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A facile approach to the synthesis of novel CNT-Ag and GO-Ag antibacterial materials, in which thiol
groups are utilized as linkers to secure silver (Ag) nanoparticles to the CNT and GO surfaces without
agglomeration, is reported. The resulting CNT-Ag and GO-Ag samples were characterized by performing
TEM, XRD, Auger, XPS, and Raman measurements, which revealed that in these antibacterial materi-
als size-similar and quasi-spherical Ag nanoparticles are anchored to the CNT and GO surfaces. The
Ag nanoparticles in CNT-Ag and GO-Ag have narrow size distributions with average diameters of 2.6

Ic(?r’g‘; Or:cli_ls;nostmcmres and 3.5 nm respectively. The antibacterial activities of CNT-Ag and GO-Ag against Escherichia coli were
Thiolation assessed with the paper-disk diffusion method and by determining the minimal inhibitory concentrations

(MICs). CNT-Ag was found to have higher antibacterial activity than the reference Ag colloid. Moreover,
both CNT-Ag and GO-Ag retain more than 50% of their original antibacterial activities after 20 washes with
detergent, which indicates their potential as antibacterial materials for laboratory and medical purposes.
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1. Introduction

The rise in infectious diseases caused by various pathogenic
bacteria and the increasing prevalence of antibiotic-resistant
strains have resulted in the devotion of more and more effort to
the development of effective, non-toxic, and durable antibacterial
materials [1-3]. Such materials can be broadly divided into two
categories according to chemical composition: organic and inor-
ganic agents. Organic antibacterial agents have been widely utilized
because of their strong inhibitory effects on bacterial growth. Nev-
ertheless, several disadvantages, such as low thermal stability,
toxicity, and short life expectancy, have limited their applications.
Thus interest in inorganic agents has been growing in recent years
[4-8]. Silver (Ag) and its compounds have high bactericidal activity
and biocompatibility as well as a broad spectrum of antimicrobial
activities against bacteria, fungi, and even viruses, and are thus
among the most important antibacterial materials. Although the
mechanism of the activity of Ag nanoparticles is still inexplicit
[9-11], recent studies have shown that they exhibit more efficient
antibacterial activity than their bulk counterparts [12-14]. How-
ever, their high surface energy makes them highly reactive and
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susceptible to aggregation into large particles, which results in the
deterioration of their unique chemical properties and the loss of
their antibacterial activities. In an effort to overcome these prob-
lems, nanocomposites composed of Ag nanoparticles dispersed on
suitable substrates have been intensively studied [15-18].

Carbon nanotube (CNT) and graphene oxide (GO) nanostruc-
tures have high mechanical strength, large surface areas, good
electrical conductivity, and durability under harsh conditions, and
so have been extensively studied as supporting materials [19-22].
Some of these nanostructures also exhibit good catalytic behavior
in various chemical reactions. Several studies of the preparation,
characterization, and antibacterial activities of carbon nanostruc-
tures combined with Ag nanoparticles have recently been reported.
For example, Liu et al. prepared Ag-Fe-decorated CNTs by using
DC hydrogen arc discharge, and found that these CNTs exhibit
good antibacterial activity against Escherichia coli (E. coli) [23]. Li
et al. reported that Ag nanoparticles supported on CNTs are very
stable for six months and that their bactericidal functionality is
enhanced by the synergistic effects between Ag nanoparticles and
CNTs under solar irradiation [24]. Tai et al. found that Ag/graphene
nanocomposites exert high antimicrobial activity against Gram-
positive Staphylococcus aureus and Gram-negative E. coli [25].
Meanwhile, Das et al. reported the size and shape dependence of
the antibacterial activity of Ag nanoparticles on GO [26], and Ma
et al. reported synergistic effects between GO and Ag nanoparti-
cles [27]. Akhavan et al. prepared Ag nanoparticles entrapped into
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CNT arrays, and found that these nanoparticles showed a strong
antibacterial activity againstE. coli [ 28]. Although all of these results
are encouraging with respect to the utility of carbon nanostruc-
tures in enhancing antibacterial activities, some challenges and
problems remain. Since the antibacterial activity of Ag nanopar-
ticles is strongly dependent on particle size, high dispersion and
strong metal-carbon adhesion on CNT and Ag are critical fac-
tors determining their antibacterial properties. Further, there are
difficulties in the preparation of highly dispersed metal nanopar-
ticles of regular size on carbon nanostructures, due particularly to
their hydrophobic nature and tendency to agglomerate. To solve
these problems, non-covalent and covalent surface-modification
methods, including plasma treatment, polymer wrapping, and elec-
trochemical treatment, have been developed [29-33]. We have
introduced a simple and effective method for the preparation
of metal-supported carbon materials that uses thiolated carbon
nanostructures; our samples were found to exhibit excellent cat-
alytic activity in various organic and electrochemical reactions
[34-37].

In the present study, CNT-Ag and GO-Ag nanocomposites were
prepared by depositing Ag nanoparticles on thiolated CNT and
GO surfaces. Our transmission electron microscopy (TEM) images
show that size-similar and quasi-spherical nanoparticles are highly
dispersed on the surface of each sample. Auger measurements
revealed that the proportions of the Ag component of the CNT-Ag
and GO-Ag samples are 6.1% and 5.8% respectively. The bacteri-
cidal effects of the two samples were assessed by determining the
minimal inhibitory concentrations (MIC) of both samples against
E. coli, which were found to be 0.13 and 0.5 p.g/mLrespectively. Both
samples exhibit moderate retention of their original antibacterial
activities after detergent washings. These results suggest that CNT-
Ag and GO-Ag can be utilized as reusable antibacterial materials for
laboratory and medical purposes.

2. Experimental
2.1. Preparation of the antibacterial materials

2.1.1. Chemicals

Multiwall carbon nanotubes (MWNTs) were obtained from Car-
bon Nano Tech. Co., Ltd. (South Korea). Graphite powder (<20 m),
potassium persulfate (K;S,0g, 99.99%), phosphorus pentoxide
(P205, 99.99%), potassium permanganate (KMnOy, 99%), and silver
nitrate (AgNOs3, 99%) were purchased from Sigma-Aldrich. Other
reagents were of analytical grade and were used as received with-
out further purification. All aqueous solutions were prepared with
Milli-Q water (>18.2 M2 cm) by using the Direct Q3 system (Milli-
pore).

2.1.2. Preparation of CNT-Ag

The MWNTs were stirred in an acid solution of HNO3; and
H,S04 (1:3 by volume) at 90°C for 3 h. They were then filtered,
washed with distilled water (DI), and dried in an oven at 110°C.
Thiolation was performed as follows: the acid-treated MWNTs
were dispersed in THF, then NaSH aqueous solution was added,
and the mixture was stirred at 50°C for 12h. The thiolation
was confirmed by examining the XPS spectrum in the sulfur 2p
region. In this study, chemical reduction was used for Ag dec-
oration [38]. The thiolated MWNTSs (0.5 g) were dispersed in DI
(15mL), to which a 0.15M AgNOj3 solution (20mL) was added
under stirring. Subsequently, a 0.1 M NaOH solution was added and
stirred for 20 h. The CNT-Ag product was obtained by centrifuga-
tion, washed with DI water, and then vacuum dried at 40°C for
24 h.

2.1.3. Preparation of GO-Ag

GOwas prepared from graphite powder with the modified Hum-
mers method [39]. The obtained GO (0.5g) and DI water (30 mL)
were added to a bottle (250 mL) and ultrasonicated for 20 min.
Next, NaSH (8 g) was added gradually with stirring, and the mixture
was then ultrasonicated for 1 h at 40 °C. The resultant mixture was
maintained under stirring for 20 h at 55 °C to produce thiol groups
on the GO surfaces. The product was filtered and washed with DI
water and dried under vacuum at 50°C for 3 h. The thiolated GO
powder (0.1 g) was dispersed in DI water (30 mL) by sonication for
30 min. A 0.1 M AgNOs solution (0.5mL) was then added to the
GOSH solution under stirring. Subsequently, a 0.1 M NaOH solution
was added under 20 h stirring. The GO-Ag product was obtained by
centrifugation, washed with DI water, and then vacuum dried at
40°C overnight.

2.2. Characterization

TEM images were obtained with a JEM-2200FS microscope oper-
ating at 200kV. The samples were prepared for TEM analysis on
a gold grid by dip-coating in dilute solutions. The diameters of
400 decorated nanoparticles were measured by using iTEM soft-
ware (Soft Imaging System GmbH). For non-symmetrical particle
shapes, both the longest and shortest dimensions were measured
to obtain an average diameter value. X-ray diffraction analy-
sis was performed by using an X'Pert-Pro high-resolution X-ray
diffractometer (PANalytical, Netherlands) with Cu K, radiation
(A =1.5406 A). Data were collected at room temperature within the
range 4-60° at increments of 0.05°. For surface chemical analy-
sis, Auger electron spectroscopy (AES) was performed by using
a PHI 700 scanning Auger nanoprobe with an incident electron
energy of 10 keV. XPS analysis was conducted with a VG Multilab
2000 spectrometer (ThermoVG Scientific) in an ultra-high vac-
uum; this system uses an unmonochromatized Mg K, (1253.6eV)
source and a spherical section analyzer. The accuracy of the bind-
ing energy (BE) values was + 0.1 eV. For analysis of the XPS peaks,
the C 1s peak position was set at 284.5eV and used as the inter-
nal reference for the location of the other peaks. Raman spectra
were obtained at room temperature by using a Jobin Yvon/HORIBA
LabRam ARAMIS Raman spectrometer equipped with an inte-
gral BX 41 confocal microscope. The radiation from an air-cooled
frequency-doubled Nd:Yag laser (532 nm) was applied as the exci-
tation source. The amount of Ag released from the CNT-Ag or
GO-Ag nanocomposite was determined by LC-inductively coupled
plasma mass spectrometer (LC-ICP-MS) with Nexion 300X model
(Perkin Elmer).

2.3. Evaluation of antibacterial activity

2.3.1. Paper-disk diffusion method

The paper-disk diffusion method was employed to determine
the antibacterial activities of the samples. A suspension of E. coli
[80 wL with 1 x 107 colony forming units/mL (CFU/mL)] obtained
from the Korean Collection for Type Cultures (KCTC 1682) at the
Korea Research Institute of Bioscience and Biotechnology was inoc-
ulated into Mueller Hinton agar (MHA) plates. Whatman filter
paper discs (4 mm diameter) were placed on the inoculated plates,
and 20 pL of 440 pg/mL samples were added and allowed to dry
for 15 min, after which they were incubated at 37°C for 24 h. The
size of the inhibition zone was determined by using the equation

Size of inhibition zone (in millimeters)

= [(halo-diameter of specimen) — (diameter of paper disc)] x %
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Fig. 1. (a) Transmission electron microscopy (TEM) image of thiolated CNT, (b) TEM image of thiolated GO, (c) TEM image of CNT-Ag with corresponding EDS spectrum (inset)

and (d) TEM image of GO-Ag with corresponding EDS spectrum (inset).

2.3.2. Minimal inhibitory concentration (MIC) measurements

The antibacterial activities of the CNT-Ag and GO-Ag sam-
ples were determined on sterile 96-well 200 L plates as follows.
Aliquots (100 L) of an E. coli suspension of 4 x 10 CFU/mL in 1%
peptone were added to 100 L sample solutions (serial two-fold
dilutions in 1% peptone). After incubation for 20h at 37°C, each
MIC was determined by visually locating the cell with no bacterial
growth and the lowest concentration of the sample solution.

2.3.3. Reusability test

Samples suitable for the reusability tests were prepared by using
two different procedures, autoclaving and detergent washing. In
the autoclave procedure, the CNT-Ag and GO-Ag solutions were
sterilized with high-pressure saturated steam at 120°C for 20 min.
Autoclaving was repeated up to five times. For the detergent-
washed samples, the CNT-Ag and GO-Ag solutions were washed
with 5% sodium dodecyl sulfate (SDS) in water by vortex for 1 min
and centrifuged at 15,000rpm for 5min. The supernatant was
removed immediately after centrifugation. Five (5-), 10-, 15-, and
20-times washed samples were prepared. Following the final SDS
washing step, the samples were rinsed with water and then 1% pep-
tone medium in preparation for testing for antibacterial activity.

3. Results and discussion

Fig. 1 shows typical TEM images of thiolated CNT, thiolated GO,
CNT-Ag, and GO-Ag. As can be seen in Fig. 1(a), the diameters of
the thiolated CNTs range from 20 to 30 nm, with a wall thickness
of approximately 8 nm. Fig. 1(b) shows an image of thiolated GO
with agglomerated and overlapped graphene sheets. Both the thi-
olated CNT and GO samples have clean surfaces. Figs. 1(c) and
(d) show clearly the presence of a large number of nanoparticles
anchored to the CNT and GO surfaces. The adhered nanoparticles
have quasi-spherical morphologies and are uniformly dispersed. In
both samples, most of the nanoparticle diameters are in the range
2-4nm. The corresponding energy-dispersive X-ray (EDS) analyses

show that the species supported on the CNT and GO surfaces is Ag
[see the insets in Figs. 1(c) and (d)].

Fig. 2 shows particle-size histograms for CNT-Ag and GO-Ag.
Each histogram was fitted with a Gaussian curve to obtain the
particle-size distribution. The nanoparticles in CNT-Ag and GO-
Ag have narrow size distributions with average diameters of 2.6
and 3.5 nm respectively. The small size and excellent dispersion
of nanoparticles can elevate the bactericidal effect of antibacte-
rial agents and reduce the required amount of expensive precious
metal. Our results show therefore that thiolated carbon nanostruc-
tures are very useful for tuning the size and dispersion of metal
species in metal-decorated antibacterial materials.

Fig. 3 shows the XRD patterns for thiolated CNT, thiolated GO,
CNT-Ag, and GO-Ag. Thiolated CNT produces a strong (002) peak
at 25.6° with a typical interlayer spacing of 0.34 nm. Thiolated GO
exhibited a broad peak at 11.3° corresponding to the (002) inter-
layer spacing of 0.78 nm, which indicates that the ordinal structures
of graphite have been destroyed and that oxygenous and thiol
groups have been inserted into the interspaces. After nanoparti-
cle deposition, four distinct diffraction peaks appear at 20 =38.2°,
44.4°,64.5°,and 77.5°, which correspond respectively to the (11 1),
(200),(220),and (31 1) crystalline planes of metallic Ag (JCPDS No.
04-0783).These observations confirm that the metallic Ag nanopar-
ticles are effectively anchored to the thiolated CNT and GO surfaces.

Fig. 4(a) plots the Auger spectroscopic data for CNT-Ag and GO-
Ag. S, C, Ag, O, and Na peaks are present in the spectra at 155, 275,
361, 520, and 998 eV, respectively. The Ag contents of the samples
were estimated from the Auger peak areas and corrected accord-
ing to tabulated sensitivity factors. The estimated proportions of
Ag in the CNT-Ag and GO-Ag samples are approximately 6.1 and
5.8% respectively. The oxidation state of the Ag species anchored
to the CNT and GO surfaces was verified with XPS measurements.
Fig. 4(b) shows the Ag 3d XPS spectra for CNT-Ag, GO-Ag, and a
reference Ag foil. The BEs of 368.3 eV for Ag 3ds;, and 374.3 eV for
3ds), are consistent with the binding energy of the reference Ag
foil. Some researchers have suggested that electron transfer from
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Fig. 2. Size-distribution histograms of nanoparticles in (a) CNT-Ag and (b) GO-Ag.
The solid line in the histogram graphs represents a Gaussian fitting curve. The insert
shows an atomic-resolved image of the deposited Ag nanoparticles.

Ag nanoparticles to GO sheets can occur during the formation of
GO-Ag nanocomposites, because the work function of Ag (4.2 eV) is
smaller than that of graphene (4.48 eV), which effects a shift in the
BE of Ag 3ds), to a lower level than that of bulk Ag [40-42]. In the
present study, however, no electron transfer from Ag nanoparticles
to GO sheets is evident in the Ag 3d XPS spectra. Moreover, no sig-
nificant changes were observed in the BEs or the intensities of the
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Fig.4. (a) Auger spectra for thiolated CNT, thiolated GO, CNT-Ag, and GO-Ag, respec-
tively and (b) Ag 3d core-level spectra for CNT-Ag, GO-Ag, and reference Ag foil,
respectively.

Ag core-level spectra after the exposure of the CNT-Ag and GO-Ag
samples to air for three months, which demonstrates the stability
of the Ag nanoparticles.

Raman spectroscopy was used to investigate the crystallinities
of the CNT-Ag and GO-Ag samples. As shown in Fig. 5, the spectra
consist of two bands at ~1330cm~! (D band) and 1570cm~! (G
band) [43,44]. The D band is a disorder-induced feature originating
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Fig. 5. Raman spectra for thiolated CNT, thiolated GO, CNT-Ag, and GO-Ag, respec-
tively.
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Fig. 6. Photograph of result of antibacterial test using paper-disk diffusion method
against Gram-negative E. coli bacteria. The inhibition zone around the filter paper
disk was impregnated with 440 p.g/mL of samples.

from the vibrations of C atoms with dangling bonds. The G band
arises from the tangential shear mode of the C atoms, which corre-
sponds to the stretching mode on the graphite plane. The integrated
intensity ratio of the D band to the G band (Ip/Ig) has a linear rela-
tion to the inverse of the in-plane crystallite dimension. The Ip /I
values are approximately 1.28, 1.42, 1.52, and 1.23 for thiolated
CNT, thiolated GO, CNT-Ag, and GO-Ag, respectively.

The antibacterial activities were initially assessed with the
paper-disk diffusion method, which is widely used for quick antibi-
otic susceptibility determinations. As shown in Fig. 6, both CNT-Ag
and GO-Ag exhibit significant inhibitory effects on E. coli. These
results show that the antibacterial activities of the samples are
mainly due to the adhered Ag nanoparticles, not the CNTs or GO.
The inhibitory effects of the samples are summarized in Table 1.
The reference Ag colloids have a slightly larger inhibition zone
(4.3 mm) than CNT-Ag (3.5 mm) and GO-Ag (2.5 mm) at a sample
concentration of 440 p.g/mL, which might arise because the diffu-
sion properties of the Ag colloids are better than those of CNT-Ag
and GO-Ag in which the Ag nanoparticles are adhered to CNT or GO.

In order to obtain more precise and comprehensive data for the
antibacterial activities of both samples against E. coli, we measured
the MIC values of the nanocomposites; the results are summa-
rized in Table 1. The MIC values are similar to previous results
obtained with a bacteria growth curve method [11]. The MIC of
CNT-Ag (0.13 wg/mL) is lower than that of the reference Ag col-
loid (0.21 pg/mL). This enhanced antibacterial activity is attributed
to the high surface area of this antibacterial material, which results
from the small size and excellent dispersion of the Ag nanoparticles

Table 1
Summary of antibacterial activities against Gram-negative E. coli bacteria.
Ag colloid CNT CNT-Ag GO GO-Ag
Inhibition zone? 43 0 35 0 25
MICP 0.21 - 0.13 - 0.5

2 Measured from paper-disk diffusion method (mm).
b Minimal inhibitory concentration (pg/mL).
¢ not detected up to 440 p.g/mL sample concentration.

CNT-Ag

o

GO-Ag

-
o

Fig. 7. Photographs of dispersion of CNT-Ag and GO-Ag in water.

on the CNT surface. However, the MIC of GO-Ag is 3.8 times higher
than that of CNT-Ag, which reflects the degrees of aggregation of the
two samples. CNT is a cylindrical nanostructure with pure carbon
in a regular hexagonal pattern. However, GO is a layer-structured
compound that is easily stacked due to the strong -1 interactions
between individual nanosheets. The TEM images in Fig. 1(b) show
the stacking of GOs. This difference in the chemical properties of
CNT and GO means that CNT-Ag and GO-Ag have different antibac-
terial activities. As can be seen in Fig. 7, the dispersion of CNT-Ag in
water is slightly better than that of GO-Ag, which might also result
in a lower MIC value for CNT-Ag.

Carbon nanostructures are stable, inert, and multipurpose mate-
rials. Thus the reuse of silver-carbon nanostructures is possible. We
tested the reusability of CNT-Ag and GO-Ag as antibacterial agents,
and in particular their resistance to autoclaving and SDS washing,
which are the most reliable and widely used procedures to remove
bacterial contamination. SDS is an anionic detergent used in many
cleaning and hygiene products in both laboratory and industry sett-
ings. We employed the paper-disk diffusion method to measure
the antibacterial activities of the autoclaved and detergent-washed
samples. After only a single autoclave, the antibacterial activities of
both CNT-Ag and GO-Ag are approximately halved with respect
to those of the non-treated samples. After a second autoclave,
the antibacterial activities of both CNT-Ag and GO-Ag disappeared
completely [Fig. 8(a)]. Thus certain chemical and/or physical mod-
ifications of the CNT-Ag and GO-Ag samples occur as a result of
autoclaving. In contrast, the detergent-washed samples retained
more than 50% of their original antibacterial activities even after 20
detergent washes [Fig. 8(b)]. To elucidate the Ag release from CNT or
GO structure after each detergent washing cycle, the concentration
of dissolved Ag in the sample solution was determined by LC-ICP-
MS. The obtained results are summarized in Table 2. Although
the values of dissolved Ag was not constant for all cycles, minor

Table 2
Amount of dissolved Ag released from CNT-Ag and GO-Ag after each detergent
washing cycle.

Washing cycle CNT-Ag GO-Ag
Dissolved Ag (%)? Dissolved Ag (%)?
Ag (pg/mL) Ag (ng/mL)
0 <0.05 <0.02 3.0 1.9
5 <0.05 <0.02 52 33
10 <0.05 <0.02 3.8 24
15 <0.05 <0.02 3.8 24
20 <0.05 <0.02 2.7 1.7

2 Percentage of Ag released from the total Ag (160 pg/mL) attached to CNT or GO.
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Fig. 8. Relative antibacterial activities of autoclaved and detergent-washed samples
compared to their original antibacterial activities.

dissolution of less than around 3% of the total Ag was detected from
the after each detergent washing cycle. Moreover, the amount of
dissolved Ag was not changed by treating an acidic solution (50 mM
HNOj3). This was due to the strong metal-thiol interaction. The Ag
nanoparticles are linked to CNT and GO by the metal-thiol inter-
action, which is very strong and stable, so we believe that the
metal-thiol bond is not broken by the SDS washing steps. One possi-
ble explanation for the observed decrease in antibacterial activity
is that since amphipathic SDS can interact with CNT and GO the
surfaces of the CNT-Ag and GO-Ag samples become partially coated
with SDS molecules, which are not completely removed by the final
water and 1% peptone rinse steps. The presence of an SDS coating
on CNT-Ag and GO-Ag might inhibit their antibacterial activities.
Additionally, there might have been some sample loss during the
washing steps, as the samples were not completely precipitated
by centrifugation. Investigations into the mechanism of the loss of
antibacterial activity of CNT-Ag and GO-Ag are currently underway
in our laboratory.

4. Conclusions

Ag nanoparticles can easily be introduced onto CNT and GO
surfaces through thiolation. The size-similar and quasi-spherical
nanoparticles were found to be anchored to the CNT and GO
surfaces, and the synthetic CNT-Ag and GO-Ag materials were
demonstrated to exhibit high antibacterial activities against Gram-
negative E. coli bacteria. Both samples retain more than half of
their original antibacterial activity after 20 detergent washes. The

CNT-Ag and GO-Ag nanocomposites are therefore believed to have
significant potential for use as reusable antibacterial agents for lab-
oratory and medical purposes.
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