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Abstract
Metal nanoparticles (NPs)have earned keen interest due to differences in their physical and chemical
properties according to their size. In this study, reduced needle platy graphite silver (rNPG/Ag)
nanocomposite has been prepared using natural vein graphite by in-situ chemical reductionmethod.
We found an extraordinary behavior of this rNPG/Ag composite as an antimicrobial agent for
pathogenicmicroorganisms in the environment; Pseudomonas aeruginosa, Klebsiella pneumoniae, and
Staphylococcus aureus. Further, above pathogens can build a resistivity against bare silverNPs aswell as
the rNPG. This is due to the reduction of permeability and enzyme detoxification or efflux of the toxic
metal ions. Also, the antibacterial activity of rNPG can be inhibited by poor penetration into the cell as
well as the poor dispersion of thematerial in themedium.On the other hand, the rNPG/Ag composite
is used, the Ag nanoparticles embeddedwith rNPG sheets can enter into themicrobial cell through
membrane proteins by simple diffusion or endocytosis which inhibits themicrobial activity. This
penetration of Ag is facilitated by the rNPG sheets as it contributes to the stability and the nano-sized
formation of Ag.Our results conduct to develop broad perspective antimicrobial agent using a
straightforward and low-cost chemical route.

1. Introduction

Recently, extensive efforts have beenmade to synthesize nanostructures and nanocomposites with different size,
shape, crystallinity, and functionality [1–3].Many of these studies have shown different properties of various
forms of carbon and their composites withmetals like gold, silver, platinumetc [4, 5]. These carbon-metal
compositematerials have been fabricated by in-situ or ex-situ synthesis routine [6–8]. Among these two
methods, in-situ synthesis is widely reported [9, 10]. The in-situ synthesis involves uniform surface coverage of
nanocrystals by controlling the nucleation sites on carbonmatrices. As a result of that, continuous growth of
nanoparticles and their structures on these surfaces can be achieved [4].

The carbon sources used inmany studies are based on commercially available graphenematerials [11]. The
ability to produce graphene oxide (GO) through chemicalmethods and followed by reduction to produce
reducedGO (rGO) directed to themass production of graphene in solution phase [5, 11]. However, among the
different graphite forms, use of natural vein graphite ismore beneficial to produce low-cost graphene related
products [12]. Among the natural graphite resources all over theworld, Sri Lanka has the high-quality vein
graphite with high initial purity which has been categorized into four structural varieties [2, 13]. Among those,
needle platy graphite (NPG) variety has the highest initial purity such as 99.9%whichwe used to synthesize
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reducedNPG (rNPG).The properties of rNPG can easily be changed by chemicalmodifications. Recent studies
have revealed that the composites of rNPG are in accordancewith the environmental remediation [5]. In this
regards, the rNPG-silver composite can be used as an antibacterialmaterial for water purification applications
andmedical applications.

Antimicrobial property of a certain compound is referred to as its ability to kill or suppress the growth of
particularmicroorganisms [14]. These antimicrobial agents can be classified in several ways. For instance,
modes of action onmicroorganism aswell as the range of effectiveness are considered to be two specific features
in classifications. Also, the range of effectiveness or the spectrumdivides antimicrobial compounds into two
broad groups as narrow-spectrum (they are effective only against a limited number of pathogens) and broad
spectrum (attackmany different kinds of pathogens) [15].Whenever a new antimicrobial compound is
discovered, antibiotic susceptibility testing is carried out to determine its effectiveness against different
pathogens.

In this study, rNPG/Agwas synthesized using needle platy natural vein graphite (NPG) variety and
subsequently used as a possible antimicrobialmaterial [2, 16]. The antibacterial properties of the composite were
tested against several pathogens, andwe found that the rNPG/Ag composite exhibits antibacterial properties
againstPseudomonas aeruginosa (ATCC 27853),Klebsiella pneumoniae, and Staphylococcus aureus (ATCC
25923). Silver is a known antibacterial agent formanymicrobial pathogens.However, in our study, we found
that these pathogens have built a resistivity against bare silverNPs aswell as the rNPG. Extracellular or
intracellular sequestration ofmetals, reduction of permeability and alteration of target sites, enzyme
detoxification or efflux of the toxicmetal ions have been reported as possiblemechanisms of pathogens against
silver. On the other hand, the antibacterial activity of rNPG can be inhibited due to the poor penetration into
cells as well as the dispersion of thematerial.When the rNPG/Ag composite was added to themedium, the Ag
particles are embeddedwith rNPG sheets which are able to enter into themicrobial cell throughmembrane
proteins by simple diffusion or endocytosis and inhibit themicrobial activity. This penetration of Ag is facilitated
by the rNPG sheets as it contributes to the stability and the smaller size of Ag.Here, we report developing an
antimicrobialmaterial with broad spectrum, which can be used against bothGram+ andGram− pathogens.

2.Materials andmethods

2.1.Materials
For the present study, improved hummersmethodwas used to produce the rNPG followed by the reduction
process [2]. NPG variety of Sri Lankan vein graphite was used as the startingmaterial. All the acids (98%H2SO4

and 85%H3PO4), oxidizing agents (KMnO4 and 40%H2O2), silver nitrate, trisodium citrate used for this study
were purchased fromSigma-Aldrich.

2.2. Preparation of silver nanoparticles
Silver nanoparticles were synthesized using 350 ml AgNO3 solution of 2 mMconcentration. Prepared Ag+

solutionwas stirredwhile heating up to 80 °C for 30 min. Then 70 ml of 10 mMtrisodium citrate was added to
themixture drop-wise, with the dropping rate of 0.05 ml s−1. Once thewhole amount of trisodium citrate was
added to themixture, themixturewas further stirred for another hour. A yellow color solutionwas observed and
this solutionwas kept to cool down for 6 h.

2.3. Preparation of rNPG/silver composite
The details of the synthesis of rNPGusing natural NPG vein graphite variety done in our previous work can be
found elsewhere [2]. 0.1 g of the synthesized rNPGwas sonicatedwith 350 ml of 2 mMAgNO3 solution for
30 min. Then the sample was stirredwhile heating to 80 °C for 30 min and 70 ml of 10 mM trisodium citrate was
added to themixture drop-wise while keeping the dropping rate of 0.05 ml s−1. Thereafter themixture was
gently stirred for another 1 h. The prepared composite was kept for 6 h to cool down. After that, the solutionwas
filtered usingmembrane filter papers and the prepared composite was dried at 60 °C in air for 24 h.

2.4. Antibacterial susceptibility testing
The antimicrobial property of rNPG/Ag nanocomposite was tested against six different pathogens using disk
diffusionmethod. Pathogens testedwerePseudomonas aeruginosa(ATCC 27853), Escherichia coli (ATCC 25922),
Klebsiella pneumoniae, Enterococcus faecalis(ATCC 29212) asGramnegatives and Staphylococcus aureus(ATCC
25923), andMRSA-Methylciline resistant Staphylococcus aureus asGram-positive strains. The pathogenswere
obtained fromDepartment ofMicrobiology,Medical Faculty, University of Ruhuna, Sri Lanka. These pathogens
were separately inoculated into nutrient broth culturemedium and incubated at 37 °Covernight. The fully
grown cultures were then spread onMuller-Hinton (MH) agarmedium to facilitate the diffusion of the
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materials to obtain a successful contact with the pathogens. 0.02 g ml−1 concentration solutionswere prepared
for positive controls (Tetracycline, Vancomycin), negative control (Ciprofloxacin) and rNPG/Agmaterial for
the susceptibility testing of the samples. Eachmaterial was absorbed to sterilized smallfilter paper disks (5 mm).
These disks were then placed on actively growing pathogenic cultures onMHagar plates. Those plates were
incubated at 37 °C for 24 h to observe inhibition zone formation around the disks. The schematic diagramof the
plate is shown infigure 1.

2.5. Characterization of rNPG/Ag composite
The preparedmaterials were characterized by x-ray diffraction (XRD) (Rigaku-Ultima IV x-ray diffractometer)
with a step size 0.02° andCuKα1 radiation to evaluate the expansion of graphite layers. UV–vis spectroscopic
analysis was carried using (JascoV-650 spectrophotometer) thewavelength range of 200–700 nm. The surface of
the sampleswas studied by scanning electronmicroscopy (SEM) (HITACHI SU3500). The energy dispersive
spectroscopy (EDS)mapping of the samples was obtained by a field-emission SEM (FESEM;HORIBA/X-man,
20 kV). High-resolution transmission electronmicroscopy (HRTEM) images were obtained by an electron
microscope (JEM-2100), operated at an accelerating voltage of 200 kV. Specimenswere prepared by dispersing
powders in ethanol to form a suspension, and followed by ultrasonication for one hour. The high-resolution
images of periodic structures were analyzed and filtered by the fast Fourier transformation (FFT)method. The
elemental composition of thematerial surfacewas studied by PHI 5000 x-ray photoelectron spectroscopy (XPS)
withAl-Mg anode. Raman spectroscopywas carried out to investigate the crystal structure of the prepared
expanded graphite samples using RamanMicroscope (RENISHAW in-Via)with 532 nmdiode laser excitation
on 1800 lines mm−1 grating at room temperature.

3. Results and discussion

3.1.Material analysis
Reduction of silver (Ag+) to synthesize silver nanoparticles (AgNPs) has been achieved using trisodium citrate.
rNPGwas synthesized using high purity needle platy (NPG) vein graphite [2]. The nanocomposite was
synthesized in-situ reduction of Ag+with the prepared suspension of rNPG [1]. Though this synthesized
material consists of nano-size particles, still they can appear as large particles because of the strongVan derWaal
interactions existing between graphene layers and these particles. This would result in the disappearance of the
expected properties such as small layer thickness, small particle size expected from rNPG. But this indicates the
existence plates like nature of graphite [17]. Interestingly, the yield of rNPG/Ag composite was found to be
around 95%.However, compared to the traditional rNPG synthesismethods based on other graphite
resources [18].

Figure 2 shows theUV–vis spectrumof Ag, rNPG, and the rNPG/Ag compositematerial. The selection of
the suitable reducing agent and non-toxic stabilizer are essential factors for the stability of AgNPs because the
size of AgNPs, shape and size distribution is strongly affected by these factors [19].Metal nanoparticles
synthesized bymild reducing agentwere relativelymore stable than those produced by strong reducing agents

Figure 1. Schematic diagramof themicrobial plate.
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[19, 20]. Trisodium citrate is one of the dual purpose reducing agent, which can also serve as a stabilizing agent.
The absorption spectra of the pale yellow silver colloidal showed an absorption band due to surface plasmon
resonancewith amaximumbandwidth of 402.8 nm indicating roughly spherical AgNPs particles. This is
further confirmed by TEM images shown infigure 4. The position and shape of the plasmon absorption depend
on the particle size, shape and the dielectric constant of the surroundingmedium [6, 20, 21]. Characteristic peak
of rNPG at 245.0 nm indicates the restoration of the extensive conjugated sp2 carbon network [1, 18, 22]. A new
peak is observed after the compositing of AgNPswith the rNPG; the band at 408.3 nm in the absorption
spectrumof rNPG/Ag composite is ascribed to surface plasmon and indicates the presence of AgNPs [1, 3, 6].

The synthesized rNPG and rNPG/Ag composite were further characterized by using XRD. TheXRD
patterns of rNPG and rNPG/Ag are shown infigure 3, which confirms the crystalline nature of the rNPG/Ag
composite [1, 23]. The diffraction peak at 2θ=25.5° (d=0.34 nm) in rNPG (002) indicates the reduction of
NPGvein graphite to rNPG. Though theXRDpattern of rNPG/Ag composite also contains the characteristic
peak of rNPG at 2θ=25.6°, it is verymuch reduced. Apart from that, five clear reflections appear in the
diffractogram at 38.04°, 44.23°, 64.36°, 77.31° and 81.35° corresponding to the (111), (200), (220), (311) and
(400), respectively (JCPDNo. 04-0783) [2, 7, 17, 18, 24]. These results of XRD analysis confirm the formation of
metallic AgNPs attached to the rNPG structure. Compared to theXRDpattern of rNPG, the rNPG/Ag
composite shows the existing of sharp and strong peaks corresponding to (111) and (200) zone axis of FCCAg
[1, 2, 23]. These results further confirm the preservation of crystallinity in AgNPs [1, 17].

The size of AgNPs embedded in the rNPG surfaces was further confirmed by the TEManalysis (figure 4).
Interestingly, the AgNPs distributed on the rNPG surface act as spacers between adjacent rNPG sheets and, a
curled and twistedmorphology can be observed (figure 4(d)). TheAgNPs arewell separated from each other
and distributed on the rNPG surfacewhich is further seen in TEM images shown infigure 4. Further, attached
AgNPsmay prevent the stacking of the carbon sheets, and therefore the intensity of characteristic diffraction

Figure 2.UV–vis spectrumof prepared Ag, rNPG, and rNPG/Ag composite.

Figure 3.XRDpatterns for rNPG and rNPG/Ag composite.
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peaks of the layered structure was reduced. TheXRDpattern of rNPG/Ag nanocomposite shown infigure 3
systematically displays this behavior of AgNPswith the broadening of the peak at (002) planes of rNPG as are
also evident elsewhere [1, 23].

Figure 4(a) depicts the TEM image of Ag nanoparticles, inwhich the particle size is ranging from20 to
50 nm. TheHRTEM image reveals that the lattice spacing in Ag particle is 0.25 nm (figure 4(a)) corresponding to
1/3 (422) planes of silver [25, 26] confirming the presence of a crystalline silver particle with no secondary phase
formed.Moreover, the selected-area electron diffraction patternwas obtained by directing the electron beam
perpendicular to one of the spheres. The hexagonal symmetry is shown in the inset offigure 4(b) is indexed to
(111) plane of silver, which confirms the high crystalline nature of Ag particles.

As infigure 4(c), the average size of the rNPGparticle is 500 nm.After forming the rNPG/Ag composite, it
can be seen that almost all the AgNPs are anchored to the rNPG sheets, indicating a strong interaction between
theNPs and the rNPG (figure 4(c)). This can be further confirmed by theHRTEMobservation, as shown in
figure 4(d). In the region 1, the rNPG edge appears in line contrast with an interlayer spacing of 0.34 nm,which is
consistent with the XRD results infigure 3. The corresponding FFT image is indexed to the (002) plane of rNPG.
Region 2 is composed of the rNPG sheet with an average size of 10 nmAgNPs on top of the sheet as shown in
figure 4(b). On the other hand, a fewNPs are seen to be attached to the underneath of the rNPG sheets, where the
rNPG edge contrast is clearly present on top of thoseAg particles. Therefore, it is clear that the AgNPs arefirmly
attached to the both sides of the rNPG sheets with uniformdistribution.

To evaluate the reduction level and to determine the composition of the as-prepared rNPG/Ag composite,
XPS analysis was performed. Figure 5 shows the survey spectra obtained on rNPG and rNPG/Ag composite.
Further, figures 6–8 represent the de-convolutedC1s spectra of rNPG, de-convolutedC1s spectra of rNPG/Ag
composite and de-convolutedAg3d5/2 spectra of rNPG/Ag composite, respectively. The survey spectra of pure
rNPGdemonstrate the binding energies of 284.4 eV, 398.1 eV and 532.0 eV (figure 5)which are attributed to the
C1s,N1s, andO1s bond present in synthesized rNPG, respectively [18]. Further, the same elements are present
in the XPS survey spectra of rNPG/Ag composite. This clearly demonstrates that the rNPG synthesized by using

Figure 4. (a)Bright-field TEM image and (b) high-resolution TEM image of the Ag particles. (c)Bright-field TEM image showing the
rNPG/Ag composites. (d)High-resolution TEM image showing the edge of the rNPG sheet (region 1), a AgNP attached on top
(region 2) and underneath (region 3) of the rNPG sheet.
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Figure 5. Survey 1s spectra of rNPG and rNPG/Ag composite.

Figure 6.XPS analysis of de-convoluted C1s spectra of rNPG.

Figure 7.XPS analysis of de-convoluted C1s spectra of rNPG/Ag composite.
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NPGvein graphite has not undergone any structural changes during the synthesis [23, 24]. The peaks of
368.04 eV and 374.03 eVpresent infigure 5 can be attributed toAg3d5/2 andAg 3d3/2, respectively [7].

The 5.9 eV splitting of the 3d doublet of Ag directs the formation ofmetallic Ag on the surface of rNPG
[7, 15].Moreover, the binding energy of 398.1 eV is attributed toN1s of rNPG,which corresponds to the
nitrogen atoms from [Ag (NH3)]

+ complex. TheC1s of rNPG (figure 6) shows four peaks: C–C sp2 (284.7 eV),
C–C sp3 (285.5 eV), C–N (287.4 eV) andC–O (290.2 eV). The peak position belongs to theC–Nbond
corresponds to the reducing agent attachedwith the freshly prepared rNPG [2, 15, 18, 27, 28].

TheC1s spectra of rNPG/Ag composite (figure 7) confirms the presence of the same bonding structure of
rNPG remaining in the composite after it attachedwithAgNPs. TheAg (3d5/2) andAg (3d3/2) bands of both
samples were found at binding energies of about 368.30 eV and 374.39 eV, respectively. The energy splitting
value of 6.09 eV for the 3d doublet of Ag indicates the formation ofmetallic silver nanoparticles [29, 30]. To
further confirm this formof silver, de-convolution of Ag (3d 5/2) peak (figure 8)was used and it was observed
binding energies at 368.3 eV and 368.4 eVwhich corresponds to the chemical states of Ag0 andAg+ respectively.
Further, the formation of these chemical states of the silver is corresponding to the presence ofmetallic Ag and
AgNO3 in the compositematerial, respectively. Based on the peak area ratios of the de-convoluted peaks of Ag,
more than 70%of silver atoms in the rNPG/Ag compositematerial were inAg0 state, while only about 30%of
silvers were in theAg+ chemical states. Therefore, themain component of the synthesizedAg nanoparticles
dispersedwithin the rNPGwasmetallic silver nanoparticles. Further, Ag3d5/2 spectra of rNPG/Ag composite
(figure 8) clearly confirms the presence ofmetallic AgNPs combinedwith the rNPG surface without forming by-
products of Ag in excess.

The nitrogen bonds seen inXPS analysis has been disappeared in EDS analysis (figure S3) of the composite
material. Itmay be due to the difference in the detection limits of these two analytical techniques because the
XPS can detect significantly low concentrations. In contrast, with the XPS results obtained for atomic nitrogen
levels, this EDS indicates the presence of an insignificantly low amount of nitrogen in the compositematerial.

3.2. Antibacterial susceptibility test
The antibacterial susceptibility test has been carried out using sixmicrobes inGram− andGram+ groups.
Figure 9 shows the results of antibacterial susceptibility test against certain pathogens. Further, figure S2 is
available online at stacks.iop.org/MRX/5/015404/mmedia present in supplementary 1 describes the
characteristic features of these three pathogens. It was observed that three bacterial strains out of six were
sensitive to synthesized rNPG/Ag composite whichwas done by disk diffusionmethod.Moreover, the
antimicrobial effect of rNPG/Ag composite against these pathogenswas further studied by agar well diffusion
method and broth culturemethod (figure S3). It was also observed thatP. aeruginosa andK. pneumoniaewere
comparativelymore sensitive to rNPG/Ag composite and producedmaximumgrowth inhibition zone.
Interestingly, rNPG/Ag compositematerial reports higher antimicrobial properties of this compositematerial
with a broad spectrumof pathogenic species. However, there are some limitations occurredwith the dispersion
of the suspension to the agarmedium [18, 20, 31]. Due to the lack of dispersion of the compositematerial to the
culturemedium, broth culturemethodwas used to facilitate the dissolution of thematerial into themedium and
obtainedmore homogenized distribution of composite (figure S4). The EDX/SEManalysis of broth cultures of
each pathogen shows the absence ofmicroorganisms in each broth confirms the inhibitory effect of composite

Figure 8.XPS analysis of Ag3d5/2 spectra of rNPG/Ag composite.
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material (figures S5, S6, and table S1). Further, we have tested the pH change of themediumwhen adding the
compositematerial into the culturemediumwhich is a crucial parameter for bacterial growth and results have
been demonstrated in table S2.

Moreover, table 1 represents the sensitivity of pathogens to commercially available antibiotics and
rNPG/Ag.

After observing the antimicrobial effect of the compositematerial, it was studiedwhether thismaterial has
‘cidal’ or static effect againstmicrobial growth. These observations confirm that thematerial has a static effect
which inhibits themicrobial growth as illustrated infigure S7.

According to the susceptibility test results, it was observed that three pathogenswhich showed inhibition
against rNPG/Ag compositematerial were not affected in the presence of bare Ag or rNPG. In otherwords,
although the compositematerial was inhibitory against selected pathogens, bare silver and rNPGwere not.

However, silver is a heavymetal which is considered to be inhibitory againstmany pathogens over the
decades [10]. The antibacterial properties ofmetallic silver and silver nitrate have been understood in the late
19th century [32–34]. Nevertheless, understanding ofmechanisms related to this toxic effect of silver remains
incomplete because there aremany suggestions that have not been proven. Among thewell-known causes of the
silver antimicrobial effect, inhibition of respiration,membrane damage and destruction of the protonmotive
force are profusely discussed.

The interaction of Ag+with thiol groups inmembrane proteins/enzymes are thought to be amajor
mechanismof toxicity, with data suggesting that the key toxicity event is interactions betweenAg+ and
respiratory chain enzymes [35, 36]. It is also found that silver ions and nanoparticles have the ability to cause
destabilization of the outermembrane, the collapse of the cytoplasmicmembrane potential and depletion of
intracellular ATP levels. Another suggestion is that the ability of intracellular silver ions to generate reactive
oxygen species under aerobic conditions and interference inDNA replication [37]. There is a consensus that
surface binding and damage tomembrane function are themost importantmechanisms for the killing of
bacteria by Ag+ [38].

According to the results of the present study, the bare silver solution did not show inhibitory effects against
the pathogens used. Presence ofmetal ion resistant strategies in thesemicroorganisms could be the reason
behind this. The potential resistance strategies that they can employ are limited to extracellular or intracellular
sequestration of themetal, reduction in permeability, alteration of target sites, enzyme detoxification or efflux of
themetal ions [39].

Figure 9.Optical images of antibacterial susceptibility testing of Gram− andGram+pathogens.

Table 1.Antibacterial susceptibility testing results for several testmaterials.

Testmaterial

Organism Ciprofloxacin Vancomycin Tetracycline rNPG/Ag Dil. water None disk

Pseudomonas aeruginosa + + + + − −
Escherichia coli + − + − − −
Staphylococcus aureus + + + + − −
Klebsiella pneumoniae + + + + − −
Enterococcus faecalis + − + − − −
MRSA + − + − − −

Note. (+) positive results, (−)negative results of testedmaterials for antibacterial susceptibility testing.
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Generally, efflux ‘pumping’ removes toxic ions that entered into the cell by systems involved in the transport
of nutrient cations or oxyanions. Althoughmany resistancemechanisms have been suggested, efflux process is a
major as well as currently conceived resistance system. Efflux pumps are transport proteins which participate in
the extrusion of toxic compounds out of the cell into exterior environments. These are located in cell
membranes of Gram-negative andGram-positive bacteria. These pumpsmay be specific for single substance or
have the ability to transportmultiple numbers of structurally different compounds.

In enzymatic detoxification, toxicmetal ions are converted to less toxic or less availablemetal–ion species
[40]. On the other hand, the characteristics of silver particles used in this studymay have resulted for the
behavior of silver. The size of Ag could be larger than that of the size of Ag attached to the compositematerial.
Therefore, the surface area of Ag around the bacterial cell is considerably low, and hence theAg density around
the bacterial cell is less than that of Ag in the compositematerial. As a result of that, the feasibility of Ag to pass
through the cell wall is declined by preventing the formation of pores in the cell wall structure. As another
possibility to initiate this effect caused byAg could be the stabilization of AgNPs. Stabilization of AgNPs
obtained using the citrate anion surrounded by themetallic Ag during the reduction process. Further, the
microbial cell wall is negatively charged, and therefore, the citrate coatedAgmay have repelled by the cell wall. As
a result of that Agmay not allow passing through the cell wall into the cytoplasm. This could inhibit the
antibiotic activity of bare Ag.One of themechanismsmentioned abovemay have resulted in these observations.

When considering the silver nanoparticles, it is believed that they can bind to bacterial cell wallmembranes
which have slightly negative charge. Then the electron transport between the bacterial cellmembrane and the
silver nanoparticle can disrupt their wallmembranes. On the other hand, silver nanoparticles can interact with
thiol groups in proteins, generating reactive oxygen species. Furthermore, replication of theDNAmay prevent
as a result of the interaction between silver nanoparticles andDNA structure of bacteria. In the present study,
silver nanoparticles are embedded in rNPG structure to obtain the rNPG/Ag composite nanomaterial.When
silver nanoparticles are embedded in carbonmatrices like this, antimicrobial activity depends on the rate of
silver release to the bacterialmedium. The release of silver in low rates to themedium increases the life efficiency
of the antimicrobial activity of compositematerial while the high rate of silver release into themedium shortens
the life efficiency of the antimicrobial activity of the compositematerial.Whennanoparticles are embedded and
stabilized in the porousmaterial, the release of silver into themedium can be controlled for a long period of time.
To this extent, silver nanoparticles can improve the antimicrobial activity of rNPG aswell. In the present study,
rNPG/Ag compositematerial found to be antimicrobial activity against the selected pathogenic
microorganisms, Staphylococcus aureus, Pseudomonas aeruginosa andKlebsiella pneumoniae over bare silver and
rNPG/Agmaterial. This proves that the embedding Ag nanoparticles in the rNPGmatrix have increased the
antimicrobial activity. According to the study discussed inAkhavan et al, 2010,E.coli has been affected by their
compositematerial. In the present study, E.coliwas not affected by rNPG/Ag composite. Although the sameE.
coli strain has been studied, this differencemay have occurred because the carbon source used and themethod of
fabricating the composite is different. However, the other Gram-negative strains (Pseudomonas aeruginosa and
Klebsiella pneumoniae) that we have usedwere positively affected by the rNPG/Ag compositematerial which
needs further studies to prove themechanism [29].

Furthermore, Klebsiella pneumoniae, Staphylococcus aureus, and Pseudomonas aeruginosa, the
microorganisms tested in the experimentmay also have general or species-specific resistancemechanisms to
silver. According to Percival et al (2004), the resistance of the abovemicroorganisms against the biocides like Ag
has been documented. However, thosemechanisms should be tested and further proved.

rNPGhas a thin and planar structure with an average size of 0.50 umwhich is little larger than that of the size
of themicrobial cell structure. Compared to the average size of themicrobial cell (0.45 um), the particle size of
the antibacterialmaterial has to be smaller to allow successful penetration into the cell. On the other hand, size,
as well as the dispensability of thematerial, is strongly affecting the antimicrobial activity. The dispersion of
rNPG leads to poor deposition ofmicrobial cells. This can form aweak attraction between the cells and large
rNPGparticles which can diminish the antibacterial activity [34, 41].

When the compositematerial is added into themedium, Ag particles which are embedded in rNPG sheets
are able to enter into themicrobial cell throughmembrane proteins, simple diffusion or endocytosis. This
penetration is facilitated by the rNPG sheets, as it contributes to the stability and the smaller size of Ag. During
the formation of AgNPs in the compositematerial, rNPG can also be further reduced and formmore active sites
with sharp edges which can produce active sites in the cell wall to help the access of Ag into the cell. In the present
study, it was observed that the rNPG/Agnanocompositematerial has antibacterial activity against
Staphylococcus aureus, Pseudomonas aeruginosa, andKlebsiella pneumoniae. BothGram-positive and twoGram-
negative pathogens have been affected by the compositematerial. However, E.coliwas not affected by the
antimicrobial activity of the rNPG/Ag compositematerial.

According toAkhavan andGhaderi (2010) the cellmembrane damage due to direct contact with bacterial
cells with sharp edges of the nanowalls which is themost probablemechanismof bacterial inactivation that has
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been reported in a previous study [30].E.coli being aGram-negative bacteriumwith an outermembrane,
becomemore resistant to the cellmembrane damage caused by nanomaterial than theGram-positive
Staphylococcus aureuswhich is lacking the outermembrane. In the present study, silver nanoparticles have been
embedding using rGO to enhance the antimicrobial activity of silver.When considering the probable
mechanismof antimicrobial action, Akhavan andGhaderi (2010) in the same study have found out that during
the contact interaction of bacterial cells with the reduced nanomaterial, it facilitates the better charge transfer
between bacteria andmore sharpened edges of the reduced nanomaterial. The edges of reduced graphene
nanomaterial with extremely high aspect ratio can perform this type of effective direct contact interactionwith
microorganisms. According to the results obtained in the study byAkhavan andGhaderi (2010) the reduced
oxide nanomaterial wasmore toxic to bothGram-negative andGram-positive bacteria while the effect was
higher forGram-positives. This phenomenonwas observed in the present study aswell. Also, thismay damage
the cellmembrane allowing the internal cellular components to leak out and cause cell death [30].

Anothermode of acceleration of the antibacterial activity of this compositematerial is provided by the
development of rNPG aggregates on the cell surface that eventually releases Ag into the cell. The diameter of
inhibition zone (DIZ) in disk diffusion test demonstrates the extent of susceptibility tomicroorganisms. The
disk diffusion test results shown infigure 9 clearly explains the diffusion of the compositematerial in different
levels. The strain susceptible to disinfectants exhibits largerDIZ [36, 42, 43]. Further, the disks with rNPG/Ag
compositematerial surrounded by the clear and significantly larger DIZ compared to the disks with bare Ag or
rNPG (figure S3). This clearly reveals the embeddedAg ions and/or AgNPsmay be released from the composite
powder to the surroundingmedium, damaging geneticmaterial in the organisms leading to the inhibited growth
of the pathogens [36]. During the susceptibility test, we could obtain a rapid resistivity of the compositematerial
toPseudomonas aeruginosa, Staphylococcus aureus,Klebsiella pneumonia in higher ratios compared to the other
pathogenswe used in this study [36, 43].

According to the pH results obtained from the broth culturemethod (table S2), the pHof the broth
mediums ofPseudomonas aeruginosa andKlebsiella pneumonia obtainedwith the suspension of the composite
material have been slightly decreased. As a result of that, the release of silver ions into themedium could be
facilitated due to the change of acidity in themedium.However, drop of the pH value of thesemediums is
corresponding to the amount of compositematerial (1 μl rNPG/Ag solutionwas taken from the 0.2 g ml−1

concentrated initial rNPG/Ag solution) usedwas very low for each of above culturemediums.Moreover, the
culturemedium is having a very basic pH level which could not be decreased by the addition of small amount of
composite. Because of that, DIZ of above two pathogens has been larger than that of Staphylococcus aureus.

After the diffusion of Ag into the cell, it can react withH2O2 released as a result of respiratory reactions in
mitochondria in a living cell while converting Ag intoAg+. Activation energywhich needs for this reaction could
be less than the conversion energy required to formH2O andO2 fromH2O2 by catalase activity. This released
Ag+ can easily react withmacromolecules present in the cell such as proteins and can inhibit themicrobial
activity. However, the limited conversion of Ag into Ag+ to themedium allows the regeneration of bacterial
pathogens. The above suggestedmechanisms for the rNPG and rNPG/Agmust be experimented by further
studies in order to confirm the behavior of rNPG/Ag composite againstmicrobial growth.

4. Conclusion

In this study, we found that synthesized rNPG samplewas utilized to synthesize rNPG/Ag composite to use as an
antimicrobialmaterial against bothGram-negative andGram-positive pathogens that are known to cause
diseases. The prepared suspension out of compositematerial composed of a homogeneous distribution of Ag
NPs. Further, among the tested pathogens, the compositematerial wasmore effective onPseudomonas
aeruginosa (ATCC 27853),Klebsiella pneumoniae and Staphylococcus aureus (ATCC 25923).Moreover,
distribution of the composite suspension to themediumwas very low and therefore, as in commercialized
antibiotics; a smooth distribution of thematerial was not seen. Further, the improvement of homogeneous
dissolution of thematerial in the solutionwhich facilitates its impregnation into the diskmay allow thematerial
to exhibitmore visible effects.
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