere used for all the treatments and
experiments were performed in duplicate. The inhibition zone
was measured in mm using a regular scale [30].

1.4.3 Antibacterial activity

In this study, bacterial growth was supported by nutrient
agar media, which was prepared following standard micro-
biological principles. Nutrient agar and nutrient broth were
separately prepared in 500-mL flasks, which were covered
with aluminum foil and autoclaved at 121°C and 15 psi for
15min. After autoclaving, the media was transferred to a
laminar flow hood. Petri plates were filled with 20mL of
the media and left to solidify before incubation at 37°C for
24 h. Mueller Hinton Agar (MHA) was used for antimicrobial
assays, and the inoculate of test microbes was prepared
using the colony suspension method. Microbial suspensions
were standardized to a concentration of 1.5 × 108 cfu·mL−1

by comparing with 0.5 McFarland standards. The Modified
Kirby–Bauer diffusion technique was employed for anti-
biotic susceptibility testing. Standardized microbial saline
suspensions were swabbed onto Mueller–Hinton agar
(MHA) plates, and 7-mm filter paper discs impregnated
with 20 µL of each nanoparticle solution were placed on
the inoculated agar plates. Plates were incubated at 37°C
for 24 h. Three replications were used for all the treat-
ments and experiments were performed in duplicate.
The zone of inhibition was measured after 24 h of incuba-
tion and interpreted accordingly [21].

1.4.4 Statistical analysis

The data were analyzed by using Statistics 8.1 software. All
the values are mean ± standard error of three replications
for all treatments of the experiments.

2 Results

The synthesis of GO nanoparticles was confirmed by the
formation of a brown color. The reduction of GO resulted

Table 1: Experimental design

Sr. no. Treatments Concentrations

1 T1 (Drug) 100 µg·mL−1

2 T2 75 µg·mL−1 GO
3 T3 100 µg·mL−1 GO
4 T4 75 µg·mL−1 rGO
5 T5 100 µg·mL−1 rGO
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in the appearance of an absorbance peak at 250 nm, as
depicted in Figure 1(a) and (b), indicating the successful
synthesis of plant-mediated GO nanoparticles. Addition-
ally, the UV–visible spectroscopy results of GO showed
the formation of an absorbance peak at 300 nm with an
absorbance value of 0.81 a.u.

SEM Analysis was employed to investigate the size and
morphology of GO and rGO nanoparticles synthesized
through a green synthesis method. The SEM images revealed
that GO possessed a two-dimensional sheet-like morphology
with multiple lamellar layers, and the edges of individual
sheets were clearly distinguishable. The average size of GO
and rGO nanoparticles was determined to be in the range of
60–78 and 40–58 nm, respectively. Furthermore, the SEM
images showed that the films of these nanoparticles were
stacked in a layered manner, resulting in the formation of
wrinkled areas (Figure 2a and b). The SEM analysis of rGO
obtained fromGONPs demonstrated the formation of an ultra-
thin Graphene film through the chemical reduction of GONPs.

To confirm the elemental composition of plant-
mediated GO and rGO, an energy-dispersive X-ray (EDX)

analysis was carried out. The dominant peaks in the EDX
spectra for both GO and rGO were found to be in the range
of 2.7–3.7 keV. Additionally, other elements such as sodium,
carbon, oxygen, silver, sulfur, phosphorus, and chlorine
were identified from their respective peaks in the spectra
(Figure 3a and b).

The functional groups present in GO nanoparticles
were characterized using Fourier Transform Infrared
(FTIR) spectroscopy. The FTIR spectrum revealed the distinc-
tive functional groups associated with GO, thereby con-
firming the presence of GO nanoparticles. Specifically, a
broad peak at 3,306 cm−1, corresponding to the stretching
vibration of the hydroxyl group, was observed. A sharp
peak at 1,613 cm−1, attributed to the C]C stretching vibra-
tion, was also evident in the spectrum. Additionally, peaks at
1,222 and 1,047 cm−1 were observed, which were respectively
assigned to the epoxy and alkoxy groups (Figure 4a and b).

The green synthesis approach was employed for the
reduction of GO nanoparticles to obtain rGO nanoparticles
using lemons as a reducing agent. The rGO nanoparticles
were analyzed using XRD, and characteristic peaks

Figure 1: UV–visible spectroscopy of (a) graphene oxide and (b) reduced graphene oxide.

Figure 2: Scanning electron microscopy of (a) graphene oxide and (b) reduced graphene oxide.
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associated with rGO were observed in the XRD pattern
(Figure 5a and b). Specifically, the rGO nanoparticles exhib-
ited a distinct XRD peak at 2θ = 30, which is consistent with
the literature values for the characteristic XRD peaks of
rGO nanoparticles, typically found in the range of 26–30
theta.

The antibacterial activity of GO and rGO was evaluated
against E. coli, S. aureus, and K. pneumoniae at concentra-
tions of 75 and 100 µg·mL−1. Streptomycin (100 µg·mL−1)
was used as a control. The zone of inhibition observed
for rGO against E. coli, S. aureus, and K. pneumoniae was
17.66, 18.7, and 17.8 mm, respectively. In comparison, the
zone of inhibition observed for the antibacterial drug
against E. coli, S. aureus, and K. pneumoniae was 18, 20,

and 22 mm, respectively. Additionally, GO was tested at
the same concentrations, and maximum zones of inhibi-
tion of 13.8, 16.6, and 15.3 mmwere observed against E. coli,
S. aureus, and K. pneumoniae, respectively, at a concentra-
tion of 100 µg·mL−1 (Figure 6). Notably, for waste treatment
[23,24], the antibacterial potential of GO nanoparticles was
found to be comparable to that of the antibacterial drug.
These findings align with previous research conducted by
Yousefi et al. [25] regarding the antibacterial activity of GO.

The antifungal activity was performed against C. albi-
cans, F. oxysporum, and A. flavus using different concen-
trations (75 and 100 µg·mL−1) of GO and rGO. The results
revealed that 100 µg·mL−1 concentration GO and rGO per-
formed well and produced zone of inhibition of 20.4, 22.5,

Figure 3: EDX of (a) reduced graphene oxide and (b) graphene oxide nanoparticles.

Figure 4: FTIR spectrum of (a) graphene oxide and (b) reduced graphene oxide.
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and 21.3 mm using rGO and 17.02, 19.5, 20.2 mm using GO by
comparing with antifungal drug that showed results 22.66,
23.55, and 23.78 mm of C. albicans, F. oxysporum, and A.
flavus, respectively, as shown in Figure 7.

3 Discussion

GO and rGO are important materials in nanotechnology
due to their unique properties and potential applications.
The key difference between GO and rGO is the level of
oxygen functionalization on the graphene surface, with
GO having a higher degree of oxygen functionalization
than rGO, resulting in significant changes in material prop-
erties. The UV absorption spectra of GO and rGO show a

peak at 250 and 300 nm, respectively, indicating differences
in the electronic structure of the materials. GO’s higher
degree of oxygen functionalization leads to more oxygen-
containing functional groups on the graphene surface,
causing changes in the electronic structure and a shift in
the UV absorption peak towards a higher wavelength. In
contrast, rGO has fewer oxygen-containing functional groups
due to lower oxygen functionalization, resulting in a different
electronic structure and a shift in the UV absorption peak
towards a lower wavelength.

Several studies have investigated the UV absorption
properties of GO and rGO, with Wang et al. [31] reporting
a strong absorption peak at around 300 nm for GO and a
weaker peak at around 250 nm for rGO. Acik et al. [32] also
observed a peak at around 300 nm for GO and a peak at
around 270 nm for rGO. The difference in UV absorption

Figure 5: XRD spectrum of (a) graphene oxide and (b) reduced graphene oxide.
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peaks provides valuable information on the level of oxygen
functionalization on the graphene surface, which can impact
the material properties and potential applications.

SEM is useful for characterizing the morphology and
structure of nanoparticles. The average particle size for
rGO was found to be 40–58 nm, while for GO it was in
the range of 60–78 nm in the results. The difference in
particle size can be attributed to the different synthesis
methods used to prepare GO and rGO. The synthesis
method for GO involves the oxidation of graphite to form
a GO precursor, which can form large sheets with many
oxygen-containing functional groups, leading to larger par-
ticle sizes for the final GO product. In contrast, rGO is
prepared by reducing GO, leading to the formation of
smaller nanoparticles due to the removal of oxygen-con-
taining functional groups from the GO surface. Studies by
Hummers Jr and Offeman [33] and Xu et al. [34] reported
particle sizes of 50–80 nm for GO and 20–40 nm for rGO,
respectively, using SEM.

The EDX results indicate that rGO nanoparticles con-
tain chlorine, phosphorus, sulfur, silver, and oxygen, while
GO nanoparticles contain silver, sodium, carbon, oxygen,
and phosphorus. These differences in elemental composi-
tion can be attributed to variations in the synthesis methods
employed. During the oxidation process in the preparation
of GO, various oxygen-containing functional groups can
form, leading to the incorporation of elements such as
sodium and phosphorus. Additionally, the use of silver
nitrate as a catalyst in the synthesis process can explain
the presence of silver in the GO sample. On the other
hand, the reduction process used in the preparation of
rGO can introduce impurities such as chlorine, which may
arise from the use of reducing agents or surfactants. The

presence of silver in the rGO sample may be due to the use
of silver ions in the reduction process.

Previous studies have also reported the elemental
composition of GO and rGO nanoparticles using EDX ana-
lysis. Wang et al. [31] found oxygen, carbon, and silicon
in GO nanoparticles, while rGO nanoparticles contained
oxygen, carbon, and sulfur. Similarly, Zhang et al. [35]
reported the presence of carbon, oxygen, and nitrogen in
GO nanoparticles and carbon, oxygen, and sulfur in rGO
nanoparticles.

The infrared (IR) spectra of both GO and L-cysteine
reduced GO (LCrGO) were analyzed, revealing an intense
absorption peak at 3,352 and 3,224 cm−1 that can be attrib-
uted to the OH extending vibration of the phenol or alcoholic
functional group. Another absorption band was observed at
2,925 cm−1 in LCrGO, representing the C–H group. The absence
of the carbonyl group at 1,722 cm−1 in LCrGO compared to GO
confirmed the effective reduction of GO. The presence of C]C
bondwas confirmed by the appearance of a band at 1,621 cm−1

in GO and 1,587, 1,647 cm−1 in LCrGO. Similar functional groups
were also reported by other researchers [36].

The GO diffraction pattern showed a prominent peak
at 2θ = 11.3°, corresponding to the graphene oxide plate
(002), and a weak peak at about 2θ = 26.4°, which is usually
caused by unaffiliated graphite. The transformation of the
GO structure due to the hydrothermal process led to the
disappearance of some oxygenated groups, resulting in a
prominent peak at 2θ = 11.3° and a weak peak at 2θ =

26.4°. These findings are consistent with previous reports
by Sajjad et al. [37].

Both the GO and rGO showed antagonistic activity
against bacterial and fungal pathogens. The inhibition
activity of antibacterial and antifungal drugs is more
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than nanoparticles but it is still important to consider
nanoparticles as an alternative to drugs. Microorganisms
may develop resistance by limiting drug uptake, target
drug modification, drug inactivation, and drug efflux [38].
The pathogenic microorganisms may develop resistance to
multiple drugs, and production of these drugs is complex
and costly. It is easy to synthesize nanoparticles; especially,
the plant extract–oriented synthesis of nanoparticles is easy
and economically affordable. So, we should consider the
optimization of the biosynthesis of nanoparticles for our
well-being. The GO and rGO nanoparticles have been
reported to have antifungal effects by potentially invading
the cell membrane and disrupting its integrity, leading to
leakage of vital cell materials and cell death [39]. The Go and
rGO nanomaterials produced reactive oxygen species and
showed antibacterial activity against E. coli and Bacillus
subtilis by surface modification of membrane filters [40].
GO and rGO nanoparticles have also been used to suppress
Alternaria alternata causing tomato leaf blight, with a dose
of 100 μg·mL−1 resulting in an inhibition percentage of 89.6%
[41]. In addition, GO and rGO nanoparticles were applied
against Alternaria solani, a causal agent of early blighting
potatoes resulting in a 100% inhibition at a concentration
of 80 ppm [42]. These findings are consistent with those
reported by Whitehead et al. [43].

4 Conclusion

The objective of this study was to investigate the effective-
ness of GO nanoparticles (GO NPs) against selected bac-
terial and fungal strains. These findings demonstrate the
potential of GO NPs as effective antimicrobial agents against
bacterial and fungal strains and suggest that they could be a
promising candidate for the development of novel antimi-
crobial agents. Further, research is necessary to explore
their potential clinical applications and toxicity profiles.
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