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It is well known that graphene oxide (GO) possesses antibacterial properties towards both Gram-positive
and Gram-negative bacteria. As a result, it has recently attracted a lot of interest as an active component
towards pathogen inhibition. The aim of this paper is to prepare graphene oxide sheets, with two differ-
ent oxygen concentrations of 15% and 39%, characterize them, and then investigate in vitro their antimi-
crobial efficacy in both Gram-positive and Gram-negative bacteria. In particular, GO sheets are
synthesized via the Hummer’s method and subsequently, electron microscopy (SEM), X-ray diffraction
(XRD) and Raman spectroscopy are used to investigate the GO sheet morphology and structure, while
Energy Dispersive X-ray Spectroscopy (EDS) is employed for elemental analysis. Subsequently, clinical
isolates of Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa are incubated with different
concentrations of GO sheets, ranging from 0.25 mg/ml to 1.5 mg/ml for 24 h at 37 �C to evaluate the
antimicrobial effect. The results confirmed that that Gram positive bacteria are more sensitive to GO,
while GO with a higher oxygen content exhibits increased antibacterial activity.
� 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

Pathogen mediated infections can lead to both acute or chronic
illness. In particular, despite the initial decrease of infections with
the advent of Penicillin, issues related to microorganism resistance
to antibiotics has become a serious concern (Nathan, 2020; Naylor
et al., 2018). For example, Staphylococcus aureus a Gram-positive
bacterium as well as Escherichia coli and Pseudomonas aeruginosa
that are Gram negative bacteria are common multi-drug resistant
pathogens responsible for various hospital acquired infections. In
this regard, it has been estimated that by 2050, the death quote
attributed to antimicrobial resistance will reach 10 million world-
wide with costs estimated at €1.5 billion annually due to the
increase in healthcare costs (WHO, 2021). As a result, the demand
for developing new antimicrobial therapies has become crucial.

Similar interest exists also for antiseptics, that weaken and slow
the growth of bacteria. Currently, the use of iodine and silver-ion
containing topical antiseptics has been associated with risks such
as skin reactions and hyperthyroidism (Gunasekaran et al., 2012;
Pavlík et al., 2019). Moreover, such compounds have low penetra-
tion and thus can prove ineffective in deeply infected wounds and
burns. As a result, the exploration of novel antibacterial agents, as
efficient alternatives with a low cost is at the forefront of research.
In this regard, the application of nanomaterials in tackling different
aspects of infection has been impressive (Wang et al., 2017;
Yougbaré et al., 2021). In particular, graphene based materials such
as graphene oxide (GO) are promising replacements due to their
easy preparation, low cost, unique catalytic activities and high sur-
face area (Gurunathan et al., 2012; Xia et al., 2019). GO is consid-
ered as a functionalization of a graphene sheet (Allen et al.,
2010) with oxygen species as seen in Fig. 1 below. In particular,
it can be described as a graphene sheet with hydroxyl and epoxide
on the basal plane and carbonyl and carboxyl on its edges.

GO has proven effective in a number of applications, such as a
metal free catalyst for the water treatment of organic pollutants
(Liu, 2017), medical cloths for wound disinfection and healing
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Fig. 1. The chemical structures of graphene oxide (Nayak, 2016).

Fig. 2. Graphene oxide powder a) higher oxygen content and b) lower oxygen
content.
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(Soliman et al., 2021; Palmieri et al., 2016), as well as on antibac-
terial coatings of surgical devices (Morimoto et al., 2016) and sili-
con tubes of catheters (Choudhary and Das, 2019). GO has shown
bactericidal activity on a wide range of both Gram-positive and
Gram-negative bacteria as well as antifungal properties. In general,
the highly oxygenated surface of GO, containing hydroxyl, epoxy
and carbonyl functional groups allows it to readily swell and dis-
perse in solution. The negative charge of the oxygen species allows
the dispersion of GO as a single sheet by providing electrostatic
repulsion and solvation (Szunerits and Boukherroub, 2016).

A number of mechanisms have been suggested for its antibacte-
rial action. On the one hand the reactive groups of GO suggest a
strong interaction with cell walls, targeting lipids as well as DNA,
RNA and cell proteins. In particular, when lipids are attacked, there
is a decrease in membrane fluidity, alteration in membrane prop-
erties and disruption of membrane-bound proteins that results in
the cytoplasmic membrane damage of the bacteria (Liu and
Chen, 2015). Another route of action that has been suggested is
the damage of cells by the sharpened edges of GO, trapping of
pathogen cells by GO sheets as well as electron transfer from
pathogen membranes to GO (Seifi and Kamali, 2021; Akhavan
and Ghaderi, 2010).

In this work, we investigate the effects of oxygen content- 15%
and 39% in GO samples as a parameter in antibacterial activity both
in Gram positive and Gram-negative bacteria. We thus prepare GO
sheets of two different oxygen concentrations via the Hummer
method, characterize them and then evaluate their antimicrobial
activity, using clinical isolates of Escherichia coli, Staphylococcus
aureus and Pseudomonas aeruginosa.

2. Materials and method

GO sheets are prepared via the Hummer method and their mor-
phology, structure and oxygen content are investigated. In particu-
lar EDS mapping, SEM, XRD as well as Raman measurements are
performed. All reagents have been purchased from Sigma Aldrich,
unless otherwise indicated and Millipore water is used.

2.1. Material synthesis

GOwas synthesized via the Hummer’s method. In particular, 1 g
graphite and 0.5 g of sodium nitrate NaNO3 were stirred in a flask
with 23 ml of sulphuric acid H2SO4. The flask was then put into an
ice bath and continuously stirred for 30 min. After that, 0.25 g of
potassium permanganate KMNO4 were gradually added over a per-
iod of 30 min under continuous stirring, and then the reaction mix-
ture was allowed to reach room temperature before being heated
to 35 �C for 30 min. After that 46 ml of Millipore water were added
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slowly to the mixture and the temperature was increased to 98 �C.
The temperature of the mixture was then kept at 98 �C for 30 mins
under continuous stirring. After that 140 ml of Millipore water
were added as well as 10 ml of 10% hydrogen peroxide (H2O2) to
remove the unreacted KMNO4.The mixture was then allowed to
settle and decant. It was then vacuum filtered and washed using
200 ml of 5% hydrochloric acid (HCl) and Millipore water. Finally,
GO was dried at 60 �C in a furnace and crushed to get GO powder
using pestle and mortar. In order to increase the amount of oxygen
concentration in our GO, samples, the amount of KMNO4 was
increased to 1.5 g, and the same procedure was followed. Fig. 2
shows the two types of powder, obtained. It is noted that GO with
a higher oxygen concentration presented slightly brownish in color
compared with the sample with a lower oxygen content.
2.2. Characterizations

GO is formed by heavily oxidizing graphite to chemically exfo-
liate the flakes of the graphitic stack into mono- and few-layer
sheets, depending on the degree of oxidation and post-
processing. It is nevertheless well known that GO can be difficult
to characterize and define broadly because of its inherent non-
stoichiometric structure and dependence on production
parameters.

In this work scanning electron microscopy was performed using
a JEOL JSM-6510 in the SEI mode with an accelerating voltage of
20 kV to explore the morphology of the produced GO, while EDS
was also employed for elemental analysis. Furthermore, the struc-
tural characteristics of the GO produced were observed using X-ray
diffraction. In particular a Bruker D8 Discoverer diffractometer was
used applying CuKa radiation (k = 1.5418 Ǻ). The Raman spectrum
was also recorded for comparison via a Renishaw inVia Raman
microscope system equipped with a 514-nm laser beam.
2.3. Preparation of bacterial cultures and the Kirby Bauer tests

Kirby Bauer tests, also called zone inhibition tests, were per-
formed as a qualitative method to test the ability of GO (15% and
39%) to inhibit microbial growth in Gram-positive and Gram neg-
ative bacteria. In particular, inculums were prepared from clinical
strains of Escherichia coli Staphylococcus aureus and Pseudomonas
aeruginosa touching with a loop the tops of the colonies and sus-
pending them in saline. Using a McFarland Biosan 1B Densitome-
ter, 0.5 MacFarland units (108 CFU/mL) from each strain, were



Table 1
Elemental analysis for the low oxygen content GO
sample.
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measured and then 100 ll of these suspensions were spread over
an agar plate using a sterile swab. Furthermore, both GO samples
of higher and low oxygen content were sonicated in Millipore
water and 20 ll then pipetted onto 6 mm diameter prepared
Whatman1 paper filter disks. This was repeated for different con-
centrations, i.e. 0.25 mg/ml, 0.5 mg/ml, 1 mg/ml and 1.5 mg/ml.
The discs were placed using forceps on the agar plates, and subse-
quently the bacterial cultures were incubated in the presence of
GO for more than 24 h at 37 �C. The inhibition zones around each
sample were then measured using a Vernier calliper.
3. Results and discussion

3.1. Electron microscopy studies and EDS analysis

Scanning electron microscopy (SEM) as seen in Fig. 3a and b
below, of the low and high oxygen content sample. In both cases,
highly-wrinkled GO layers can be observed proving that there is
a distortion in the graphene layers due to the linkage of the resid-
ual oxygen.

Furthermore, the energy dispersive X-ray spectrum measure-
ments (EDS) of the prepared GO powders revealed the elemental
composition for the different samples. It was identified that the
low oxygen content sample corresponds to a 0.25gr KMNO4 in
the preparation, while a higher amount of KMNO4 led to higher
oxygen content samples. In particular, Fig. 4 below, corresponds
to the EDS spectrum of the low oxygen content sample, with an
oxygen (O) content of 15% according to the elemental analysis
Fig. 3. SEM images showing the morphology of a. the low oxygen content sample and b.
oxygen present.

Fig. 4. EDS spectra corresponding to an oxygen content (O) of 15%, carbon
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(Table 1). The low sulfur (S) peaks are due to treatment process
with H2SO4.

Elemental analysis in Table 1 below revealed the oxygen con-
tent to be 15%.

The corresponding elemental maps are seen in Fig. 5 below:
Furthermore, the energy dispersive X-ray spectrum measure-

ments (EDS) of the second GO sample revealed (Fig. 6) a higher
oxygen content (O) of 39% according to the elemental analysis
(Table 2). As seen in Table 2, low sulfur (S), manganese (Mn), potas-
sium (K) peaks can be seen due to the preparation process, while
low content (Si) is present as a contamination.

The corresponding elemental maps are seen in Fig. 7 below:

3.2. X-ray diffraction (XRD) and Raman studies

XRD patterns of the 15 % oxygen content sample and the 39%
oxygen content sample can be seen in Fig. 8 below. In particular,
the higher oxygen content sample showing the GO layer wrinkling as a result of the

(C) and low sulfur (S) peaks due to the treatment process with H2SO4.



Fig. 5. Elemental maps of Carbon (C) 85% and Oxygen (O) 15%.

Fig. 6. EDS spectra corresponding to a higher oxygen content (O) of 39%, carbon (C) and low sulfur (S) peaks due to treatment process with H2SO4.

Table 2
Elemental analysis for the higher oxygen content
GO sample.

Fig. 7. Elemental maps of Carbon
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the XRD patter of the 15% oxygen content sample, shows a narrow
sharp peak at 26.3�, corresponding to the (002) graphitic plane,
while an additional weaker peak at 44.3� corresponds to the forma-
tion of GO (Johra et al., 2014; Tokarczyk et al., 2014). This is in
agreement with previous work, where a narrowing of the graphitic
peak at appears upon oxidation of graphite (Krishnamoorthy et al.,
2013). For the samples with an 39% oxygen (O) content, we note a
decrease of the graphitic peak at 26.3� and an appearance of the
typical 9.98� GO peak corresponding to the (001) plane confirm
successful oxidation of graphite (Ain et al., 2019). It should be
noted that in general, with a decreasing the amount of KMnO4, a
heterogeneous mixture of GO and unoxidized graphite is formed
(Morimoto et al., 2016).
(C) 61% and Oxygen (O) 39%.



Fig. 8. XRD spectrum of GO, with an 15% and 39% Oxygen (O) content.
Fig. 10. Raman spectra of the 39% oxygen content sample.

Table 3
Inhibition zone for Staphylococcus aureus cultures, using GO of different oxygen
content and variable concentrations.

S. aureus
Gram positive

Mean zone of
inhibition (mm)

Mean zone of
inhibition (mm)

Antibacterial Agent GO
15%

GO
39%

0.25 mg/ml 10.53 ± 0.24 22.88 ± 0.19
0.5 mg/ml 12.74 ± 0.31 25.10 ± 0.26
1 mg/ml 13.15 ± 0.12 26.90 ± 0.14
1.5 mg/ml 15.27 ± 0.18 31.42 ± 0.17
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The Raman spectra, show results consistent with the XRD anal-
ysis. The Raman spectra of the low oxygen content sample (Fig. 9),
have the typical appearance of graphite (Reich and Thomsen,
2004), confirming its low conversion to GO.

In particular, we identify the G band appearing at 1582 cm�1,
the D band, at about 1356 cm�1 and the G’ – band at about
2720 cm�1. The peak at around 2400 cm�1 comes from the Raman
mode of N2 present in the air surrounding the sample (Pimenta
et al., 2007). In general, the G band is due to E2g mode at the C-
point and arises from the stretching of the C–C bond in graphitic
materials, and is common to all sp2 carbon systems. The D band
is attributed to the presence of structural defects, with Raman
spectroscopy being one of the most sensitive techniques to charac-
terize disorder in sp2 carbon materials (Merlen et al., 2017). In the
high oxygen content sample (Fig. 10), there is an increase of the D
band, due to the disruption of sp2 bonds of the carbon due to the
oxidative functional groups of GO (Johra et al., 2014; Liu et al.,
2011).

We thus conclude that as the amount of KMnO4 decreases, the
sample contains predominantly unoxidized graphite with only few
oxidized domains present. On the other hand, as the KMNO4/-
graphite ratio increases, the amount of oxidation also increases.
Fig. 9. Raman spectra of the 39% oxygen content sample.
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3.3. Antibacterial cultures

During incubation, the GO antimicrobial agent leaches to the
agar, exerting a growth inhibiting effect on the bacteria, with a
clear zone appearing around each disk. In particular, the larger
the size of the inhibition zone measured, the more potent the
antibacterial agent was identified in all cases of Staphylococcus aur-
eus, Escherichia coli and Pseudomonas aeruginosa as can be seen in
Tables 3, 4 and 5 below. The control used in all cases was Millipore
water, that yielded a 0.00 ± 0.00 inhibition zone in all cases.
Table 4
Inhibition zone for Escherichia coli cultures, using GO of different oxygen content and
variable concentrations.

E. coli
Gram negative

Mean zone of
inhibition (mm)

Mean zone of
inhibition (mm)

Antibacterial Agent GO
15%

GO
39%

0.25 mg/ml 8.03 ± 0.17 17.10 ± 0.14
0.5 mg/ml 9.44 ± 0.21 19.22 ± 0.16
1 mg/ml 10.92 ± 0.11 20.37 ± 0.19
1.5 mg/ml 12.77 ± 0.15 24.11 ± 0.23

Table 5
Inhibition zone for Pseudomonas aeruginosa cultures, using GO of different oxygen
content and variable concentrations.

P. Aeruginosa
Gram negative

Mean zone of
inhibition (mm)

Mean zone of
inhibition (mm)

Antibacterial Agent GO
15%

GO
39%

0.25 mg/ml 7.43 ± 0.17 12.016 ± 0.13
0.5 mg/ml 8.54 ± 0.10 14.11 ± 0.23
1 mg/ml 11.02 ± 0.16 21.20 ± 0.19
1.5 mg/ml 12.27 ± 0.21 23.11 ± 0.17
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The results showed that GO with a higher oxygen content of
39% showed increased effectiveness towards inhibiting the repro-
duction of all three pathogens and thus a concentration dependent
antibacterial activity (Liu et al., 2011). This is expected as on a
higher oxygen content allows improved solubility of GO. Moreover,
a higher number of oxygen containing function groups, enhances
reactive oxygen species production (ROS), such as singlet oxygen,
hydroxyl radicals, superoxide ions, and hydrogen peroxide
prompting improved antimicrobial activity.

In particular, Staphylococcus aureus, which is a Gram positive
bacterium showed the most sensitivity to GO for all oxygen con-
centrations. This difference could also be traced to different cell
structure in Gram-positive and Gram-negative bacteria and the
tendency of Gram positive bacteria to form clusters (Frohlich and
Frolich, 2016; Pulingam et al., 2019). In particular, the Gram posi-
tive bacteria form clusters leading to an increased GO exposure, in
contrast with Gram negative bacteria that are found either as sin-
gle or paired cells. The result is that Gram positive bacteria show
consistently an increased sensitivity towards GO. Furthermore,
the cell walls of Gram negative bacteria, like Escherichia coli and
Pseudomonas aeruginosa, are made of an external porous layer of
lipopolysaccharide, while Gram positive bacteria have cell walls
made up frommultiple peptidoglycan layers. It has been suggested
that as a result there is increased interaction of Gram positive bac-
teria with GO through electrostatic or hydrogen bonding (Deokar
et al., 2013).

4. Conclusions

The use of GO is an attractive, low-cost approach for antibacte-
rial action. This study suggests that oxygen content is an important
parameter in considering antibacterial action. It is evident that in
all bacteria, i.e. Escherichia coli, Staphylococcus aureus and Pseu-
domonas aeruginosa a higher oxygen content leads to improved
antibacterial properties. This is a result of higher oxygenated GO
surfaces dispersing easier in solution due to their hydrophilic nat-
ure. Moreover, its hydroxyl, epoxy and carbonyl functional groups
lead to cell lysis by attacking lipids on the cell walls and further the
cell content. In addition, the nature of the bacterial cell wall as well
as the tendency of Gram-positive bacteria to group plays an impor-
tant role increasing their sensitivity towards GO. This study can be
extended by preparing GO with a wider range of different oxygen
concentrations as well as comparing its antibacterial action for
the same pathogens in comparison with widely used commercial
antibiotics.
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