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Abstract: In this study, the physicochemical and surface properties of the GO–Ag composite promote
a synergistic antibacterial effect towards both Gram-negative Escherichia coli (E. coli) and Gram-positive
Staphylococcus aureus (S. Aureus) bacteria. GO–Ag NPs have a better bactericidal effect on E. coli (73%)
and S. Aureus (98.5%) than pristine samples (pure Ag or GO). Transmission electron microscopy
(TEM) confirms that the GO layers folded entire bacteria by attaching to the membrane through
functional groups, while the Ag NPs penetrated the inner cell, thus damaging the cell membrane
and leading to cell death. Cyclic voltammetry (CV) tests showed significant redox activity in GO–Ag
NPs, enabling good catalytic performance towards H2O2 reduction. Strong reactive oxygen species
(ROS) in GO–Ag NPs suggests that ROS might be associated with bactericidal activity. Therefore, the
synergy between the physicochemical effect and ROS production of this material is proposed as the
mechanism of its antibacterial activity.
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1. Introduction

Bacterial infections and disease are common and are often treated with antibiotics, but the
advent of multidrug resistance in pathogenic bacteria has decreased the effectiveness of antibiotics [1].
Frequent and inappropriate usage of conventional antibiotics has led to reduced effectiveness in
clinical treatment. Therefore, to complement the conventional antibiotic treatments, the development
of bactericidal nanomaterials has become important [2] because the mode of action/mechanism for
the nanoparticle (NPs) is direct contact with the bacterial cell wall, which promotes antibacterial
activity [3].

Graphene is a two-dimensional material that consists of a single layer of sp2 carbon atoms [4,5].
Graphene oxide (GO) and reduced GO contain functional groups and a unique structure of the
carbon basal plane, which contribute to its antibacterial activity. Recently, GO-based materials were
used to enhance antibacterial performance and showed 88–100% bacterial inhibition at dosages of
100–300 µL mL−1 [6]. GO demonstrated the most powerful antibacterial activity towards Escherichia coli
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(E. coli) among graphene-based materials [7]. GO directly interacts with the bacterial membrane and
causes membrane stress [8]. Tu et al. showed that pristine graphene nanosheets reduced E. coli viability
by destroying the extraction of phospholipid bacterial membranes [9]. Therefore, GO derivatives are
considered to be a new weapon for combatting multidrug resistance bacteria while reducing toxicity to
normal human cells [6,10].

Silver nanoparticles (Ag NPs) have attracted much attention because of their effectiveness in
biological applications due to a high surface-area-to-volume ratio [11,12]. The benefits of Ag NPs
include multiple mechanisms for bactericidal effect, such as binding with bacteria DNA, blocking
energy recycling, and releasing Ag+ ion [13–15]. The Ag NPs mechanism was proven to produce
the thermal effect via hyperthermia production and promote long-term antibacterial action, thereby
reducing the Gram-negative and Gram-positive bacteria population [16,17]. However, Ag NPs tend
to agglomerate and are prone to oxidization, thus limiting the antibacterial effect. For instance,
Ag NPs were found to be poorly dispersed in biological solution when grafted onto a titanium or silica
substrate [18–21]. To overcome this problem, combining GO with Ag NPs facilitates the antibacterial
properties. GO sheets can act as a substrate to stabilize and prevent Ag NPs from agglomeration and
supply enhancement for antimicrobial activity.

There are many linkers and reducing agents used in GO–Ag NP fabrication. For example,
hydroquinone and poly(diallyl dimethyl ammonium chloride) have been reported as linkers [22,23]
but they are known as toxic chemicals. Das et al. prepared different ratios of sodium borohydride
(NaBH4) in the presence of trisodium citrate acting as a stabilizing agent. Highly dense 2–25 nm Ag
NPs were obtained. Yet, the reducing agent or stabilizer role has not been well-derived [24]. Tai et al.
prepared a 0.05 M AgNO3 precursor solution to fabricate GO–Ag NPs using poly(acrylic acid) as both
linker and reducing agent. The final GO–Ag NPs product contained 16.2% Ag contents, indicating
a low Ag formation rate and therefore the antibacterial inhibition zone was low (9.9 to 11 mm) [25].
Slawomir et al. used poly(vinyl alcohol) as a stabilizer and formed large size (80–230 nm) Ag NPs
in GO sheets [26]. The obtained Ag NP sizes in GO–Ag NP product tend to be larger than 10 nm
without using linkers [23,27–29]. Therefore, choosing good linkers to optimize the bactericidal effect
is essential. Chitosan (CS) is an eco-friendly and biocompatible material that exhibits a bactericidal
property [30]. CS was well-known because it contributed to enhancing the antimicrobial activity against
many bacteria, fungi, and yeast [31–33]. The CS antibacterial activity contribution is due to intrinsic
factors such as the positive charge, molecular weight, hydrophilicity, or the soluble ionic solution,
etc. [34]. Previous studies showed that optimizing the CS/GO/Ag ratio enhanced the antibacterial effect.
For instance, Marta et al. prepared GO/Ag composites grafted with CS to evaluate the bactericidal
effect towards methicillin-resistant Staphylococcus aureus (S. Aureus) [35]. Khawaja et al. proved
that enhanced CS coating with GO–Ag NPs improved the inhibition zone (19–22 mm) compared
with that of GO–Ag NPs only (15–18 mm) [36]. However, the Ag NPs’ size effect before and after
modifying with GO or the key factors between the three GO, Ag NPs, and CS components have not
been well-discussed. Furthermore, the deeper mechanism about the morphology before and after
treatment with bacteria, the reactive oxygen species production, the role of pure components in the
response to the antibacterial effect and the synergistic effect have been poorly investigated in previous
studies [22,23,28,29,37]. We note that those factors should be examined together to reveal the whole
antibacterial mechanism process.

In previous studies, we demonstrated that GO–Ag NPs exhibited good bactericidal activity by
applying NaSH as the intermediate bridge to orient Ag NPs onto GO sheet. However, the mechanism
has not mentioned [38]. To better understand the bactericidal activity and improve the mechanism, a
novel approach to fabricate GO–Ag NPs using the reducing agent sodium borohydride and linker CS
was introduced in this study. The antibacterial activity effect was evaluated on E. coli as Gram- negative
bacterium and on S. Aureus as Gram-positive bacterium. Using the growth curve inhibition test and
disk diffusion assay, a comparison between the nanocomposite and pure component was conducted.
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In addition, the detailed mechanism between GO–Ag and the bactericidal effect was proposed via
morphological observation and reactive oxygen species to correlate to the antibacterial activity.

2. Materials and Methods

2.1. Materials

Graphite powder (G), potassium bromide (KBr), hydrogen peroxide (H2O2), chitosan 448869,
acetic acid, Hoechst 333,242 (HS), propidium iodide (PI), glutaraldehyde (50%), osmic acid (4%), Nafion
solution, 2′,7′-dichlorodihydroflourescein diacetate (DCFA-DA), and dimethyl sulfoxide (DMSO) were
purchased from Sigma-Aldrich, St. Louis, MO, USA. Potassium permanganate (KMnO4) and trisodium
citrate (Na3C6H5O7) were purchased from Nihon Shiyaku Industries Ltd., Osaka, Japan. Sulfuric acid
(H2SO4, 95–98%) solution was purchased from Scharlab S.L., Barcelona, Spain. Silver nitrate (AgNO3)
was purchased from Mallinckrodt Baker Inc., Paris, France, and hydrochloric acid (HCl) was purchased
from Showa Chemical Co., Ltd., Honshu, Japan.

2.2. Bacterial Strains

S. Aureus (BCRC 10781) and E. coli (DH5α) were obtained from the Bioresource Collection
and Research Center in Hsinchu, Taiwan. Luria–Bertani (LB) broth, agar–agar powder and
phosphate-buffered saline (PBS) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.3. GO Synthesis

GO was synthesized via the modified Hummer’s method based on our previous work with slight
modification [39]. In brief, 2 g graphite powder was dissolved in 300 mL H2SO4 with continuous
stirring for 10 min. Two grams of KMnO4 was added. After the green color of the solution changed
to a black color, six portions of additional KMnO4 (2 g) were sequentially added. Until MnO3− was
completely oxidated, 400 g ice was added into the solution which was placed in the an ice bath to
reduce the reaction temperature. The solution was held for a few days until separation of precipitation
was clearly observed. The upper solution was discarded, and the remaining precipitate was washed
with HCl and deionized (DI) water via centrifugation (Hitachi, Tokyo, Japan) until the pH reached
neutral. The gel-like product was dried in a 60 ◦C vacuum oven overnight.

2.4. Ag NPs Synthesis

Ag NPs were synthesized according to the previous study [40]. First, 2 mL of 12.5 mM trisodium
citrate was added into 5 mL of 0.375 mM AgNO3. An aliquot of H2O2 was added, followed by addition
of 2.5 mL of NaBH4. An amount of 45 µL KBr was added with continuous stirring, until a yellow color
was observed in the solution, indicating that the Ag NPs were formed. The solution was held in the
dark and stored at room temperature for further analysis. Solutions can be stored for up to 4 months.
To collect the powder product, the solution was centrifuged at 10,000 rpm and dried under vacuum for
further analysis.

2.5. GO–Ag NP Synthesis

GO–Ag NPs were synthesized according to a previous study, with slight modification [35].
An amount of 0.1 g GO was sonicated in 50 mL DI water for 20 min until completely exfoliated.
An amount of 20 mL GO suspension was added into 5 mL of 0.375 mM AgNO3. Subsequenlty, 2.5 mL
of NaBH4 was added in the presence of 5 mL chitosan in 1% (w/v) acetic acid solution. The mixture was
continuously stirred for 4 h. The solution was filtered using dialysis tubing to remove the unreacted
Ag. The products were collected after several washes with DI water, centrifuged, and dried under
60 ◦C vacuum overnight.
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2.6. Characterizations

Two-dimensional images were observed using transmission electron microscopy (TEM, JEM
2000EXII, JEOL, Tokyo, Japan). To compare the distribution of the particle size with the total counts,
ImageJ software was used to analyze the full width at half maximum (FWHM).

The prepared samples were analyzed using X-ray diffraction (XRD, model D5005D, Siemens
AG, Munich, Germany) to examine the crystal structure. The diffractogram was recorded at 2θ
ranging from 5 to 80◦ at a scan rate of 4◦/min with Cu Kα radiation. Fourier transform infrared
spectroscopy (FT-IR) (model Horiba FT-730, Minami-ku, Kyoto, Japan) was used to evaluate the
functional groups and chemical bonding of GO and GO–Ag NPs. Samples were scanned in the range of
800–4000 cm−1. A UV–visible spectrophotometer (V-650, Jasco, Tokyo, Japan) was applied to measure
the light transmittance. The color was reflected in the absorption wavelength. X-ray photoelectron
spectroscopy (Thermo Scientific™ K-Alpha™ XPS, Thermo Fisher Scientific, Waltham, MA, USA) was
applied to examine the chemical composition of the samples. Zeta potential were recorded in triplicate
using a dynamic laser scattering analyzer (Zetasizer, 2000 HAS, Malvern, Worcestershire, UK) at room
temperature. Subsequently, the mass loss and the weight of the sample contents were detected using a
thermogravimetric analyzer (TGA 2050, TA instrument, Inc., Tokyo, Japan).

2.7. Cyclic Voltammetry Measurement

Cyclic measurements were collected with a conventional three-electrode cell containing silver/silver
chloride (Ag/AgCl) as the reference electrode and a platinum electrode (1 × 1 cm) as the counter
electrode. Prior to testing, GO–Ag NPs and GO were sonicated sequentially in isopropanol and
deionized water for approximately 20 min. A 5 wt % Nafion solution was used as a binder and was
added to the mixture. These mixtures were sprayed on carbon cloth using a spray gun with an amount
of 1 mg for each sample. Phosphate buffer solution (PBS, 0.01 M, pH 7.0) was mixed with H2O2 to
obtain the final concentration of 1 mM H2O2 solution. The solution including PBS and H2O2 were used
as the supporting electrolyte, and high-purity nitrogen gas was bubbled for 20 min prior to starting
the experiments. Cyclic voltammetry (CV) tests were conducted from −0.2 to 0.8 V at a scan rate of
50 mV s−1.

2.8. Antibacterial Test

2.8.1. Bacterial Growth Curve Assay

Initially, S. Aureus and E. coli were grown overnight in Luria Broth (LB) under aerobic conditions
at 37 ◦C using a shaker incubator. The bacterial suspension was diluted in LB to achieve an optical
density of 0.3 at 600 nm wavelength (OD 600 nm). The bacterial suspensions were transferred into
48-well plates. Following this procedure, 50 µL of each sample was added (pure LB was used as a
control sample) to 450 µL LB, and the samples were placed in a shaking incubator for 1 h. Subsequently,
10 µL of sample mixture was removed and transferred into 96-well plates, and 90 µL LB medium was
added. All treatments were performed in triplicate and measured by a microplate reader (Biotek, Hong
Kong, China) with an optical density at wavelength 600 nm (OD 600 nm) within 5 h. The inhibition
efficiency was calculated using the following equation

Inhibition (%) =

(
1−

∆ OD sample treatment
∆OD control

)
× 100 (1)

2.8.2. Disk Diffusion Assay

In brief, a 100 µL bacteria suspension (OD 600 nm was 0.1) was spread on petri dishes containing
agar and LB medium. The agar plates were prepared in 90 mm petri dishes with 22 mL of agar medium
giving a final depth of 3 mm. Wells (9 mm in diameter) were punched in the culture media with 100 µL
of samples diluted in DI water to obtain final concentration of 100, 50, and 10 µg mL−1. The plates
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were incubated at 37 ◦C for 24 h. Antimicrobial activity was assessed by measuring the diameter of the
growth-inhibition zone in millimeters (including the well diameter of 9 mm) for the bactericidal test.

2.8.3. Change in Bacterial Morphology after Sample Exposure

TEM analysis was applied to investigate the bacterial morphologies before and after treatments.
In detail, E. coli and S. Aureus bacteria were grown overnight and diluted to reach an of 0.1 at OD
600 nm. The bacteria were suspended in 100 µg mL−1 GO, Ag NPs, and GO–Ag NPs. The mixture was
incubated at 37 ◦C for 2 h. Bacteria without treatment were used as a control sample. Subsequently,
10 µL of bacteria solution was transferred onto the 24-well plates, and the samples were fixed with
2.5% glutaraldehyde for 1 h at room temperature. The samples were washed twice with PBS before
postfixing with 1% osmic acid for 45 min. Finally, the samples were again washed twice with PBS and
subjected to increasing gradients (30%, 50%, 70%, and 100%) of ethanol for 10 min. The samples were
drop cast onto a TEM gold grid before testing.

2.8.4. Live/Dead Cell Staining Using Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (Zeiss LSM 510-Meta- Heidelberg-Germany) was used to
evaluate the bacterial colony population. The bacterial suspension was diluted in PBS solution (to
obtain an OD value equal to 0.15). Bacterial suspensions were separately treated with 100 µg mL−1

GO, Ag NPs, and GO–Ag NPs for 2 h. The solution was mixed with HS dye as a live cell indicator
and PI dye as a dead cell indicator at a ratio of 5:1 (HS:PI). The bacterial suspension was incubated for
20 min and washed twice using PBS solution. Before it was observed under a confocal laser scanning
microscope (CLSM).

2.8.5. Reactive Oxygen Species Mechanism Applied to Bacteria Treatment

The production of ROS was analyzed using the sensitive dye 2′,7′-dichlorodihydroflourescein
diacetate (DCFA-DA). In the experiment, a stock solution of 10 mM was prepared in DMSO solution.
Approximately 100 µL of bacterial suspension (OD~0.1) was impregnated with 100 µg mL−1 GO, Ag
NPs and GO–Ag NPs for 2 h incubation. The mixture was twice washed using PBS to remove the
medium. Subsequently, 100 µL DCFH-DA of 25 µM was added and incubated for 30 min in the dark
at 37 ◦C. Prior to testing, the bacteria were washed using PBS to remove residual dye. Fluorescence
images were captured using a CLSM at an excitation of 485 nm and emission of 535 nm.

3. Results

3.1. Synthesis of GO, Ag NPs, and GO–Ag NPs

The TEM analysis was used to observe pristine GO, Ag NPs, and GO–Ag NPs composite
morphologies. As indicated in Figure 1a, pristine GO showed a flaky, smooth and paper-like structure
with a size range >1 µm. Figure 1b showed that Ag NPs were observed with a small spherical shape.
The particle size of Ag NPs was calculated by ImageJ software with a mean size of 7.4 nm and fitted to
a Gaussian curve, which is indicated in the insect of Figure 1b. Figure 1c shows the HRTEM image and
insect of Figure 1c represents a selected area electron diffraction of Ag NPs. As expected, the Ag NPs
have a single orientation [41]. The TEM images showed the migration of Ag NPs anchored on GO,
as shown in Figure 1d. Ag NPs were uniformly distributed on the surface of the GO layers. The Ag
NP size distribution was calculated with a mean size of approximately 10.1 nm and was fitted with a
Gaussian curve (insect of Figure 1d). Compared with pure Ag NPs, the Ag NP size in GO–Ag NPs
was increased to 30%. The difference in Ag NP size in GO–Ag NPs can be proposed as follows: when
the precursor Ag NO3 meets an acidic solution an Ag ion phase was formed, and therefore Ag+ ions
probably bound to chitosan macromolecules via electrostatic interaction between the electron–rich
oxygen atoms of the CS polar hydroxyl and ether groups and the electropositive transition cations.
Meanwhile, the hydroxyl and amino groups from chitosan can interact, forming hydrogen bonding
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with hydroxyl, carbonyl, and carboxyl moieties in the graphene oxide sheets. This can orient Ag NPs
to the GO’s matrix (Scheme 1). The influence of the low molecular weight CS and the experiment was
carried out at room temperature, therefore its effect on the increase in Ag NPs size during promoting
nucleation [42–44].
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Figure 1. TEM images of GO (a), Ag NPs along with the its particle size distribution (b), HRTEM image
of Ag NPs at 500 kV with electron diffraction (c), and TEM image of GO–Ag NPs with Ag particle size
distribution (d). Size distribution analysis was analyzed using ImageJ software. (IJ152-NIH Image,
Research Service Branch, National Institute of Mental Health, Bethesda, MD, USA).
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Scheme 1. GO-Ag NPs formation in the presence of CS as a linker, orientating Ag NPs into the
GO’s matrix.

The binding of Ag NPs onto GO was confirmed by XRD (Figure 2a) and FTIR analysis (Figure 2b).
As shown in Figure 2a, the GO exhibited a typical peak at 11.7◦ with d spacing at 7.8 Å. After modifying
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with Ag NPs, GO–Ag NPs composite shifted the main XRD peaks to 38.1◦, 44.3◦, 64.5◦, and 77.5◦, which
are assigned to the (111), (200), (220), and (311) crystal lattice planes of face-centered cubic Ag NPs,
respectively. However, the typical GO peak at 11.7◦ disappeared in the GO–Ag samples due to Ag NPs
attached to the interlayers and covering the signals of the GO peaks [45]. Besides, the FTIR in Figure 2b
results proved the characteristic of the domain groups from GO and GO–Ag NPs. The peaks of the
characteristic GO spectrum were observed at 3404, 1733, 1622, 1220, and 1055 cm−1 and these spectral
peaks were associated with the stretching vibration of C–OH (hydroxyl) and C=O, the vibration of
C=C (possibly due to the skeletal vibration of oxidized graphite domains) and C–O and stretched C–O,
respectively. The presence of oxygen-containing groups such as carboxyl, hydroxyl and epoxy groups
confirmed the oxidation process of GO. The corresponding FTIR peaks were similarly matched with
those of a previous study [39]. As compared with GO, most of those functional groups of the GO peaks
significantly decreased in GO–Ag NPs. This result occurs because the interaction between Ag NPs and
GO decrease the intensity signal [46]. Obviously, the disappearance of the groups C=O and C–O at
1733 cm−1 and 1220 cm−1 suggests that Ag NPs were bonded to GO via those groups [47].
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Figure 2. XRD patterns (a) and FTIR spectra (b) of GO and GO–Ag NPs; UV spectra of GO, Ag NPs
and GO–Ag NPs (c); Zeta potential profiles of pure GO, Ag NPs, and GO–Ag NPs (d). The error bars in
(d) represent the standard deviations of the data performed in triplicate (n = 3).

As indicated in Figure 2c, the pristine GO exhibited a typical peak at 230 nm and a shoulder
near 310 nm corresponding to π–π * electronic transition of C=C aromatic bonds and n–π * electronic
transition of C=O bonds. The UV–visible data showed that Ag NPs exhibited a sharp peak at a
wavelength of 400 nm, indicating successfully synthesized Ag NPs [48]. The UV–visible data showed
that GO–Ag NPs have two main peaks: one peak near 230 nm from GO and the other peak near 400
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nm from Ag NPs. The zeta potential profiles were describle in Figure 2d. As shown in Figure 2d,
UV–visible profiles showed GO had a negative zeta potential near −38 mV, indicating a moderately
stable dispersion whereas Ag NPs had lower value near −21 mV. As expected, the mid-point value
nearly −33 mV confirmed that GO–Ag NPs was successfully synthesized.

The elemental compositions of GO and GO–Ag NPs were examined using XPS analysis, as shown
in Figure 3a. The full scan spectra of GO showed a C/O ratio near 2.3:1, which matched with the
literature data [49]. Wide scan analysis revealed that the Ag element peak was found in GO–Ag NPs
(Figure 3a). According to the C1s deconvolution XPS spectra of the main GO bonding groups, the
unique peaks at 284.4, 285.8, 287, and 288.5 eV corresponded to C–C, C–O, C=O and O–C=O groups,
respectively (Figure 3b). During the silver attachment process, the C–C bonding ratio was relatively
increased, while the oxygen groups ratio was decreased [46] (Figure 3c). Details of the functional
groups are described in Table 1. Moreover, Figure 3d displays the high-resolution XPS spectrum
of the Ag3d region in the nanocomposite. Two main peaks were observed at 368.04 eV and 373.54
corresponding to Ag3d5/2 and Ag3d3/2. The peaks in the Ag(I) state were higher than those in the Ag
(0) state.
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Table 1. Functional group percentage (%) of chemical bonds presents in GO and GO–Ag NPs as
determined from C1s deconvolution of the corresponding high-resolution XPS spectra

C1s C=C C–O C=O O–C–O

GO 42.29 48.11 4.81 4.79

GO–Ag NPs 69.60 22.70 4.79 2.61

TGA analysis indicated that pristine GO was degraded in the air atmosphere (Figure 4a). The GO
exhibited three stages of weight loss. The first peak decreased from 25 to 100 ◦C due to the removal
of water from the remaining moisture. Other noticeable weight loss peaks occurred at 150– 250 ◦C
and 400–500 ◦C. The former peak near 180 ◦C is ascribed to the removal of the oxygen functional
groups from the GO surface, and the other sharp peak near 450 ◦C is related to the burning of the
carbon constituting the graphene sheets. TGA measurement was used to evaluate the Ag NPs weight
percentage in GO–Ag composites. Because the Ag NPs are stable at a high temperature of 1000 ◦C
and the complete degradation of GO at 490 ◦C, thereby the leftover Ag content was determined
by the weight loss of the GO–Ag NPs. Therefore, the weight percentage of Ag NPs was estimated
approximately 30% in GO–Ag NPs.
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Figure 4. TGA analysis of GO and GO–Ag NPs in air atmosphere at the heating rate of 5 ◦C min−1 (a)
and CV curves for GO, Ag NPs and GO–Ag NPs (b). The CV test was carried out in 0.01 M PBS and 1
mM H2O2 electrolyte at the scan rate of 50 mV s−1.

3.2. Cyclic Voltammetry Test

The cyclic voltammetry (CV) test is a reliable tool for enhancing ROS measurement in the presence
of H2O2 [50]. This method has been associated with cell cycle arrest, apoptosis, migration, and
inflammation and antibacterial activity. Thereby, the CV test of H2O2 plays an important role in
identifying the biological and pathological mechanism systems [51]. According to Figure 4b, no
peak was detected in the GO sample, whereas a small reduction peak near −0.1 mV was found
in Ag NPs, indicating that Ag NPs have a potential ROS response [52]. Moreover, GO–Ag NPs
exhibited a prominent potential of 0.33 V towards the reduction of H2O2. This synergistic behavior of
GO–Ag NPs was not present in GO or Ag NPs. This method offers new biological insights into early
bacterial stimulation of the antibacterial response and supplies a new tool for investigating free radical
scavenging of materials [53].
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3.3. Antibacterial Test

3.3.1. Diffusion Disk Assay

The zone of inhibition analysis is illustrated in Figure 5 and Table 2. Figure 5a displays E. coli
zone inhibition. After treatment with pure Ag NPs and GO alone at concentration of 10 µg mL−1, the
E. coli disk showed a small inhibition zone (9.5 mm). In contrast, the GO–Ag NP zone was 11 mm
wider than that of pristine Ag and GO. At 50 µg mL−1, the inhibition zone dimensions were 10, 11, and
13 mm for GO, Ag NPs, and GO–Ag NPs, respectively. With increasing concentration to 100 µg mL−1,
the zone inhibition became obviously wider with values of 15, 16, and 18 mm for GO, Ag NPs, and
GO–Ag NPs, respectively.
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Figure 5. Digital images of antibacterial activity using disk diffusion assay for control, GO, Ag NPs,
and GO–Ag NPs toward E. coli (a) and S. Aureus (b) after treatment with nanomaterials. From left to
right, the concentrations were gradually increased from 10, 50, to 100 µg mL−1, respectively.

Table 2. Disc diffusion inhibition zones for S. Aureus and E. coli

Inhibition Zone (mm)

Concentration
(µg mL−1)

GO Ag NPs GO–Ag NPs

E. coli S. Aureus E. coli S. Aureus E. coli S. Aureus

10 9.5 9.0 9.5 9.5 11.0 11.5

50 10.0 10.5 11.0 11.5 13.0 15.0

100 15.0 18.0 16.0 20.0 18.0 28.0

Figure 5b displays S. Aureus zone inhibition. It can be observed that the zone inhibition after
treatment with pure GO and Ag NPs was almost the same as that with E. coli at a concentration
10 µg mL−1. After treatment with GO–Ag NPs, the inhibition zone of S. Aureus (11.5 mm) was slightly
wider than that of E. coli (11 mm). At 50 µg mL−1, the zone diameter value were 10.5, 11.5, and 15 mm
corresponding to GO, Ag NPs, GO–Ag NPs, respectively.
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At a concentration of 100µg mL−1, the inhibition zone dimension was more obvious after treatment
with pure GO and Ag NPs. The zone diameter value were 18 mm and 20 mm corresponding to GO
and Ag NPs. The largest zone inhibition was found for treatment with GO–Ag NPs (28 mm). This
result demonstrated that the antibacterial activity showed synergistic performance for combination of
Ag with GO and zone inhibition after treatment with GO–Ag NPs. In this test, S. Aureus was more
susceptible than E. coli.

3.3.2. Bacterial Growth Curve Inhibition Assay

Growth curve analysis of the 600 nm optical density (OD 600 nm) was used to determine the
inhibition percentage towards E. coli (Figure 6a) and S. Aureus (Figure 6b) using GO, Ag NPs and
GO–Ag NPs. The antimicrobial inhibition percentage increased steadily from GO, Ag NPs to GO–Ag
NPs. The quantitative inhibition percentage was only 11% and 18% for GO and Ag NPs towards E. coli
but increased to 43% and 52% for S. Aureus, respectively. Moreover, the antibacterial effect significantly
increased to 73% towards E. coli and 98.5% towards S. Aureus for GO–Ag NPs. In agreement with the
disk diffusion assay, the GO–Ag NPs exhibited the most efficient bactericidal effect. These results also
confirm that S. Aureus was more susceptible than E. coli.
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Figure 6. Bacterial inhibition percentage (%) of GO, Ag NPs, and GO–Ag NPs towards E. coli (a) and S.
Aureus (b) for 5 h incubation at the same concentration of 100 µg mL−1. The results are expressed as the
means ± standard deviation of three independent experiments.

3.3.3. Morphology Before and After Treatment

The TEM micrographs showed that compared with the control groups, most of the bacterial cells
lost shape integrity when treated with nanomaterials (Figure 7). The E. coli control group exhibited
the typical rod shape (Figure 7a), whereas S. Aureus appeared as a spherical shape (Figure 7b). After
treatment with GO, E. coli and S. Aureus were physically wrapped in GO sheets, and the outer
bacterial membrane was damaged (Figure 7c,d). The Ag NPs can directly contact the bacterial cell
membrane by penetrating or accumulating onto the outer membrane (as indicated by the red arrow in
Figure 7e,f). After treatment with GO–Ag NPs, bacterial cells had the most severe damage, loss of
shape structure, and deformation after treatment, which might be caused by the loss of intracellular
contents (Figure 7g,h). Thus, the E. coli and S. Aureus morphologies showed more significant damage
after treatment with GO–Ag NPs than with pure GO and Ag NPs.
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(e,f), and to GO-Ag NPs (g,h), respectively. Red arrows indicate the penetration of Ag NPs into the
bacterial cell.

3.3.4. Live/Dead Cell Staining

Confocal microscopy was used to visualize the quantity of bacterial colonies before and after
nanomaterials treatment. The images of E. coli without treatment showed the presence of a high
number of live bacteria, as shown in Figure 8a. After treatment with GO, most of the bacteria were
still alive, and only a low number of dead bacteria was found in Figure 8c. A larger number of dead
bacterial cells was observed after treatment with Ag NPs, as indicated in Figure 8e. In contrast, most
of the dead E. coli were observed in GO–Ag NPs (Figure 8g). Figure 8b,d,f,h shows the results for S.
Aureus bacteria. As indicated in Figure 8d, the number of dead bacteria treated with GO was higher
than that in the control S. Aureus (Figure 8b). The ratio of dead S. Aureus treated with Ag NPs (Figure 8f)
was higher than that treated with GO. The largest number of dead bacteria was found after treatment
with GO–Ag NPs (Figure 8h). Evidently, the ratio of dead S. Aureus after treated with GO, Ag, and
GO–Ag NPs, respectively was higher than that of E. coli.
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Figure 8. Confocal fluorescent images of control E. coli (a) and control S. Aureus (b), those exposed to
GO (c,d), to Ag NPs (e,f), and to GO-Ag NPs (g,h), respectively. The fluorescent images are captured
under CLSM after dying with HS and PI.

3.3.5. Reactive Oxygen Species Mechanism Applied for Bacterial Treatment

DCFH-DA is a well-known nonpolar dye that is converted into the polar derivative DCFH when
oxidized by intracellular ROS [54]. The fluorescence images of the control and treated samples after
background subtraction are shown in Figure 9a–d. The control sample (Figure 9a) showed almost no
green color. GO and Ag NPs exhibited week green fluorescence (Figure 9b,c) and produced low ROS.
However, noticeably increased green fluorescence was observed in E. coli treated with GO–Ag NPs,
indicating that silver-loaded graphene oxide produced a significant ROS level (Figure 9d).
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Figure 9. Untreated E. coli without observable fluorescence (a), changes of ROS production after
treatment of GO (b), after treatment with Ag NPs (c), and after treatment with GO-Ag NPs (d),
respectively. The fluorescent images are captured under CLSM after dying with DCFH-DA (green
indicator).

4. Discussion

Spherical Ag NPs doped with GO were prepared to evaluate their bactericidal effect and compared
with pristine components. The results showed that the GO–Ag NPs composites exhibited an excellent
impact on the antibacterial property. Although the graphene-based Ag literature has reported on
antibacterial activity (Table 3), the mechanism and the interplay of GO and Ag NPs have been
rarely discussed. In this study, we hypothesis that physical and chemical factors impacted the
antibacterial activity.
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Table 3. Antibacterial effect of GO–Ag NPs.

Linker Reducing
Agents Bacteria Model Ag NPs Size Evaluation

Method Inhibition Compared with Pure GO or Ag
NPs

Mechanism of
Action Reference

None Hydroquinone E. coli and S. Aureus 80 nm - Plate counting
- Disk diffusion

- 100 and 87.6%
- 18 and 21 mm.

- 51.9 and 61.3% by GO
- 9 and 10 mm by GO None [23]

None PVP
E. coli, S. Aureus, S.

epidermidis,
and C. Albicans

80–230 nm GCI - 77.5–88.6% - None ROS production (by
fluorescence) [26]

None Glucose E. coli 10–70 nm ADA - N/A - No antibacterial effect by GO Morphology
observation [28]

None Sodium citrate P. aeruginosa 7.5 nm ADA - 100% - No antibacterial effect by GO None [37]

None Sodium citrate E. coli and S. Aureus 50–70 nm GCI

- 60% for GCI both
bacteria strain

- ADA: 74% towards
S. Aureus and 94%

towards E. coli

- No antibacterial effect by GO and
Ag NPs

Morphology
observation, cell

division disorder.
[29]

None NaBH4
S. Aureus

and B. subtilis 2–25 nm GCI and plate
counting - 100% - 96–97% by Ag NPs None [24]

PAA None E. coli and S. Aureus 4–8 nm Disk diffusion - 9.9 and 11.4 mm - N/A None [25]

PDDA Sodium citrate E. coli and B. subtilis 14 nm ADA - 54 and 60% - No antibacterial effect by Ag NPs None [22]

STPP CS E. coli and S. aureus 20 ± 1 nm Disk diffusion - 18.5 and 17 mm - 5 and 6 mm None [27]

NaSH NaSH S. Aureus
and P. aeruginosa 2 nm GCI - 100% - 27.2% and 32. 7% induced by GO None [38]

CS Green tea leaves
S. Aureus, S. mutans,
E. coli, K. pneumoniae,
P. aeruginosa, S. typhi

15–25 nm Disk diffusion - 19–22 mm - 7–11 mm by GO None [36]

CS NaBH4 S. Aureus 10–30 nm MBC and MIC - 1.09 and 4.05 µg
mL−1 - 100% None [35]

CS NaBH4 E. coli and S. Aureus 10.1 nm GCI and disk
diffusion

- 73 and 98.5%
- 28 and 18 mm.

- 11 and 18% by GO;
43 and 52 by Ag NPs.

- 15 and 18 mm by GO;
16 and 20 mm by Ag NPs

Morphology
observation, ROS

production (by CV
test and

fluorescence)

This study

Notes: ADA: agar diffusion assay; GCI: growth curve inhibition; PDDA: poly (diallyl dimethyl ammonium chloride); PAA: poly (acrylic acid); STPP: sodium tripolyphosphate; PVP:
poly(diallyl dimethyl ammonium chloride); S. epidermidis: Staphylococcus epidermidis; C. albicans: Candidas albicans; S. mutans: Streptococcus mutans; K. pneumoniae: Klebsiella pneumoniae;
S. typhi: Salmonella typhi; B. subtilis: Bacillus subtilis; P. aeruginosa: Pseudomonas aeruginosa; N/A: not applicable (mentioned but not shown clear results). None: did not test.
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The controversies related to the GO antibacterial effect still remain unanswerable. Recent research
has also indicated that GO was proven to have non-antibacterial activity. The factors influence to
antibacterial effect come the medium culture condition (Mueller–Hinton Broth) or the purity of GO [55].
In contrast, other reports showed that GO had a bactericidal effect [10,56]. Previously, a three-step
antibacterial mechanism of graphene-based materials was proposed: initial cell deposition, membrane
stress caused by direct contact and oxidation stress on glutathione, which serve as a redox mediator in
bacteria [7]. Our results supporting those articles showed that GO is a biological macromolecule that
exhibits an antibacterial effect. Herein, as shown in Figure 7c,d. E. coli and S. Aureus were adhered
on GO layers, and partial shape deformation occurred. Therefore, physical attack is one factor that
influences the antibacterial activity. It is well known that the hydrophobicity of the interlayers sp2 in GO
creates a strong interaction between GO sheets and the lipid bilayer of the bacterial cell membranes [57].
Therefore, the GO wrapping process on bacteria occurs via a physical mechanism. Elfremova et al.
proved that GO had an antibacterial effect by neutralizing the bacterial surface charge [8]. Sengupta
et al. found that antibacterial activity occurred via physical wrapping with the bacterial membrane,
whereas Liu et al. proposed that GO contained functional groups that might form much more stable
dispersions, thus offering more opportunities to interact with cells for cell deposition [7]. Moreover,
the sharp edges of GO sheets allow it to attach to the cell membrane, and the consequential integrity
disruption is the major cause of membrane damage [58,59].

For Ag NPs, it was reported that Ag can interact with sulfur-containing proteins from the cell
membrane and phosphorus-containing compounds in the cells, attacking the respiratory chain with
cell division and leading to cell death [13]. Thus, direct contact with Ag NPs or exposure to a high
concentration of Ag ions occurs easily, producing elevated antibacterial activity. Cationic nanoparticles
could induce nanoscale holes, and this phenomenon could be caused by interactions between cationic
nanoparticles and the cell membrane [19]. However, Ag NPs might aggregate or big Ag NPs production
reduced of active specific area. Our result obtained Ag NPs with a small size of 7.4 nm (insect of
Figure 1b). It was noted that the small-size Ag NP surface-area-to-volume ratio for individual particles
increases and the relative particle concentration also increases [48,60]. According to the TEM images of
the E. coli and S. Aureus morphology after treatment with Ag NPs (Figure 7e and 7f), certain Ag NPs
accumulate in the membrane, while others penetrate the inner cell and kill the bacteria (Ag NPs are
indicated by red arrow).

For GO–Ag NPs, the rapid and excellent antibacterial activities of the nanocomposites were
attributed to the synergistic effect of GO nanosheets and Ag NPs (illustrated in Figure 10a). These results
are in agreement with those of other works [38,45,61]. In TEM images of the bacterial morphology
after treatment by GO–Ag NPs (Figure 7g,h), both E. coli and S. Aureus were more severely damaged as
a cluster colony compared with those that received pure GO or Ag NPs treatment. However, the good
physicochemical properties of GO–Ag NPs support their antibacterial activity. The physicochemical
property represented by the surface charge, which plays a key role in bacterial adhesion. Compared
with Ag NPs, GO–Ag NPs exhibited a higher zeta potential value, which indicates better stability,
suggesting higher antibacterial activity. This result was in agreement with that of Zhao et al., who
prepared Ag NPs incorporated with GO that enhanced stability, significantly weakened the viability of
bacteria, and improved the long-term antibacterial activity [62]. In the presence of CS, it was noted
that CS has a positive charge, which enhances bonding with the negatively charged bacterial cell wall
and therefore leads to larger cell damage [35,36]. By possessing CS as a stabilizer-mediated chemical,
the Ag NPs assumed a well-ordered arrangement on the GO sheets [63]. On the other hand, in the
presence of CS, note that CS has a positive charge which enhances the bonding with negatively charged
bacterial cell walls and therefore leads to larger cell damage [36]. Moreover, the covalent bond between
CS and GO could improve the dispersion, thereby resulting in better aqueous solubility with enhanced
antimicrobial activity [64,65]. The resulting GO–Ag NPs obtained by CS grafting with the Ag NPs
size was nearly 10 nm, smaller than that of 50–70 nm Ag NPs using sodium citrate as a stabilizer [29].
Compared with the scattering Ag NPs on GO sheets prepared by Bao et al. [23], the Ag NPs were
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well-decorated on the GO layers due to the CS linker role into the GO’s matrix in this research. TEM
images showed the Ag NPs were more regularly arranged onto GO sheets (Figure 1d) than that of in
pristine Ag NPs without GO substrate (Figure 1b). After conjugation with GO, Ag NPs did not show
a dramatic change in size. The inset of Figure 1d shows that the size distribution of Ag particles in
GO–Ag NPs was 10.1 nm, slightly larger than that of Ag particles (7.4 nm). According to previous study,
Shekhar Agnihotri et al. proved that Ag NPs did not exhibit a significant difference in antibacterial
effect in the range 5–10 nm [40]. Besides, Figure 4a showed TGA results revealed that obtained Ag
NPs contents in GO–Ag NPs was approximately 30%, higher than that prepared by Tai et al. (16.2%
Ag NPs) [25]. As shown in the XPS data results (Figure 3d), the two peaks were deconvoluted into
367.68 and 373.69 eV (representing the Ag(I) state), higher than those peaks at 368.53 and 373.17 eV
(representing the Ag (0) state). According to a previous study, it was proved that high Ag(I) promotes
high antibacterial activity performance [66].

In addition, the reactive oxygen stress (ROS) also plays an important role in antibacterial properties,
as shown in Figures 4b and 9. It is noted that induced oxidative stress is caused by the accumulation
of intracellular ROS, such as hydrogen peroxide, superoxide anions, hydroxyl radicals, and singlet
molecular oxygen [67]. The CV test was conducted using PBS as the supporting electrolyte in the
presence of H2O2 electrolyte, which attracted much interest as an indicator of oxidative stress [50,53].
As indicated in Figure 4b, Ag NPs displayed a shoulder peak near −0.1 V, which means that Ag NPs
might exhibit potential for ROS production, whereas an apparent strong redox peak of GO–Ag NPs
shifted at −0.3 V suggests a notably active surface [68]. In contrast, GO shows almost no oxidative
stress (no significant peak was observed), leading to a lesser bactericidal effect. According to previous
studies, the reduction in H2O2 in the CV test is associated with the more activated sites, which were
decomposed or consumed, thereby leading to the imbalance for redox efflux [69,70]. The increment
of the GO–Ag NPs peak to −0.3 mV compared with −0.1 mV in Ag NPs might occur because the
enhancement of area surface facilitates the electron transfer process to the electrode [71]. To examine
this point, DCFH-DA was applied as an ROS indicator with E. coli bacteria. As expected, Figure 9
displayed widespread green fluorescence after treatment with GO–Ag NPs. In contrast, for treatment
with GO and Ag NPs, the green color appears as scattered dots. This result is attributed to a significant
synergistic effect by the high ROS production in GO–Ag NPs.

This research also showed that Gram-positive S. Aureus exhibited a greater bactericidal effect than
Gram-negative E. coli. It was proved that Gram-negative E. coli bacteria are generally more resistant
because their outer impermeable membrane protects the cell wall peptidoglycans [72]. The thick
peptidoglycan layer in Gram-positive bacteria containing lipid groups on the surface might contribute
to the added interaction between Gram-positive bacteria and GO [73]. Akhavan et al. proved that by
direct contact with bacteria, the sharp edge of GO, which is perpendicular to the substrate, caused more
severe damage to S. Aureus than to E. coli becauseS. Aureus has no additional outer membrane [74].
Moreover, R. Bhat et al. raised the hypothesis that Gram-positive bacteria more strongly interacted
with these nanomaterials through electrostatic and hydrogen bonding and physical piercing of the cell
membrane, whereas Gram-negative bacteria interacted with the nanomaterials through direct physical
contact only [3].

Table 3 summarizes the antibacterial effect of previously reported publications and this study.
All of the reports examined the GO–Ag NPs antibacterial effect with little emphasis on the
mechanism [22–25,27,28,35,36,38]. Compared with the other papers, our study has demonstrated
the synergistic bactericidal activity of GO–Ag NPs. Using more than one antibacterial method of
investigation, the synergistic effect of GO–Ag NPs was strongly proved. A possible synergistic effect
was proposed by Figure 10a wherein GO acts as the scaffold, promoting direct attack of Ag NPs towards
bacteria. The synergistic effect not only originates from the physicochemical properties but also is
derived from ROS production or penetration of Ag into the inner cell (as illustrated in Figure 10b). The
ROS could damage the balance of the DNA and protein function or cell division, thereby destroying
and interrupting the biochemical processes, leading to cell death [75].
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Figure 10. Physical attack by bacteria of Ag, GO and GO–Ag NPs (a) and ROS inducement as one of
the important factors for the bactericidal effect of GO–Ag NPs (b).

5. Conclusions

In summary, facile GO–Ag NPs synthesis using CS as an eco-friendly linker was successfully
proposed via an in situ method. Both quantitative and qualitative antibacterial effects were examined
via a diffusion test, bacterial growth curve inhibition assay and live/dead bacterial analysis. Compared
with pure GO and Ag NPs, GO–Ag NPs exhibited the most effective inhibition towards E. coli (73%) and
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S. Aureus (98.5%). Under TEM image observation, the morphologies of S. Aureus and E. coli were more
severely damaged by treatment with GO–Ag NPs than pristine GO and Ag NPs. The synergetic effect
of GO–Ag NPs was fully proposed by multiple mechanisms, including the physicochemical effects
and the ROS production. Due to the enhanced surface area, GO–Ag NPs could promote more bacterial
adhesion, thus facilitating greater cell death when combined with Ag NPs and GO. In addition, ROS
were confirmed by the CV test, and DCFA-DA offers an in-depth examination of the antibacterial
mechanism. In summary, the synergistic GO–Ag NP antibacterial effect is beneficial for promising
practical treatment of disease.
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