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Antimicrobial resistance is one of the most serious problems that continues to challenge the public health threats and agriculture sectors.
The study highlighted one-step method for reduced graphene oxide/Ag nanocomposite (rGO/AgNC) biosynthesis using the supernatant
of Escherichia coli D8 (MF062579) strain at room temperature and sunlight. The rGO/AgNC was characterized by UV-vis
spectrophotometry, Fourier transform-infrared (FT-IR) spectroscopy and transmission electron microscopy (TEM). Results showed

those the rGO-annealed AgNPs showed absorption peak at 430 nm and have been obtained with an average particle size of 8-17+9.1
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pathogenic yeast.

nm. The MIC value of rGO/AgNC (6.25 pg/mL) showed in vitro antimicrobial inhibition against pathogenic bacterial strains such as
Gram-negative bacteria (E. coli ATCC25922; 79%, Klebsiella pneumoniae ATCC33495; 87%) and Gram-positive bacteria
(Staphylococcus aureus ATCC25923; 91% and Bacillus cereus ATCC6633; 53%) as well as Candida albicans ATCC10231; 60% as
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INTRODUCTION

Biofilm forming strain could append to the surface of common antimicrobial
agents and start complex establishment (Simoes et al., 2010). This process
protects the microbial cells from antibiotics and phagocytosis (Liu et al., 2018).
The suppression and derivation of biofilms can be accomplished chemically by
disinfectants. All things considered; the proficiency of these chemicals is
influenced by various parameters. Thus, new strategies developed to control
biofilm development on therapeutic products.

In recent years, antimicrobial potential of metal nanoparticles (NPs) has been
improved and may inhibit or kill pathogens, without being toxic to the
surrounding tissue (Pop et al., 2020; Rao et al., 2020). In different fields, for
example, silver ions used as an antibacterial agent in dental resin composites
(Yoshida et al., 1999) and coatings of medicinal tools (Cobos et al., 2020) due to
their toxicity to microorganisms (Huerta-Rosas et al. 2020). These days, silver
nanoparticles (AgNPs) are used as intense antibiotic agents, comparable in
selectivity and efficiency antimicrobial agents than traditional antibiotics
(Kouhbanani et al., 2019).

Graphene oxide (GO) might prepare effectively by chemical exfoliation of
graphite. It is a monolayers of carbon atoms that may incorporate an enormous
number of oxygens containing functional groups for example, carboxyl and
hydroxyl groups (William et al., 1958; Wang et al., 2012) that draw scientists
because of their owing attributes, for example, low cytotoxicity, chemical and
thermal stability, high mechanical strength, good water solubility and large
surface area (Jie et al., 2019). Thus, GO can act as the platform for developing
NPs (Yan et al., 2019) to stabilize them (Han et al., 2013) also its antimicrobial
potential (Liu et al., 2011; Zou et al., 2016). Consequently, graphene oxide/Ag
nanocomposite (GO/AgNC) assuming it to be a promising potent antimicrobial
agent.

The present study provided a one-step green approach for the synthesis of
functionalized AgNPs decorated on rGO sheets under different conditions using
crude metabolite of Escherichia coli D8 (MF062579) with high antimicrobial
activities against the biofilm forming human pathogenic strains such as E. coli,
Klebsiella pneumoniae, Staphylococcus aureus, Bacillus cereus and Candida
albicans due to the synergistic effect of GO and AgNPs.

MATERIAL AND METHODS
Materials

The chemicals included graphene oxide (Loba Chemie Pvt. Ltd., India), Silver
nitrate (Panreac Quimica S.L.U, Barcelona, Spain) and other chemicals (Sigma
Aldrich chemical Pvt. Ltd., India).

The pathogenic strains; E. coli ATCC25922, K. pneumoniae ATCC33495, S.
aureus ATCC25923, B. cereus ATCC6633 and C. albicans ATCC10231 in
addition to E. coli D8 (AC: MF062579); the selected strain for the biosynthesis
were obtained from the culture collection of the Laboratory of Microbiology,
Botany and Microbiology Department, Faculty of Science, Damietta University,

Egypt.
METHODS

Synthesis of reduced graphene oxide/silver nanocomposite

E. coli D8 strain was sub-cultured on nutrient agar plates at 37°C for 24 hrs. and
grown on nutrient broth medium at 37°C, 150 rpm for 48 hrs. 0.5 McFarland
standard (1-2 x 10® CFU/ml) of E. coli D8 was inoculated into nutrient broth
medium at 37°C, 150 rpm for 48 hrs. After incubation, the bacterial cultures were
centrifuged at 5000 rpm for 20 minutes. The bacterial metabolites were collected
for further rGO/AgNC synthesis as a bio-reductant.

0.15g of GO powder were dispersed in 50mL distilled water and ultrasonicated at
25°C (ultrasonic bath, 28kHz Delta-sonic 920 N° 484, Meaux, France) for 2 hrs.
Then, 0.5g of AgNO; was added to the aqueous solution gradually. 20mL of
bacterial metabolite was added into the reaction mixture in the presence of sun
light and at room temperature. The reaction mixture color was turned into dark
brown as a first indication for the AgNPs formation and their binding to rGO
sheets. The GO/AgNC powder was collected by centrifugation at 10,000 rpm and
then dried in an oven at 60°C for 24 hrs (Keshvardoostchokami et al., 2018).
Different weights of AgNO; (0.5, 1, 1.5, 2, 2.5 and 3 g) and different volumes of
bacterial crude metabolite (10, 20, 30, 40 and 50 mL) were tested for the best
conditions of rGO/AgNCs biosynthesis.
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Characterization of the synthesized graphene oxide/silver nanocomposite

The Ultraviolet-visible (UV-vis) absorption spectra of GO and rGO/AgNC were
recorded by UV/VIS/NIR Spectrophotometer (V-630, Japan), Faculty of Science,
Damietta University. The FT-IR spectral analysis of GO and rGO/AgNC (4000-
400 cm™) were recorded using FT/IR-4100typeA, Faculty of Science, Damietta
University. The shape and size of AgNPs, GO and rGO/AgNC were examined by
transmission electron microscopy (TEM) on a JEOL JEM-2100, Japan, Electron
microscope unit, Mansoura University operated an accelerating voltage of
200kV.

Antimicrobial activity

The antimicrobial activities of AgNPs and rGO/AgNC were studied against the
pathogenic strains by agar well diffusion and broth dilution methods. The
bacterial and yeast strains were cultured in nutrient agar and yeast extract peptone
dextrose agar (YEPD) plates, respectively and incubated at 37°C for 24 hrs.
Single colonies from bacterial and yeast cultures were inoculated in 20 ml of
nutrient broth and YEPD broth, respectively and incubated at 150 rpm at 37°C
for 24 hrs. Then, 200 ul of 0.5 McFarland standard (1-2x10® CFU/ml) of
microbial suspension was used as a start inoculum for the next tests.

Agar well diffusion method

The antimicrobial potential of the synthesized rGO/AgNC was studied in vitro
against pathogenic microbial strains using agar well diffusion method. About
200ul of the microbial suspension was inoculated on semi-solidified nutrient agar
and YEPD agar plates by pour plate method. Equal volumes (200 pL) and same
concentrations (150 pg/ml) of the GO, rGO/AgNC and AgNO; were prepared
and added by pipetting the colloidal solution using a sterile micropipette into
small wells (5mm diameter of size) that were made into the solidified agar plates.
Penicillin G (antibacterial) and Fluconazole (anticandidal) were used as positive
controls. Plates were incubated at 37°C (bacteria) and 30°C (yeast) for 48 hrs.
After the incubation period, the plates were examined and zones of inhibition
(ZOl) of microbial growth were measured in millimeters for each one (Clinical
and Laboratory Standards, 2006).

Broth dilution method

An autoclaved nutrient broth and YEPD broth media test tubes were prepared and
inoculated by 100yl of microbial suspensions (0.5 McFarland standard (1-2 x 10°
CFU/mI)) in two set of test tubes containing different dosages of rGO/AgNC and
Penicillin G (antibacterial) or Fluconazole (anticandidal) concentrations (6.25-
125 pg/mL). The inoculated test tubes were incubated at 100 rpm at 37°C for 24
hrs. The microbial growth was measured spectrophotometrically at 600 nm by
measuring the optical density (OD) to determine the minimal inhibition
concentration (MIC). In similar way, controls were made exclusive of
rGO/AgNC. The growth inhibition percentage was calculated using the following
formula:
0Dc-0Dt

% Growth inhibition = [T] % 100

Where, ODc and ODt resemble to the OD of the control and tested sample,
respectively (Clinical and Laboratory Standards, 2008; 2017).

Transmission electron microscopy study of treated b. Cereus

The ultrastructure of rGO/AgNC treated B. cereus (MIC, 6.25 pg/mL) was
studied with TEM (JEOL JEM-2100, Japan, Electron Microscope Unit,
Mansoura University, 200kV).

Statistical analysis

The data were statistically analyzed using software system SPSS version 18. All
values in the experiments were expressed as the mean + standard deviation (SD).

RESULTS AND DISCUSSION
Characterization of the synthesized graphene oxide/silver nanocomposite

The synthesis of rGO/AgNC was detected spectrophotometrically as shown in
Figure 1. The UV-vis spectrum of GO showed a characteristic peak at 230 nm
which assigned the n—7* transitions of the aromatic C—C bonds (de Faria et al.,
2014; Marta et al., 2015). The surface Plasmon resonance peak of AgNPs was
appeared at 430 nm indicating to the annealing of AgNPs in the rGO/AgNC,
which matched with the results of Hui et al. (2014) and Chandraker et al.
(2017).
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Figure 1 The UV-vis spectra of GO and rGO/AgNC.

It was found that 1 g of AgNO; and 40 mL of bacterial crude metabolite were the
optimal conditions for the biosynthesis of the rGO/AgNC that produced the
highest amount (absorbance value) and smallest stable AgNPs (blue shifted peak)
as shown in Figure 2 &3 (Rai et al., 2009).
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Figure 2 The UV-vis spectra of synthesized the rGO/AgNCs using different
weights (g) of AgNOs.
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Figure 3 The UV-vis spectra of the synthesized rGO/AgNCs using different
volumes (mL) of bacterial crude metabolites.

The binding between GO and AgNPs were confirmed by FTIR spectroscopy. The
FTIR spectra of GO and rGO/AgNC were presented in Figure 4. GO displays
broad peak at 3440 cm™', correlated to the hydroxyl groups, and at 1728 cm™ and
1623 cm™' reveals an intense peak resembling to the stretching vibrations of
carbonyl group (Liu et al., 2020) and aromatic C=C bond or intramolecular
hydrogen bonds, respectively (Valentini et al., 2013). Other bands at 1240 and
1041 cm™' related to C—O—H, C—H stretching and C—O stretching, respectively
(Satheesh and Jayavel, 2013). These outcomes approve the presence of
exogenous groups and hydroxyl groups on the surface of GO making it suitable
for receipting of AgNPs as nano-fillers (Chen et al., 2011). On the other hand,
rGO/AgNC maintained the peak positions of the functional groups on GO.
However, the aromatic C=C vibrations (1625 cm™') of GO decreased in
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rGO/AgNC, which denote the successful interaction between functional groups
of GO and AgNPs (Shen et al., 2012).
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Figure 4 The FTIR spectra of GO and rGO/AgNC.
Transmission electron microscopy

The morphological features of GO and rGO/AgNC were studied by TEM. Figure
5 showed a monodisperse layer of spherical-shaped AgNPs (mean size of 8-
17+9.1 nm) embedded on the GO sheets which matched with Cobos et al. (2020)
and Baka et al. (2019) results. TEM micrograph displayed AgNPs as black dots
(spherical and uniformly dispersed on the surface of the transparent and sheet-
like structure of GO).

Figure 5 TEM micrograph of GO; (a) and rGO/AgNC; (b; scale bar = 100 nm, c;
scale bar = 50 nm).

ANTIMICROBIAL ACTIVITY OF GO AND RGO/AGNC

Gram-negative (E. coli ATCC25922, K. pneumoniae ATCC33495), Gram-
positive (S. aureus ATCC25923, B. cereus ATCC6633) bacteria and C. albicans
ATCC10231 were selected for the antimicrobial tests because they are usually
correlated with the medical-associated infections moreover their antimicrobial
resistance. The selected bacterial strains were reported as causing agents for
diarrhea or dysentery, and other might cause intestinal infections such as
meningitis and urinary tract infections (Simoes et al., 2010). S. aureus could be
the cause of gastroenteritis in addition to the secretion of staphylococcal
enterotoxins (Kouhbanani et al., 2019). S. aureus and K. pneumoniae were the
famous causing pathogens for pneumonia in respiratory diseases (Yoshida et al.,
1999). The biosynthesized rGO/AgNC showed a potent antimicrobial effect with
highly significant different values (P <0.05) between the microbial strains and the
diameter of inhibition zone as shown in Figure 6&7. The antibacterial activities
of rGO/AgNC might had less effects on B. cereus and E. coli strains than AgNO;
due to their large size that might prevent the penetration of bacterial cell wall.
The GO showed better antibacterial potential against the Gram-negative bacteria
than the Gram-positive bacteria. Those results might be related to the cell wall
contents and peptidoglycan amounts.

Figure 6 Antimicrobial activity of GO and rGO/AgNCs; (a) B. cereus, (b) E. coli, (c) K. pneumoniae (d) S. aureus and (e) C. albicans.
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Figure 7 Antimicrobial activity of AgNOs, GO and rGO/AgNCs against the microbial strains (Highly significant = “ P < 0.05, n = 3).

Antimicrobial ratios for 6.25 pg/mL of rGO/AgNC (MIC value) against the
microbial strains were E. coli (79%), K. pneumoniae (87%), S. aureus (91%), B.
cereus (53%) and C. albicans (60%) as shown in Figure 8). More than 6.25
ng/mL dosage antimicrobial ratios attained 100%. Therefore, antimicrobial

behavior of rGO/AgNC showed a dose-dependent manner. Chandraker et al.
(2017) reported antibacterial ratio for GO/AgNC against E. coli was reached
91.65% and against S. aureus ratio was 86.75%.
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Figure 8 Antimicrobial activity of rGO/AgNC (MIC value, 6.25 pg/mL) against the pathogenic microbial strains (Highly significant =" P < 0.05, n = 3).

Figure 9 shows the ultrastructure changes of the control and treated B. cereus
with synthesized rGO/AgNC. Untreated B. cereus was rod-shaped, with intact
cell walls as shown in Figure 9a. After rGO/AgNC treating, cell walls of B.
cereus (Figure 9b) became wrinkled and damaged, led to rupture of bacterial cell
membrane. It shows that rGO/AgNC revealed good effects on the cell
membranes and cell walls of treated bacteria. It has been shown that the
synthesized rGO/AgNC has bactericidal action by killing the bacteria (Li et al.,
2018).

Although the exact mechanism of the antimicrobial action of AgNPs is still
doubtful, there are some reported hypotheses that supposed that AgNPs can
interact with phosphorus-containing compounds in cells and sulfur-containing
proteins in cell membranes, attacking the respiratory processes and cell division
causing cell death (Rai et al., 2009; Sondi and Salopek-Sondi, 2004). Damage
might also be caused by the formation of reactive oxygen species (ROS)
(Hajipour et al., 2020).

In our study, rGO/AgNC were used as an antimicrobial agents, which revealed a
superior antimicrobial potential towards biofilm forming strains such as E. coli,
K. pneumoniae, S. aureus, B. cereus and C. albicans due to the synergistic effect
of GO and AgNPs (Ma et al., 2011; Tomar et al., 2020). These results indicate
that the rGO/AgNC can be further renovated for upcoming biomedical
applications.

Figure 9 The bactericidal effect of rtGO/AgNC on the ultrastructure of B. cereus.
(a) A negative control (without rGO/AgNC). (b) A treated sample (at 6.25
pg/mL), there are irregular rods (arrows) with lysed cell walls (Ly), malformed
cells (Mc) and a complete cell lysis (Cl). Note the endospore formation (Es).

CONCLUSIONS

A green friendly, simplest hypothesis was outlined to biosynthesize rGO/AgNC.
Spherical shaped AgNPs were well embedded and dispersed on the surface of
GO sheets. The synergistic action enhanced the activity compared with simple
mixture of AgNO;, GO, and rGO/AgNC. Synthesized rGO/AgNC revealed
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extremely valuable antimicrobial actions at very low dosages, against Gram-
negative and Gram-positive bacteria as well as pathogenic yeast. The results in
this study might aid to understand how rGO/AgNC interacts with pathogens, and
further help the future use of rGO/AgNC as a new generation of vigorous
antimicrobial material in clinical and industrial applications.
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