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a  b  s  t  r  a  c  t

Various  carbon  chain  linkages  were  introduced  during  the process  of  synthesizing  silver-nanoparticles
(AgNPs)-decorated  graphene  nanocomposites  [referred  to as GO-Cx-Ag  where,  HS-(CH2)x-SH =  Cx and
x =  0, 2, or  4]  to  evaluate  antibacterial  properties.  The  nano-structures  of GO-Cx-Ag were  characterized
using  TEM  and  XPS,  revealing  that GO-C2-Ag  comprises  well-dispersed  and  smaller  AgNPs  anchored  onto
the  surface  of  graphene  sheets  than  the  GO-C0-Ag  and  GO-C4-Ag.  The  antibacterial  activities  of  those
nanocomposites  were  assessed  using  paper-disk  diffusion  and  minimal  inhibitory  concentration  (MIC)
methods  against  Gram-negative  and  Gram-positive  bacteria.  The  results  showed  that  carbon  chain  link-
ers  enhanced  the  antibacterial  activity  against  Gram-negative  Salmonella  typhimurium  and  Pseudomonas
aeruginosa  and  Gram-positive  Staphylococcus  aureus.  In particular,  GO-C2-Ag  showed  higher  antibacterial
activity  than  GO-C0-Ag and  GO-C4-Ag due  to  nearly  eight  times  higher  reactive  oxygen  species  (ROS)  for-
mation  which  determined  by fluorescence-based  ROS  detection  experiment.  Also,  LC-inductively  coupled

plasma  mass  spectrometer  (LC-ICP-MS)  demonstrated  that  the  Ag release  from  GO-Cx-Ag was insignif-
icant (0.03%).  However,  the higher  ROS  formation  from  GO-C2-Ag  was  facilitated  by  higher  dispersion,
smaller  size,  and well  attachment  of  AgNPs  with  AgO  species  onto  graphene  sheets.  These  results  sug-
gest  that  the  medium  length  carbon  chain  linkers  in  between  Ag and  GO can  be  utilized  to improve
antibacterial activity.
. Introduction

Many bacterial pathogens related to human disease have
volved into antibiotic-resistant microbes causing higher morbid-
ty and mortality as these bacteria undergo multiple mutations [1].
his has become a grave and growing public health issue and, con-
equently, requires a new class of antibiotics to control multi-drug
esistant microbes.

Silver nanoparticles (AgNPs) have emerged as antimicrobial
gents due to their high surface area to volume ratio and distinc-
ive physiochemical properties. AgNPs exhibit strong antimicrobial
ctivity against both Gram-negative and Gram-positive bacteria
ncluding multi-drug resistant strains as well as pathogenic fungi

2,3]. Therefore, AgNPs are arising as new antibiotic agents, as
hey are comparable in efficacy and even more potent antimicro-
ial compounds than conventional antibiotics [4]. Furthermore,
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AgNPs have not been shown to cause resistance to antibiotic ther-
apies, since AgNPs might exert their antibacterial effects through
multiple targets, including bacterial walls, proteins, and DNA  syn-
thesis [3,5,6]. Currently, AgNPs are applicable as antibacterial and
antifungal agents [7,8]. However, in spite of their potential antibi-
otic properties, AgNPs are highly reactive and easily susceptible to
aggregation into large particles due to their high surface energy,
resulting in a weakening of their unique chemical properties and
a loss of their antimicrobial potencies. To solve these problems,
various stable nanocomposites are composed of AgNPs dispersed
on suitable substrates have been extensively studied [9–11]. Also,
considering health hazards due to Ag increasing in environment,
previous study suggests that the Ag as AgNPs is much safer than
that of Ag+ ion (Ag-salt) [12].

The carbon nanomaterials like graphene have unique electrical,
physical, and chemical properties, which make it supportive candi-
date materials for various metal NPs such as AgNPs [13–16]. Studies

on the preparation, characterization, and antibacterial activities of
Ag nanocomposites have demonstrated that the antibacterial activ-
ities of Ag nanocomposites are dependent on the size, shape, and
the degree of dispersion of AgNPs on the carbon nanostructures.
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Previous studies suggested that the thiolation is a simple and
ffective method for the preparation of metal-supported carbon
aterials including graphene; the samples exhibited excellent cat-

lytic activity in various organic and electrochemical reactions
17–20] and antibacterial activities [21]. In particular, AgNP dec-
rated CNT and graphene showed high and distinct antibacterial
ctivities with minimal inhibitory concentration (MIC) values of
.1–4 �g/mL against Gram-negative and Gram-positive bacteria
22], and they are reusable up to 20 cycles [21]. We  also described
he synthesis and catalytic activity of various carbon chain linkers
rafted graphene oxide (GO) with AgNPs-decorated GO-S-(CH2)x-
H for oxygen reduction reaction (ORR) [23]. Of these, GO-C2-Ag
as the highest activity toward ORR. To expand our previous stud-

es on the electrochemical properties of GO-Cx-Ag, we  examined
he antibacterial activities of the GO-Cx-Ag nanocomposites using
aper-disk diffusion and MIC  methods against Gram-negative and
ram-positive bacteria. The antimicrobial activities of GO-Cx-Ag
anocomposites depended on the length of carbon chain link-
rs. In particular, GO-C2-Ag showed higher antibacterial activity
gainst some selective Gram-negative and Gram-positive bacte-
ia than GO-C0-Ag and GO-C4-Ag. LC-inductively coupled plasma
ass spectrometer (LC-ICP-MS) and reactive oxygen species (ROS)

etection experiments of GO-Cx-Ag nanocomposites revealed that
he higher antibacterial activity of GO-C2-Ag was induced by higher
OS formation. The instrumental analysis reveals that the higher
OS formation from GO-C2-Ag could be influenced by higher dis-
ersion, smaller size, and well attachment of AgNPs onto graphene
heets. These results indicate that the GO-C2-Ag can be used to
evelop effective antibacterial nanomaterials.

. Materials and methods

.1. Preparation of the antibacterial materials

.1.1. Chemicals and reagents
The graphite powder (∼325 mesh, 99.999%), tetrahydro-

uran (THF), ethanol, 1,2-ethanedithiol [HS-(CH2)2-HS; C2], and
,4-butanedithiol [HS-(CH2)4-HS; C4] were obtained from Sigma-
ldrich. KMnO4, H2SO4, and H3PO4 were purchased from Dae-jung
o., Korea. AgNO3 was purchased from Ducksan Pure Chemical

ndustries Co., Ltd. The membrane filters (pore size: 0.2 �m and
iameter: 47 mm;  and pore size: 1.0 �m and diameter: 47 mm)
ere purchased from Millipore Corporation in Bedford and What-
an. Other reagents were of analytical grade and were used as

eceived without further purification.

.1.2. Synthesis of GO-Cx-Ag
GO was prepared by oxidizing graphite using the improved

ummers method [24–27]. The GO-Cx-SH was obtained using a
odified method [27]. Briefly, the GO and the linker materials,
S-(CH2)x-SH (where x = 0, 2, 4), were separately dispersed with

etrahydrofuran (THF) into four round-bottom flasks and stirred at
5 ◦C for 20 h followed by 30 min  ultrasonic agitation. The samples
ere separated from the mixture using filtration, washed several

imes with THF, methanol, ethanol, and distilled water (DW), and
ried in a vacuum oven at 50 ◦C for 18 h. The GO-Cx-Ag mixture was
repared by adding 50 mg  of GO-Cx-SH to 15 mL  of DW for 30 min
ith ultrasonic agitation. Then 0.1 M AgNO3 (5 mL)  and 0.1 M NaOH

2 mL)  were added to the mixture and stirred for 20 h. The GO-Cx-Ag
roducts were obtained via centrifugation, washed with DW,  and
acuum-dried for 24 h at 50 ◦C.
.2. Characterization of GO-Cx-Ag

X-ray photoelectron spectroscopy (XPS) was performed
ith a VG Multilab 2000 spectrometer (Thermo VGScientific,
ence 360 (2016) 915–920

South-end-on-Sea, Essex, UK) using an ultra-high vacuum. The XPS
data analysis program Avantage version 4.54 (Thermo Electron
Corp., England) was  used. This system uses an unmonochromatized
Mg K (1253.6 eV) source and a spherical section analyzer. Survey
scan data were collected using 50 eV pass energy. The transmission
electron microscopy (TEM) images and energy dispersive X-ray
spectroscopy (EDX) were carried out on a copper grid with a
TECNAI 20 microscope at 200 kV.

2.3. Evaluation of antimicrobial activity

2.3.1. Paper-disk diffusion method
The paper-disc diffusion method was  used to determine the

antibacterial activities of the samples. Bacteria were initially cul-
tured with Luria-Bertani (LB) media at 37 ◦C for 12 h. A suspension
of Escherichia coli (KCTC 1682) and Staphylococcus aureus (KCTC
1621) [50 �L with 1 × 107 colony forming units/mL (CFU/mL)],
which were obtained from the Korean Collection for Type Cultures
(KCTC) at the Korea Research Institute of Bioscience and Biotech-
nology, were inoculated into Mueller Hinton agar (MHA) plates.
Whatman filter paper discs (4 mm diameter) were placed on the
inoculated plates, and 20 �L of 16 �g/mL samples were added and
allowed to dry for 15 min, after which they were incubated at 37 ◦C
for 24 h.

2.3.2. MIC measurements
The antibacterial activities of the GO-Ag nanocomposites were

tested in sterile 96-well 200 �L plates as follows. Aliquots (100 �L)
of the cell suspension at 4 × 106 CFU/mL in 1% peptone were added
to 100 �L of the sample solutions (serial two-fold dilutions in 1%
peptone). After incubation for 16 h at 37 ◦C, the MIC  was  determined
by visual examination on the basis of the lowest concentration of
sample solution in cells with no bacterial growth. Three Gram-
negative bacteria (E. coli [KCTC 1682], Salmonella typhimurium
[KCTC 1926], and Pseudomonas aeruginosa [KCTC 1637]) and three
Gram-positive bacteria (Bacillus subtilis [KCTC 3068], Staphylococ-
cus epidermidis [KCTC 1917], and S. aureus [KCTC 1621]) were
procured from the KCTC at the Korea Research Institute of Bio-
science and Biotechnology.

2.4. Detection of Ag and ROS

The amount of Ag released from the GO-Ag nanocomposites
was determined by LC-ICP-MS using a Nexion model 300X (Perkin
Elmer). ROS formation from GO-Cx-Ag nanocomposites was deter-
mined using 2′7′-dichlorofluorescein diacetate (DCFDA) [28,29].
The GO-silver nanomaterials (30 �g/mL) were incubated in dis-
tilled water at 37 ◦C for 3 h and centrifuged at 4 ◦C for 5 min  at
21,400 × g to remove insoluble materials. The supernatant was
treated with 1 �M DCFDA for 1 h. ROS formation was  detected
using a fluorescence excitation wavelength of 502 nm and an emis-
sion wavelength of 523 nm using a fluorescence spectrophotometer
(Hitachi F-4500).

3. Results and discussion

Scheme 1 shows that the linker molecules are first bonded
through –SH with the GO (–COOH) via condensation reaction and
produce a –C–S bond. It is, however, another –S− at upper side
is now free to attach Ag+ via negative-positive charge interaction,
respectively. Finally, the AgNPs have been formed by alkaline treat-

ment.

The surface morphologies of GO-Cx-Ag (where x = 0, 2, or 4) were
characterized using TEM. Fig. 1 includes TEM images of GO-Cx-Ag
and shows the presence of a large number of AgNPs on the surface of
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SH-C2-SH than SH-C4-SH may  enhance the homogeneous grafting
cheme 1. The schematic diagram of the synthesis process of the GO-Cx-Ag (where
 = 0, 2, or 4).

O. For GO-C -Ag, various sizes of AgNPs were anchored to the sur-
0
ace of GO (Fig. 1a). Some agglomerations of AgNPs were observed,
hich yielded a larger size distribution and displayed irregularly

izes of AgNPs. For GO-C2-Ag and GO-C4-Ag, smaller and evenly

Fig. 1. TEM images of the all GO-Cx-Ag nanocomposites (a
ence 360 (2016) 915–920 917

sizes of AgNPs appeared on the surface (Fig. 1b and c). In particular,
for GO-C2-Ag, smaller and quasi-spherical AgNPs were uniformly
dispersed on the GO surface (Fig. 1b). Most of the AgNP’s diame-
ter was in the range of 2–4 nm and average 2.8 ± 0.1 nm (Fig. 2a).
On the other hand, the average size of AgNPs for GO-C4-Ag was
7.6 ± 1.1 nm (Fig. 2b), which is larger than that of AgNPs in GO-C2-
Ag. The corresponding EDX spectra also suggest that the AgNPs have
anchored onto the GO via linker molecules while distinguishable
signals were from C, O, S, Ag and Cu (Cu peak was  attributable to the
TEM copper grid) with no other contaminant elements (Fig. 1d). The
GO-Cx-Ag nanocomposites were further characterized using XPS
(Fig. 3) [23]. In brief, the XPS survey spectra for GO-Cx-Ag show the
C1s (284 eV), O1s (532 eV), Ag3d (367 eV), and S2p (162 eV) peaks.
The core level of C1s of XPS spectra showed that the C–O bond of
GO-C2-Ag is much higher than that of GO-C4-Ag and GO-C0-Ag due
to influence of C–S over C–O bond (Fig. 3a) [30], suggesting the
higher degree of carbon chain linker attachment in GO-C2-Ag than
GO-C4-Ag. Also, high-resolution S2p spectra revealed that higher
amount of S was  detected in GO-C2-Ag than GO-C4-Ag, indicat-
ing that the higher amount of SH-C2-SH molecules were attached
onto GO while both linker’s molecules have same S atom (Fig. 3b).
The higher reactivity of SH-C2-SH than SH-C4-SH results from the
lower hydrophobic behavior of SH-C2-SH than SH-C4-SH, since
higher C-content molecules have lower solubility in water (such as,
graphene and hydrocarbon). Furthermore, the lower flexibility of
of SH-C2-SH onto GO. The Ag peaks at Ag3d5/2 and Ag3d3/2 corre-
spond to 368.91 and 375.03 eV, 367.93 and 373.92 eV, and 368.59
and 374.59 eV for GO-C0-Ag, GO-C2-Ag, and GO-C4-Ag, respectively.

–c), and EDX spectra of GO-C2-Ag and GO-C4-Ag (d).
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Fig. 2. The size distribution of GO-C2-Ag (a) and GO-C4-Ag (b) was  calculated from
the TEM images (Fig. 1).

Fig. 3. The core level of C1s (a), S2p (b) and
Fig. 4. Photographs of the antibacterial test results using the paper-disk diffusion
method against Gram-negative E. coli (a) and Gram-positive S. aureus (b).

These are consistent with the expected spin energy difference of
approximately ∼6 eV. The higher binding energy shift was  observed
in GO-C2-Ag and this value is typical for AgO (Fig. 3c) [31].

The antibacterial activities of the GO-Cx-Ag nanocomposites
were initially assessed using a paper-disk diffusion method for
Gram-negative E. coli and Gram-positive S. aureus bacteria. As
shown in Fig. 4a, all GO-Cx-Ag nanocomposites formed similarly
size of inhibition zones against E. coli, indicating similar antibac-
terial effects. However, the level of inhibitory effect on S. aureus
was not similar among all different GO-Cx-Ag nanocomposites
(Fig. 4b). The inhibitory effect for GO-C0-Ag was much weaker (no
inhibitory zone) than those of GO-C2-Ag and GO-C4-Ag. Further-
more, the inhibition zone for GO-C2-Ag was slightly larger than that
of GO-C4-Ag (diameter of 12 mm versus 9 mm).  These data suggest

that the GO-C2-Ag nanocomposite exhibits distinct antibacterial
activities against different bacterial species. Thus, to quantitatively
assess antibacterial activities, we  measured the MIC  values of the

 Ag3d5/2 (c) XPS spectra of GO-Cx-Ag.
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Fig. 5. The relative antibacterial activities of GO-C0-Ag, GO-C2-Ag, and GO-C4-Ag against G
S.  epidermidis, and S. aureus.

Table 1
Summary of minimal inhibitory concentration (�g/mL) against Gram-negative and
Gram-positive bacteria.

Bacteria GO-C0-Ag GO-C2-Ag GO-C4-Ag

Gram (−)
E. coli 0.6 0.6 0.8
S. typhimurium 2.3 1.3 1.6
P. aeruginosa 2.3 1.3 1.6

Gram (+)

a
t
a
t
d
t
t
A
a
t
i
a
S
a
t
a
S
b
v
t
s

s
c
s
d
a

T
A

0.03% of the total Ag) was detected from the GO-Cx-Ag nanocom-
posites (Table 2), indicating that the dissolved Ag cannot affect the
bactericidal activity. It is, however, recent studies have demon-
strated that the antibacterial activity of AgNPs is related to ROS
B. subtilis 2.3 2.5 3.2
S. epidermidis 0.6 0.6 0.8
S. aureus 4.6 2.5 3.2

ll GO-Cx-Ag nanocomposites against three Gram-negative and
hree Gram-positive bacteria (Table 1). The MIC  value for GO-C0-Ag
gainst E. coli and S. epidermidis is 0.6 �g/mL, which is much lower
han those of other bacteria (in the range of 2.3–4.6 �g/mL). These
ata suggest that E. coli and S. epidermidis were more susceptible
o the GO-C0-Ag nanocomposite than other bacteria. To examine
he antibacterial effects of various carbon chain linkages of GO-Cx-
g nanocomposites, we also measured the MIC  values (Table 1)
nd summarized their relative antibacterial activities based on
hese values (Fig. 5). Interestingly, the carbon chain linker contain-
ng nanocomposites (GO-C2-Ag and GO-C4-Ag) exhibited enhanced
ntibacterial activities against S. typhimurium, P. aeruginosa,  and
. aureus.  In particular, the GO-C2-Ag had enhanced antibacterial
ctivity up to 1.8 times compared with GO-C0-Ag (Fig. 5). The inser-
ion of carbon chain linkers between GO and AgNP did not show
ny enhanced antibacterial activities against E. coli, B. subtilis,  and
. epidermidis. Although the antibacterial activities against different
acterial species are appearing to vary due to the microorganism
aries by the types and structural features, these results indicate
hat there are distinct antibacterial susceptibilities among bacterial
pecies to the GO-C2-Ag nanocomposites.

The antibacterial mechanism of AgNPs is at least partially under-
tood. AgNPs might attack the bacterial membrane, leading to a

hange in the permeability of the membranes, leakage of reducing
ugars and proteins, and inactivation of respiratory chain dehy-
rogenases [32,33]. Since the antibacterial activities of GO-C2-Ag
nd GO-C4-Ag nanocomposites were mainly due to the adhered

able 2
mount of dissolved Ag released from GO-Cx-Ag nanocomposites.

GO-silver nanocomposites Ag (�g/mL) Ag (%)a

GO-C0-Ag <0.15 <0.03
GO-C2-Ag <0.15 <0.03
GO-C4-Ag <0.15 <0.03

a Percentage of Ag released from the total Ag (600 �g/mL) attached to GO-Cx-Ag.
ram-negative E. coli, S. typhimurium, and P. aeruginosa and Gram-positive B. subtilis,

AgNPs but not GO itself [21], we  determined the amount of Ag
released from the GO-Cx-Ag nanocomposites using LC-ICP-MS. The
results showed that a very small amount of Ag dissolution (less than
Fig. 6. Fluorescence spectra of DCFDA induced by GO-Cx-Ag (a) and relative ROS
formation converted from the GO-Cx-Ag induced fluorescence intensity at 523 nm
(b).
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ormation, which can attack the outer bacterial membrane or pep-
idoglycan layer and then induce irregular fragmentation of the
acterial cells [34]. Thus, we measured ROS production using ROS

nduced fluorescence of DCFDA since DCFDA fluorescence can be
ncreased with the increasing of ROS [29]. Fig. 6a shows the flu-
rescence spectra of DCFDA induced by GO-Cx-Ag. The GO-C2-Ag
nduced fluorescence was greatly higher compared to GO-C0-Ag
nd GO-C4-Ag, indicating that the GO-C2-Ag produces much more
OS than the others. In addition, higher AgO species was  found

n GO-C2-Ag by XPS analysis. Also, Fig. 6b shows the relative
OS formation converted from the GO-Cx-Ag induced fluorescence

ntensity at 523 nm.  Interestingly, the relative ROS formation by
O-C2-Ag is much larger than the others. Among all the GO-Cx-Ag
anocomposites, the GO-C2-Ag showed the highest antibacterial
ctivity, likely due to higher ROS formation. Our previous studies
sing GO-Cx-Ag revealed that GO-C2-Ag had a better activity toward
RR than that of GO-C0-Ag and GO-C4-Ag [23]. Taken together, the
nhanced antibacterial and electrocatalytic activities of GO-C2-Ag
ight be the result of an increased grafting of linker molecules and

 smaller size of AgNPs on the GO sheets.

. Conclusions

The effect of the carbon chain linker in between AgNPs and GO
GO-Cx-Ag) nanocomposite was evaluated for antibacterial activity
gainst Gram-negative and Gram-positive bacteria. TEM and XPS
nalyses of GO-C2-Ag revealed that smaller sized AgNPs were well-
ispersed onto the surface of graphene sheets compared to the
O-C0-Ag and GO-C4-Ag. To determine the antibacterial activity,
aper-disk diffusion and MIC  methods were used for the GO-
x-Ag nanocomposites, which indicated the carbon chain linkers
nhanced the antibacterial activity against some selective Gram-
egative S. typhimurium and P. aeruginosa and Gram-positive S.
ureus. The antibacterial activity of GO-C2-Ag was higher than
hose of GO-C0-Ag and GO-C4-Ag. The LC-ICP-MS and ROS detection
xperiments suggested that the enhancement of the antibacterial
ctivity of GO-C2-Ag was induced by ROS formation, which might
esult from the well-dispersed and smaller AgNPs with AgO species
nto the surface of GO.
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