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We report the simple one pot synthesis of iron-silver (FeAg) bimetallic nanoparticles with different com-
positions on graphene support. The nanoparticles are well dispersed on the graphene sheet as revealed
by the TEM, XRD, and Raman spectra. The antibacterial activity of graphene-FeAg nanocomposite (NC)
towards Bacillus subtilis, Escherichia coli, and Staphylococcus aureus was investigated by colony counting
method. Graphene-FeAg NC demonstrates excellent antibacterial activity as compared to FeAg bimetal-
lic without graphene. To understand the antibacterial mechanism of the NC, oxidative stress caused by

?:X‘;Vgii callic reactive oxygen species (ROS) and the glutathione (GSH) oxidation were investigated in the system. It has
Graphene been observed that ROS production and GSH oxidation are concentration dependent while the increase in

silver content up to 50% generally enhances the ROS production while ROS decreases on further increase
in silver content. Graphene loaded FeAg NC demonstrates higher GSH oxidation capacity than bare FeAg
bimetallic nanocomposite. The mechanism study suggests that the antibacterial activity is probably due
to membrane and oxidative stress produced by the nanocomposites. The possible antibacterial pathway

Antibacterial activity
Reactive oxygen species
GSH oxidation

mainly includes the non-ROS oxidative stress (GSH oxidation) while ROS play minor role.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Contamination especially in the environment and generally in
drinking water is one of the most critical issues in the world [1].
Various pollutants such as heavy metals, organic compounds, and
microorganism especially bacteria have become a severe threat
for human lives [2-4]. The bacterial growth rate is very prompt
under favorable conditions and causes lots of diseases [5]. On the
other hand, due to extensive use of antibiotics, these bacteria can
develop the tolerance against the antibacterial action. Moreover,
bacteria can be one type of contamination where the hygienic con-
ditions are required due to their growth on the surface [6]. These
problems become more severe when diseases caused by pathogens
are engaged in the food industry [7]. Therefore the development of
new materials has become essential to suppress bacterial activity.
The ideal antibacterial material should be non-toxic, cheap, envi-
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ronmentally friendly, and display excellent antibacterial activity
[8,9].

Iron is one of the most frequently used metal for treatment of
contaminants present in water [2]. It is the fourth most abundant
element after oxygen, silicon and aluminum present in the earth
crust [10]. Iron NP has been used from the treatment of various
harmful pollutants such as chlorinated compounds in wastewa-
ter [11,12]. Low cost, non-toxic, and high reactivity make iron as
a first choice for the researcher [13]. However, little is known for
the mechanism in antimicrobial applications. Bacillus subtilis and
Escherichia coli are the most studied bacteria using Fe NPs [14-16].
Lee et al. concluded that better antibacterial activity of E. coli was
achieved using Fe NPs [17], but the rapid oxidative corrosion of Fe
NPs has limited its application. It was proven that Fe NPs could be
more efficient and effective [18]. Alternatively, silver related NPs
were also used as antibacterial agents [19-21]. Ag* ions interact
with the bacterial cells and alter the main function causing the
cell death [22]. As reported, silver NPs anchored on graphene oxide
sheets manifest excellent antibacterial activity for P. aeruginosa[7].
Bimetallic Fe-Ag NPs has shown significant antimicrobial activity
while Fe alone did not show any bactericidal effect on the microbial
growth perhaps due to corrosion [23].
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Fig. 1. TEM (a and b) and size distribution (c) of Fe;Ag; decorated on the graphene sheet.

Graphene with 2-D structure receives lot of attentions due to its
versatile physiochemical properties such as large surface area, high
mechanical, and high electrical stability [24]. It has been widely
applied with other materials in the preparation of NC to enhance
their properties [25,26]. Graphene not only enhances the activ-
ity but also provides a stable support for the inorganic materials
[27-29]. These graphene-inorganic NC as well as graphene itself
shows toxicity towards pathogens. Quite a few researches are being
focused on the antibacterial activity of graphene and its related
derivatives [30,31].

In this work, Fe-Ag bimetallic NPs with different compositions
were synthesized in situ using NaBH4 as a reducing agent on
graphene oxide. The NC was characterized by XRD, TEM, EDS, and
Raman spectroscopy. To the best of our knowledge, this is the first
report on the combined effect of these materials in the antibacte-
rial activity of B. subtilis, S. aureus, and E. coli. Our main aim is to
enhance the antibacterial activity of iron based NC, because better
antibacterial effect by iron seems more necessary for more prac-
tical applications. Iron based antibacterial materials would be cost
effective. Amuch more effective antibacterial material is developed
based on bimetallic NC attached graphene in contrast to simple
bimetallic NPs previously reported for high antibacterial activity.
The effect of graphene-FeAg concentration on these three differ-
ent bacteria was investigated. To get the better understanding
in terms of antibacterial mechanism, the oxidative stress caused
by graphene-bimetallic nanocomposite was systematically stud-
ied. Superoxide (*0, ™) radicals induced by reactive oxygen species
(ROS) generation was quantified by using the p-nitroblue tetra-
zolium chloride method. In-vitro glutathione oxidation method
was performed to examine the non-ROS oxidative stress effect.

2. Experimental
2.1. Materials

Natural graphite obtained from Qingdao NanshuRuiying
Graphite Co. Ltd., China. Ferrous sulfate (FeSO4-6H,0, 99.5%),
sodium chloride (NaCl, 99.5%), sodium nitrate, H,SO4, KMnOyg,
and H,0, were obtained from Shanghai Jingchun Reagent Ltd.
Co. (Shanghai, China). Silver nitrate (AgNO3) was purchased from
Sinopharm chemical research Co. The water used in the experiment
was purified with a Millipore Milli-Q system.

2.2. Synthesis of graphene oxide (GO)

GO was synthesized from natural graphite flakes using the mod-
ified Hummers method [32,33]. In the given process, graphite
(2.0g) and NaNOs3 (1.0g) were added to 50 mL of concentrated
H,S04 (98%), and the mixture was mechanically stirred in an ice
bath for 2 h. KMnO4 (7.3 g) was slowly added to the mixture, then
7 mL of Hy0, and 150 mL of deionized water were added respec-
tively. Thus the colour of the mixture changed from brown into
bright yellow. The mixture was filtered and washed several times
with 3% HCl solution and de-ionized water. GO was vacuum-dried

at 40°C for 24 h and obtained as brown solid. The obtained prod-
uct was dispersed in 500 mL water through ultra-sonication. In the
end, solid form of GO was obtained by centrifugation and vacuum
drying at 40°C for 24 h.

2.3. Synthesis of graphene-FeAg nanocomposite

In the typical reaction, 0.5 mg/mL GO (50 mL) dispersion was
prepared through ultra-sonication for one hour. Then, we added
20 mL mixed salt solution with different mole concentration of
iron/silver salts (Fe 10 mM/Ag 0 mM, Fe 8.75 mM/Ag 1.25 mM, Fe
7.5 mM/Ag 2.5 mM, and Fe 5mM/Ag 5mM) in GO dispersion and
continued ultra-sonication for one hour then half an hour through
magnetic stirrer. After mixing, 1.0g of NaBH4 dissolved in 40 mL
of water was added to the mixture dropwise at 75-80°C for two
hours. The color of mixture turned into black. Then the mixture
was cooled down at room temperature. The black solid was sepa-
rated from the mixture through filtration by washing with water
and ethanol respectively. The obtained product was dried at the
50°C under the vacuum for 24 h before the characterization or fur-
ther use. For the synthesis of graphene and FeAg bimetallic without
graphene, we followed the same procedure except for adding the
salt or graphene, respectively.

2.4. Characterization

The high transmission electron microscopy (TEM) was per-
formed using a JEOL-2100 electron microscope operating at 200 kV.
X-ray diffraction (XRD) was carried out on a Bruker D8 Advance
X-ray diffractometer with a scan rate of 6°/min. Raman spectra
of the samples were recorded by Renishaw inVia Reflex Raman
spectroscopy.

2.5. Antibacterial activity

Antibacterial activity of B. subtilis W800, E. coli BL21, and Staphy-
lococcus aureus was investigated by G-FeAg nanocomposite. Before
the start of any antibacterial activity, all the glassware and samples
were autoclaved at 121 °C for 20 min. All the bacteria were cultured
in LB medium at 37°C for 12h 1.0 mL of saline solution washed
bacterial cells were added in the saline solution for maintaining
the ~108 colony forming unit (CFU/mL). After that, 1-200 pg/mL
amount of catalyst (from aqueous suspension of 5 g/L of catalyst)
was added in the saline solution and incubated at 37 °C in shaking
incubator for two hours. After 2 h, 100 L of serially diluted bacte-
rial suspension was spread on the LB agar plates and incubated at
37°Cfor 24 h. Cell viabilities were counted on plates after 24 h. The
antibacterial activity was also verified by recording the growth OD
at 600 nm to compare with the results from CFU experiments (not
shown).
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2.6. Detection of superoxide radical specie (*0,~) and thiol
oxidation and quantification

To investigate the role of reactive oxygen species in the antibac-
terial activity, the generation of ROS was evaluated through
measuring the absorption of p-nitroblue tetrazolium salt (NBT2*).
The production of ROS was detected by adding NBT2* to sam-
ples before incubation as it selectively reacts with *O,~ to form
a formazan product. The decomposition of NBT was monitored at
wavelength 259 nm by UV-vis spectrometer [34]. The details are
given in the Supporting information.

The concentration of thiols in GSH was quantified by the
Ellman’s assay using the method describes in the previous
studies [30]. The dispersion of G-Fe;Ag; with different concen-
trations (225 pL at 10 pg/mL, 20 pg/mL, 50 wg/mL, 100 pg/mL or
200 pg/mL) and 100 pg/mL of other nanocomposites (Fe, Fe;Agq,
Fe;Ag,, Fe;Agq, graphene, G-Fe, G-Fe;Agq, G-Fe3Ag;, G-Fe Ag)
in 50 mM bicarbonate buffer (pH 8.6) was added into 225 pL of
GSH (0.8 mM in the bicarbonate buffer) to start the oxidation. The
vials were covered with alumina foil to avoid illumination, and
then placed in a rotary shaker with a speed of 150 rpm at room
temperature for incubation of 2h. After the oxidation reaction,
785 L of 0.05M Tris-HCl and 15 pL of DNTB (Ellman’s reagent,
5,5'-dithio-bis-(2-nitrobenzoic acid), J&K chemicals) were added
into the mixtures to yield a yellow product. The mixtures were
filtered through a 0.20 mm surfactant-free cellulose acetate mem-
brane to remove the catalysts present in the mixture. A 0.5mL
aliquot of solutions from each sample was then placed and their
absorbance at 412 nm was measured on a UV-vis spectrophotome-
ter. All tests were prepared in triplicate. GSH solution without
catalyst was used as a negative control. GSH (0.4 mM) oxidization
by H,0, (1 mM) was used as a positive control. The loss of GSH
was calculated by the given formula: loss of GSH% = (absorbance of
negative control — absorbance of sample)/absorbance of negative
control x 100.

3. Results and discussion
3.1. Characterizations of graphene-Fe-Ag nanocomposite

In the synthesis of Fe-Ag bimetallic on graphene, mixture of
both precursors was added into GO dispersion. The reduction of
both ions was realized by adding NaBH4 dropwisely into the solu-
tion at 80°C. The morphology of bimetallic NPs was examined by
TEM as shown in Fig. 1. Results show that NPs are in the range of
~10nm in diameter. The NPs were dispersed well on the graphene
sheet. Graphene oxide has various functional groups and these
functional groups can provide nucleation sites for the growth of
NPs on graphene sheet.

XRD pattern of GO indicates its peaks at 20=11.1° and 42.1°
which are the characteristics peaks (Fig. S1a). Fig. 2 shows the XRD
data of Fe and different composition of Fe-Ag NPs attached on the
graphene sheet. The peak observed for G-Fe at around 26 =45° is
the characteristic peak of Fe NPs. In the case of bimetallic graphene,
Ag and Fe peaks overlap at 45° which confirms the presence of
bimetallic NPs on the graphene, while other peaks at 38.3°, 64.7°,
and 77.3° are the characteristics peaks of Ag NPs [35]. In contrast,
no peak was observed for graphene. The graphene diffraction peaks
disappear because NPs attached on the sheet might prevent the
restacking of graphene sheet [36]. ICP results further confirm the
presence of Ag and Fe in the sample and the final ratio of the Fe/Ag
is very close to the feeding ratio of Fe/Ag as shown in Table S1.
The above results suggest that bimetallic Fe-Ag were successfully
prepared on the graphene sheets.
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Fig. 2. XRD results of G-Fe and different composition of G-Fe-Ag.
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Fig. 3. Raman spectra of GFe, GFe;Ag, GFe3Agy, and GFe Ag;.

EDS mapping was also used to confirm the presence of Fe, Ag,
carbon, and oxygen in NPs. Fig. S2 in Supporting information clearly
indicates that large amounts of C, O, Fe, and Ag were incorporated.
In-situ reduction of FeAg bimetallic on graphene was character-
ized by Raman spectroscopy, and the results are shown in Fig. 3 as
compared with the Raman profile of GO shown in Fig. S1b. The spec-
trum of GO in Fig. S1b shows two prominent peaks at 1344 cm™!
and 1596 cm~! ascribed to the D and G bands of carbon related
materials respectively. Generally, the D band is associated with the
breathing mode of k-point phonons of Ajg symmetry, while the G
band is related to the E;; phonons of sp? carbon atoms [37]. All
four nanocomposites (GFe, GFe;Ag;, GFe3Ag;, and GFe{Ag;) also
display the D and G peaks as observed in Fig. 3. The intensity ratio
of D and G band (Ip/Ig) can be used to investigate the removal of
oxygenated groups present in the GO. In the reduction process, sp?
carbon network is restored leading to an increase of Ip/Ig [37,38].
It was observed that all four nanocomposite showed higher Ip/Ig
value (1.17, 1.14, 1.27 and 1.13) than that (1.01) of GO, indicat-
ing the successful reduction of GO. Different molar composition
of Fe and Ag were synthesized and analyzed by inductively cou-
pled plasmaatomic emission spectroscopy (ICP-AES) (see Table S1
in Supporting information).
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Fig. 4. Effect of different concentration of (G-Fe;Ag;) nanocomposite on the antibacterial activity of (a) B. subtilis, (1, 2, and 5 pg/mL) and (b) E. coli and S. aureus (10, 20, 50,
100, and 200 pg/mL). In control experiment, bacteria are grown without any nanocomposite.

3.2. Antibacterial activity of graphene-Fe-Ag nanocompsoite

Inactivation of gram positive and gram negative bacteria were
investigated while using bimetallic anchored on the graphene
sheets. E. coli and S. aureus are gram negative and gram positive
bacteria respectively. We have selected these types of bacteria to
study the effect of our mateial. While in the case of B. subtilis,
it has shown much resistance. We want to study the effective-
ness of our nanocomposite on B. subtilis cell death. Bimetallic
NPs without graphene were used as a control. G-Fe;Ag; was cho-
sen to determine the effect of different concentration of G-Fe-Ag
nanocomposite. Three bacteria (B. subtilis, E. coli, and S. aureus)
were chosen for the antibacterial tests. Concentration dependent
antibacterial activity of these bacteria was investigated by vary-
ing the concentration ranging from 1 to 200 g/mL with two hour
incubation.

Fig. 4 shows the effect of different concentrations of G-Fe;Ag; on
the bacterial strains. It is interesting that complete inhibition of B.
subtilis can be achieved with a very low concentration of nanocom-
posite. We have tested the same concentration of nanocomposites
for the B. subtilis as we used for other two bacteria but at that con-
centration we have found the same results (approximately all cells
were dead). So we decreased the concentration from 10 to 200 mg/L
to 1-5 mg/L where we got some comparable results. We have tested
1 pg/mL, 2 pg/mL, and 5 pg/mL of G-Fe;Ag; for B. subtilis as shown
in Fig. S3. Viability of the cells decreases with the concentration
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of catalyst, and the viability loses completely 99.6 + 1% at 2 pg/mL
(Fig. 4a).

The effects of G-Fe;Agq on E. coli and S. aureus were also stud-
ied in Fig. 4b which shows the increasing loss of cells viability
with catalyst concentration (see Figs. S4 and 5 in Supporting infor-
mation). 90.23 +2.75% and 95.1 £4.9% cell viability are lost for
E. coli and S. aureus respectively when 100 pg/mL of catalyst was
added. In the case of S. aureus, maximum antibacterial activity of G-
Fe;Ag; is observed using 100 p.g/mL while nearly complete effect
98.4+0.75% and 99.6 + 1.75% was observed when 200 pg/mL was
used.

We have also used 50 ug/ml concentrations of nanocomposite
to check the effect of silver content for the antibacterial activity
of E. Coli as shown in Fig. S6 in Supporting information. There
is marginal increase in antibacterial activity from 53.1% to 72.1%
when GFe;Ag; instead of GFe was used. However, the increase of
the activity becomes less dramatic as the silver contents (molar
ratio) were increased from 0.125 to 0.5. Apparently, GFe;Ag; would
be cost effective composition due to the less content of expensive
silver.

Furthermore, the effects of different compositions of bimetallic
anchored graphene nanocomposite were studied. In order to exam-
ine the contribution of graphene in the metallic nanocomposite
to the antibacterial performance, the effects of same composition
of Fe or FeAg bimetallic without graphene were also investi-
gated. In Fig. 5, it is obvious that bimetallic NPs loaded graphene
shows excellent antibacterial activity as compared to bare bimetal-
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Fig. 5. Antibacterial activities of B. subtilis, E. coli, and S. aureus using (a) G-Fe, G-Fe;Ag1, G-Fe;Agy, and G-Fe,Agy, (b) Fe, Fe;Agy, FesAgy, and Fe; Ag; [In control experiments of
(a) and (b), growth of bacteria was observed without adding any nanocomposite or bimetallic catalyst. Concentration of different graphene-FeAg nanocomposite or bimetallic

FeAg used for (B. subtilis, 2 pg/mL) or for E. coli and S. aureus, (100 pg/mL)].
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Fig. 6. SEM images of S. aurues (a) control, (b) after two hour incubation with nanocomposites.

lic NPs. When graphene was used as the substrate for metal
immobilization, better activities of the metal nanocomposites with
graphene were found than the corresponding metallic or bimetal-
lic nanocomposites without graphene. Increasing the Ag content
showed increasing antibacterial activities while this was not com-
pletely true in the case with bimetallic NPs loaded graphene.
Here we want to demonstrate that small amount of Ag con-
tent with graphene loaded bimetallic NPs has shown significant
enhancement of antibacterial activity (>90%) while increasing the
Ag content did not show bigger difference. It probably reaches
the limit of antibacterial effect in the current bimetallic system.
In our previous work, we have done XRD of bare Fe and Fe-rGO.
It was confirmed that oxide layer was formed at 18° in case of
bare nZVI while this peak was not observed in case of nZVI-rGO
[39]. It might conclude that Graphene not only prevents the Fe
NPs from oxidation but also enhances the antibacterial activity
to some extend since graphene also acts as antimicrobial agent,
reported in previous studies [30,31]. Fe NPs alone show negligi-
ble activity 114 0.8%, 1.3 +0.5%, and 5.8 4- 2.4% towards B. subtilis,
E. coli, and S. aureus respectively which might be due to the forma-
tion of oxide film on the surface of the particles [23]. In the bare
bimetallic NPs case, antibacterial effect increases as the mole frac-
tion of silver is increased to 19.6 +4.7%,51.4 + 5.02, 78.15 + 2.12 for
example in case of B. subtilis. However, bimetallic NPs without the
graphene have shown less toxicity overall in contrast to the cases
with graphene. This probably happens due to the aggregation of NPs
without any support[27].Fig. 6 shows the S. Aureus interaction with
nanocomposites through SEM. It has observed from the SEM figure
thatin the control, outer surface of the bacteria is very smooth while
after interaction with nanocomposite the surface become rough.
We can conclude from the figure that this roughness in the surface
may cause the membrane disruption in the bacterial cells.

To understand the effects of graphene or its contribution
towards the antibacterial activity of these bacteria, toxicity of
graphene itself on the bacteria was also studied. The result shows
in Fig. S7 indicates that graphene has slight effect on the antibac-
terial activity of E. coli but it has negligible effect on the B. subtilis.
It might be because E. coli is gram negative bacteria while others
are gram positive bacteria. From these results, it might be con-
cluded that B. subtilis inactivity using nanocomposite is attributed
due to the bimetallic NPs decorated on the graphene. However, in
case of E. coli, graphene might contribute some toxicity effects. Our
nanocomposites have shown somehow better results as compare
to other iron related antibacterial agents as shown in Table 1.

3.3. Oxidative stress studies

Oxidative stress plays vital role in the antibacterial activity as
described in previous studies on the cytotoxicity of the materials
[30,42,43]. Oxidative stress caused by cytotoxicity related materi-
als was checked from two different ways. One is reactive oxygen
species (ROS) and another is ROS independent oxidative stress.

In order to better understand the mechanism related to toxicity
caused by graphene-bimetallic nanocomposite, ROS and non-ROS
paths were investigated. To figure out the antibacterial activity
through ROS, NBT?* was used to measure the possibility of ROS
(*OH and *0, ") produced in the system due to the nanocomposite.
As shown in Fig. 7, *O,~ was detected as reflected by the degrada-
tion of NBT2*. Fig. 7a and b show the degradation of NBT2* increases
as the concentration of G-Fe;Ag; increases indicating an increase
of ROS amount. In case of different graphene based nanocompos-
ites, ROS productionincreases to 1.007 +0.131,0.791 £ 0.015 as the
amount of silver content increases in the nanocomposite upto 25%,
even though ROS slightly decreases to 1.01 +0.141 when 50% silver
content was used.

Similar effect is observed in case of FeAg bimetallic without
graphene. From the results, it is apparent that ROS production
increases as graphene is used as the metal support. ROS is not
only related to Fe but it can be influenced by Ag. Secondly, ROS
generation can be enhanced when some metals are attached with
the iron. Such results are consistent with the findings in the litera-
ture that radicals are produced in the iron based aqueous systems
[44]. Therefore, ROS generated by the nanocomposite may play an
important role for some extend in the antibacterial activity. The
identification and role of different possible ROS for the nanocom-
posite should be carefully examined in further studies.

To examine the oxidative stress caused by ROS-independent
path, in vitro GSH oxidation was performed since this path is widely
used in the graphene related materials as described above [45]. GSH
is a tripeptide having thiol groups and is an antioxidant presents
in the bacteria at a concentration ranging from 0.1 to 10 mM. GSH
can be converted to glutathione by oxidizing thiol groups (—SH)
into disulfide bond (—S—S—) [43]. Ellman’s assay was employed to
investigate the oxidation of GSH by using different concentrations
of GFe;Ag; and other Fe-Ag bimetallic with or without graphene as
shown in Figs. 8 and 9 [46]. Buffer solution (50 mM, pH=38.6) and
H,0, (1 mM) were used as a negative control and a positive control
for the GSH oxidation respectively.
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Table 1
Comparison of antibacterial appearance among nanocomposites.
Bacteria under Study Catalyst used Amount of catalyst Inactivation efficiency Refs.
Escherichia coli nZVI 7-700 mg 25-90% [40]
Bacillus subtilis nzZvI 100-1000 mg 80-100% [14]
Bacillus subtilis nzvI 1000 mg <90% [41]
E. coli nzvl 1000 mg ~100%
E. coli FeAg 270mg More than 90% [23]
Bacillus subtilis GFeAg 1-5mg More than 90% This study
E. coli GFeAg 100 mg More than 90%
Staphylococcus aureus GFeAg 100 mg More than 90%
3
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Fig. 7. (a) UV-vis spectra of ROS production during the incubation of NBT?* (0.2 mM) with different concentration of G-Fe;Ag; (10-200 pg/mL). (b) The concentration
dependence of ROS production in the presence of G-Fe;Ag; (10-200 pg/mL). (c) NBT?* degradation by using different compositions of grapheme loaded metals (100 p.g/mL),
and (d) NBT?* degradation by using different compositions of metals without graphene support (100 pg/mL). Control means that there is no catalyst in the NBT?* solution.
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Fig. 8. Oxidation of glutathione (GSH) (0.4 mM) after in vitro incubation with different concentrations of GFe;Ag;, GSH without the addition of GFe;Ag; was used as a negative
control while 1 mM H; O, is positive control.
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Fig. 9. Oxidation of glutathione by graphene and FeAg bimetallic nanocomposite (a) Graphene and different composition of graphene-FeAg dependent oxidation of GSH, (b)
Effect of different bimetallic composition without graphene on the oxidation of GSH, (control means GSH solution without any nanocomposite).

The incubation condition in our experiment does not cause the
oxidation of GSH as suggested by the negative control experiment.
It is hypothesized that the GSH oxidation should be concentra-
tion dependent since the above antibacterial activity experiments
indicate that cell viability is concentration dependent (Fig. 4).
Therefore, oxidation of GSH was carried out under different con-
centrations of GFe;Ag;. Fig. 8 shows that the oxidation of GSH
is increased from 7+0.8% at 10 mg/L to 84 +£0.27% at 200 p.g/L
concentration as the concentration of nanocomposite is enhanced.
Such result is consistent to the concentration dependent increase
in the antibacterial activity.

As presented in Fig. 9a, a noticeable fraction of GSH oxidation is
observed when graphene and different compositions of graphene-
bimetallic nanocomposites were used. Graphene shows much more
oxidation as compared to other nanocomposites. The higher GSH
oxidation of graphene might be attributed to its excellent electrical
conductivity. In contrast to GSH oxidation of graphene, graphene
presents less antibacterial activity. Antibacterial activity depends
on size and despersibility. Similar observations were concluded
with GSH oxidation using single wall carbon nanotubes and reduce
graphene oxide [30,43]. Other graphene-bimetallic nanocompos-
ites manifest slight variation for the oxidation of GSH.

To better understand the role of bimetallic and graphene in
the oxidation of GSH, the effects of different composition of FeAg
bimetallic graphene were also investigated. These results reveal
that the loss of oxidation is decreased by using bimetallic with-
out graphene. In the case of graphene based nanocomposite,
graphene plays somerole. For example, 100 pg/mL of Fe;Ag; shows
41.05+1.2% GSH oxidation while same composition of bimetal-
lic with graphene shows 68.3 +0.29% GSH oxidation. These GSH
oxidation results confirm that graphene based nanocomposites are
better capable of arbitrating oxidative stress towards the bacterial
cells through a ROS-independent way.

4. Proposed antibacterial mechanism

From the ROS and non ROS studies, it can be concluded that
above mentioned possible ways might contribute together for
antibacterial activity by bimetallic graphene nanocomposites.

Firstly, it can be concluded from the ROS study that ROS plays
a role in the bacterial toxicity. ROS generated by graphene loaded
nanocomposite is higher than FeAg bimetallic without graphene.
Although FeAg bimetallic NPs without graphene also produce ROS
but from the antibacterial data, it seems that ROS play its role up to
some extent. Study reveals that ions in excess cause cell damages.
In fact, ions of iron and silver essentially play the critical role in
the antibacterial activity. Recent study elucidated the role of ions
in the cell death in which ions and their derivatives play an impor-
tant role for the functionality of ROS producing enzymes within

Fig. 10. Proposed antibacterial mechanism for the graphene loadeed FeAg
nanocomposite.

the cells [47]. Excess of metal ions are capable of producing strong
radicals via Fenton reaction with the H,0, which are produced by
superoxide dismutase reacting with the *O,~ according to follow-
ing mechanism [48]. Despite the intracellular and extracellular ROS
generation, some studies suggest that silver ions inhibits quinone
oxidoreductase (NQR), a component of the respiratory chain of
some bacteria, and causes the proton leakage [49].

Secondly, GSH oxidation or non-ROS path confirms its role in the
death of bacterial cells. Our results show that antibacterial activ-
ity of graphene anchored FeAg nanocomposite is much higher as
compare to the FeAg bimetallic itself. The oxidation of GSH fur-
ther confirms these results. Graphene not only participates partially
in the antibacterial activity but also provides a support for the
bimetallic NPs. Bimetallic NPs is less efficient likely due to the
aggregation of NPs and the oxidation of iron in aqueous solution
since the particle size play a vital role in the toxicity of bacteria
reported previously [30]. Graphene loaded FeAg nanocomposite
shows better bacticidal activity because of smaller size of bimetallic
NPs anchored on graphene as indicated in TEM images.

Finally, the effect from physical contact of material should not
be excluded as the cause of the death of bacterial cells as reported
in the previous studies [30]. Researchers claimed that cells would
be trapped in the graphene sheets or biological membrane consist-
ing of amphiphilic phospholipids molecules would trap the small
graphene sheet [50].

From above mentioned results and previous studies, there could
be different possible mechanisms (Fig. 10) involved in the antibac-
terial activity by the graphene loaded FeAg nanocomposite includ-
ing membrane disruptive interaction, bacteria-nanocomposite
interaction, and oxidizing the cellular components as discussed in
the previous studies [30,42]. ROS generation outside the cells and
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within the cells play some role in the toxicity towards bacteria,
while the release of metal ions from the nanocomposite may react
with *O,~ to produce the strong *OH radicals. The strong oxidation
of GSH by the nanocomposite suggests that they also play major role
for the antibacterial activity. Bacterial death might occur because
nanocomposite directly contact with the bacteria due to its smaller
size and surface area in the current case. Graphene itself may also
play some role in the membrane stress due to its sharp edges [30].

5. Conclusion

Bimetallic FeAg with different composition of iron and silver
were synthesized on graphene in one step. The characterizations
by TEM, XRD, EDS, and Raman reveal that these nanocompos-
ites are fabricated successfully. The antibacterial activities of these
nanocomposites were evaluated by using three different bacteria
(B. subtilis, E. coli, and S. aureus). The nanocomposites demonstrate
excellent antibacterial activity as compared to bare FeAg bimetal-
lic. The effective antibacterial capability of these nanocomposites
is largely due to well dispersed FeAg bimetallic on the promising
graphene support. The antibacterial activity of graphene loaded
nanocomposite may be endorsed due to the membrane and oxida-
tive stress. The possible antibacterial mechanism may be studied
by reactive oxygen species (ROS) and GSH oxidation (Non-ROS).
Results from NBT degradation show that ROS are produced in the
system which might cause the cell death. Despite these ROS results,
GSH oxidation suggests that these nanocomposites are able to put
non-ROS oxidative stress on the bacterial cell. From these results,
we may conclude that antibacterial activity of graphene loaded
FeAg is mainly due to the non-ROS oxidative stress while ROS plays
a minor role.
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