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Abstract−Ag nanoparticles present good antimicrobial activity but with a potential toxicity to the cell, which limits
the application. To address this issue, in this work, carbon-encapsulated sliver nanocapsules (Ag@C nanocapsules) were
prepared by evaporating pure Ag ingot with the modified arc-discharge technique, and the Ag@C nanocapsules were
acidified with nitric acid subsequently to facilitate the silver ion to release. Finally, Ag@C nanocapsules displayed a
good and sustained antimicrobial activity against E. coli as a model of Gram-negative bacteria, due to the long-term
release of sliver ions from Ag@C nanocapsules. The results obtained in this work indicate that the Ag@C nanocapsules
may be a suitable nanomaterial for the bactericidal application.
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INTRODUCTION

Over the last several decades, a variety of antibiotics have been
widely used to fight bacterial infections, and have achieved consid-
erable success. However, the abuse of antibiotics has also led to
many serious side effects. For instance, the morphology of bacte-
ria is preserved with the treatment of antibiotics, which leads to the
drug resistance of bacteria [1]. Many promising approaches have
been proposed to overcome the drug resistance of bacteria, such
as antimicrobial peptides extracted from the plants, and insects can
kill the bacteria without inducing drug resistance, but the stability
and cytotoxicity of antimicrobial peptide gives a limitation of bio-
medical application [2,3]. Antimicrobial nanomaterials have been
developed with the aim to obtain nonresistant, highly stable and
effective antibacterial materials such as silver, gold, tin and copper
nanomaterials, which have undergone a continuous process of evo-
lution and still remain an intriguing space to improve [4-9].

Ag nanoparticles (AgNPs) are the first commercialized nanopar-
ticles and show attractive properties, such as excellent electrical con-
ductivity, chemical stability, antifungal, and bactericidal properties
and also eliminate multidrug resistant bacteria. AgNPs are nowa-
days used as wide-spectrum antimicrobials in a variety of applica-
tions, such as cosmetics, textiles, wound dressings, detergents, dental
work, catheters, and water filtration [10-13]. For example, biomed-
ical products with AgNPs are typically used to prevent bacterial
infections by accelerating wound healing [14,15]. Ag+ and AgNPs
have been reported to have remarkable antimicrobial properties
against various pathogens including bacteria, fungi, and viruses [16-

18]. In addition, AgNPs are more effective in killing gram-negative
bacterial strains than gram-positive due to different cell wall struc-
ture between gram-positive and gram-negative bacteria [19,20].
Therefore, silver-based antimicrobial materials have attracted exten-
sive attention for application in biomedicine and antibacterial devices
[21,22]. Antibacterial activity of AgNPs prepared by various meth-
ods has been investigated on several bacterial strains [23-32]. AgNPs
show good antibacterial activity in pure [23] and composite forms
[24]. However, AgNPs present a potential toxicity due to direct con-
tacting between AgNPs and cell membrane, which can increase
the ROS to toxic level to the cell and facilitate the binding between
AgNPs and proteins of cell. Furthermore, the slow oxidation and
corrosion of unprotected AgNPs can also lead to increase of the con-
centration of Ag+ ions to cell toxic level [33,34]. In vitro cell culture
studies have showed toxic effects of AgNPs in immortal human
skin keratinocytes, human erythrocytes, human neuroblastoma cells,
human embryonic kidney cells, human liver cells, and human colon
cells [35-37].

To address this issue, it is necessary to encapsulate AgNPs into
other materials to prevent them directly contacting the human cell,
and to control the release of Ag+. In this aspect, AgNPs have been
encapsulated in polymer matrix to form surface coatings [38,39].
However, the intense polymer will suppress the antibacterial effect
and the aging of polymer layer also leads to the leaching of AgNPs
and decreases the long-term antibacterial activity of AgNPs com-
posites [40]. Other AgNPs based composite materials with the sub-
stitution of silk fibroin nanofibers [41], silica nanowires [42], carbon
nanotube [40], zeolite clay [43], titanium dioxide [44], and other
nanostructures [45,46], have been investigated. In comparison, car-
bon nanomaterials, which are non-toxic or low-toxic to organisms,
have been demonstrated to have great promise in biomedicine
[47,48]. Carbon material is an ideal coating material, which has a
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better stability and electrical conductivity than SiO2, TiO2 and other
coating materials, and simultaneously can improve the biocompat-
ibility between the composite materials and the organisms. The
design of composite nanostructures with carbon shell and silver
core has attracted attention due to the novel physicochemical [49,
50], especially, which can be applied in the bactericidal materials.

In the present study, we synthesized carbon-encapsulated sliver
nanocapsules (Ag@C nanocapsules) by a modified arc-discharge
technique as antibacterial agents, and then the Ag@C nanocapsules
were acidified with nitric acid subsequently to increase the bio-
compatibility of materials and the affinity to the bacteria due to
the introduction of carboxylic group, and also facilitate the Ag+ to
release. We aimed to construct the Ag@C nanocapsules with effec-
tive antibacterial activity, low cytotoxicity to human cell and the good
affinity to bacteria. Actually, Ag@C nanocapsules displayed good
and sustained antimicrobial activity against Escherichia coli (E. coli)
as a model of Gram-negative bacteria, due to the long-term release
of sliver ions from Ag@C nanocapsules. The designed silver based
nanocomposites may be a suitable nanomaterial for bactericidal
application.

METHODS

1. Preparation of Ag@C Nanocapsules
The Ag@C nanocapsules were prepared by evaporating pure

Ag ingot with the modified arc-discharge technique. The Ag ingot
with purity 99.99% was used as anode target, while a graphite nee-
dle with a diameter of 8 mm was served as cathode. As the vac-
uum of chamber reached 5×10−3 Pa, the argon and hydrogen with
purity of 99.99% were introduced into the chamber to serve as the
source of plasma, which led to an increase of 0.2 and 0.02 MPa in
chamber pressure, respectively. Subsequently, 20 mL pure ethanol
serving as the carbon source was introduced into the chamber.
During the arc-discharging process, the Ag atoms were evaporated
out from the Ag ingot to form the Ag nanoparticles, and then encap-
sulated by the carbon atoms decomposed from the ethanol to finally
form the Ag@C nanocapsules [51].
2. Acidification of Ag@C Nanocapsules

First, a certain amount of Ag@C spheres was added to a beaker
of 10 mL concentrated nitric acid (diluted 20 times), sonicated for
30min. Then, the beaker was placed in a water bath heated to 60 oC
in advance, and stirred at 60 oC for 30 min. Acidification was com-
pleted. It was washed three times with water and dried in an oven
at 60 oC for 12h. If no special explanation is given, the Ag@C nano-
capsules are hereafter referred to as acidified Ag@C nanocapsules.
3. Antimicrobial Activity

The assessment of antibacterial activity of Ag@C nanocapsules
against Gram-negative Bacterium Escherichia coli, was performed.
E. coli culture was prepared using standard method and discussed
in earlier reports [52]. Samples of 180µL different concentration
Ag@C nanocapsules were mixed with 20µL of phosphate buffer
saline (PBS) solution of E. coli bacterial suspensions (~107 CFU/mL),
and then the blend solutions were shaken for different time. Finally,
the bacterial suspension was diluted and cultured on agar plate to
count the live bacteria cells. The inoculated agar plates were allowed
to dry for 5 min, and then the sample without Ag@C nanocapsules

was used as control. The agar plates were then incubated at 37 oC
for 18 h.
4. Characterization
4-1. Scanning Electron Microscope (SEM)

The morphology of the Ag@C nanocapsules was examined using
a JSM-7800F Thermal field emission SEM (JEOL, Akishima-shi,
Japan). The Ag@C nanocapsules were suspended in deionized water
and then subjected to sonication using a Scientz ultrasonic cell dis-
ruptor (model IID, Scientz, Zhejiang, China) at an energy output
of 80% amplitude for 60 min, five microliters of the suspensions
were directly dropped on the Si substrate. The samples were dried
overnight and then sputtered with platinum.
4-2. Transmission Electron Microscope (TEM)

The morphology and microstructure characterization of prod-
ucts were performed by an HRTEM (Tecnai G2 F30 S-TWIN, FEI,
Hillsboro, Oregon State, USA) with a double tilt holder operating
at emission voltages of 200 kV.
4-3. X-ray Diffraction (XRD)

The crystal structure and phase of the Ag@C nanocapsules were
carried out on an X-ray diffraction (Rigaku, Japan), at a scanning
speed of 6.0o min−1 in the 2θ range from 10 to 80o (operated at 40
kV and 200 mA, Cu Kα source).
4-4. Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES)

The Ag release of the samples was measured using ICP-OES
(ICP-5000, FPI, China) by based on a standard curve obtained at
the same condition.
4-5. Cell Morphological Change

SEM, and TEM were used to observe the morphological changes
of the tested bacteria treated with Ag@C nanocapsules, and observe
the interaction between bacteria and the Ag@C nanocapsules.
5. Cytotoxicity Test

Human hepatocellular liver carcinoma cells (HepG2) were grown
(at 37 oC in a 5% CO2 atmosphere) in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco, USA). Cells were incubated for 24h after expo-
sure to AgNPs (around 100 nm) and Ag@C nanocapsules with
different concentration (0, 10, 20, 40, 60, 120µg/mL) in 96-well plates
for the cell viability assay. The cell adhesive status was recorded
using a microscope and the cell proliferative ability was evaluated
using the Cell Counting Kit-8 (CCK-8; Beyotime Institute of Bio-
technology, Haimen, China). 100µL of the CCK-8 solution was
added to each well, and the cells were incubated at 37 oC for 4 h.
Absorbance was determined at 450 nm using a microplate spectro-
photometer (BioTek, Winooski, VT, USA). Six parallel replicates
were read for each sample.

RESULTS AND DISCUSSION

The Ag@C nanocapsules were prepared by evaporating pure Ag
ingot to form the Ag nanoparticles and using pure ethanol served
as the carbon shell with the modified arc-discharge technique, as
shown in Schematic 1.

The Ag@C nanocapsules synthesized present nearly spherical
morphology with smooth surface and broad particle size distribu-
tion 462 nm±240 nm (PdI=0.295) as shown in Fig. 1(a) and 1(b).
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The AgNPs and coating layers were characterized by TEM, and
the coating layers were determined to be graphite sheets tightly
packed and ordered arranged to form an onion-like structure around
the AgNPs (Fig. 1(c)). The silver core and carbon shell were observed
clearly and the fringe spacing (0.235 nm) in the HRTEM image of
Ag@C nanocapsules in the inset of Fig. 1(c) agreed with Ag (111)
lattice plane reported in the JCPDS (No. 65-2871). The XRD of the
Ag@C nanocapsules and the characterized diffraction peaks for cor-
responding crystalline planes are shown in Fig. 1(d). The major dif-
fraction peaks at 38.11o, 44.28o, 64.43o, and 77.47o could be assigned
to the (111), (200), (220) and (311) planes of the cubic Ag phase

(JCPDS No. 65-2871), and no silver oxide peaks were observed,
which can prove the existence of the single phase silver in the Ag@C
nanocapsules. Indexed with carbon, the characteristic peak of C
(001) was 22.34o which has relatively weak intensity in as-synthe-
sized composites. We suggest that the content of AgNPs was rela-
tively higher, leading to the diffraction signals of the carbon sheets
probably being covered up by AgNPs. The breaking down of transla-
tional symmetry of the graphite in shell could also cause the weak
peaks of the carbon sheets. Furthermore, no peaks corresponding
to impurities were detected, and therefore, the graphite layers of
Ag@C nanocapsules had almost no defects and no Ag crystals leaked
out.

To improve the release efficiency of Ag+ from protected AgNPs
and increase the bactericidal activity, Ag@C nanocapsules were
acidized with HNO3. As shown in Fig. 2, after the acidification, the
particle size decreased to be approximately 450nm. Simultaneously,
the surface of the Ag@C nanocapsules gradually became rough
(Fig. 2(b)), and the thickness of graphite layers of nanocapsules de-
creased compared to the ones without the acidification (Fig. 1(c)
and Fig. 2(b)), which indicated that the shell layer was disrupted
by the acidification treatment. The increased percentage loading of
Ag in EDX spectrum of the acidified Ag@C nanocapsules further
verified that parts of AgNPs were exposed from the Ag@C nano-
capsules (not show). In addition, local graphite layers were broken
and the bare sliver was observed to expose as marked with red cir-
cles in Fig. 2(c); this method could avoid AgNPs direct contact
with the cells and simultaneously could release silver ions. It sug-
gests the release of Ag+ could be accelerated from the AgNPs, and

Schematic 1. Schematic representation of preparation of Ag@C nano-
capsules through modified arc-discharge technique.

Fig. 1. Morphological characterization of Ag@C nanocapsules. (a) SEM image, (b) particle size distribution, (c) HRTEM image and (d) XRD
spectra of the pristine Ag@C nanocapsules.
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Fig. 2. SEM and TEM images of the Ag@C nanocapsules that were acidified with HNO3. (a, b) SEM and (c) HRTEM images of acidified
Ag@C nanocapsules (CHNO3≈0.8 mol/L); (d) SEM image of acidified Ag@C nanocapsules (CHNO3≈1.6 mol/L).

Fig. 3. Antibacterial activity of Ag@C nanocapsules against E. coli. (a) the viability of different concentrations of Ag@C nanocapsules against
E. coli. (b) Inhibition of colonies after Ag@C nanocapsules (30μg/mL, 40μg/mL and 50μg/mL) treated with different time (10 min,
60 min, 180 min).
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the bactericidal efficiency could be enhanced. The acidification time
and the concentration of HNO3 could affect the morphology of
Ag@C nanocapsules. With the increment of acidification time, the
graphite layers could be destroyed and cause internal silver leak-
age (Fig. 2(c)). When excessive acidification is utilized, the graphite
layers can be destroyed completely and make the AgNPs leak out
completely, which has been proved by the long-time acidification
or under the treatment of high concentration of HNO3 (Fig. 2(d)).

To further evaluate the antibacterial activity of Ag@C nanocap-
sules, the acidified Ag@C nanocapsules with different concentrations
(1, 5, 10, 25, 30, 40, 50, 100, 300 and 500µg/mL, respectively) and
Ag@C nanocapsules without acidification (1µg/mL, 100µg/mL)
were prepared to test the viability of gram-negative E. coli as model
bacteria. The present study was performed using colony count
method. As shown in Fig. 3(a), the antibacterial activity of the Ag@C
nanocapsules with and without the acidification was tested against
the E. coli at the same concentration (1µg/mL, 100µg/mL), and it
was found that the Ag@C nanocapsules without acidification were
almost inefficient in killing E. coli, although incubated 60min under
shaking condition and followed by spread plating for 18 h. The
bacterial viability was still 93% for 1µg/mL and 85% for 100µg/mL,
and it was probably due to the onion-like structure of Ag@C nano-
capsules, and the Ag+ ions were difficult to diffuse through the thicker
graphite layers. The 58% viability of E. coil is acquired for the acid-
ified Ag@C nanocapsules with the concentration of 500µg/mL after
the 10 min incubation with E. coli. At the same concentration, the
viability of bacteria decreased obviously with the increment of incu-

bation time (10 min, 60 min and 180 min). In the concentration
range of Ag@C nanocapsules we tested, the bacterial killing rate
was low at the initial stage, and it could almost kill the bacteria in
3 hours. The bacteria cannot be killed completely at low concen-
tration of Ag@C (below 25µg/mL). We further tested the antimi-
crobial activity of Ag@C, and found that Ag@C with the concen-
tration of 50µg/mL could kill the bacteria completely after 3h incu-
bation (Fig. 3(b)). Generally, we proposed a strategy of AgNPs con-
struction to optimize the antimicrobial activity and increase the
biocompatibility of AgNPs.

The size and the specific surface area do affect the antibacterial
activity of AgNPs [53]. The previous study showed that silver ion
(Ag+) [54,55] and Ag0 both make a contribution to the bactericidal
activity. To improve the antimicrobial activity of AgNPs to bacte-
ria, facilitating the releasing silver ions from AgNPs is an efficient
way [56], and enhancing the interaction of AgNPs to the bacterial
cell is also considered as a good option, such as electrostatic inter-
action between the positive charged AgNPs and negative charged
bacterial cells [57,58]. We compared the antimicrobial activity of
Ag@C nanocapsules with reported AgNPs of the literature [47,59],
Sondi et al. prepared the AgNPs with particle size of 12.3±4.2 nm,
and studied the antimicrobial activity of AgNPs against the E. coli
through approximately 105 CFU of E. coli were cultured on LB agar
plates supplemented with AgNPs in concentrations of 10-100µg/
mL. The results showed that the AgNPs at a concentration of 10
µg/mL could inhibit bacterial growth by 70%, and the concentra-
tion of 50-60µg/mL caused 100% inhibition of bacterial growth.

Fig. 4. SEM and TEM images of E. coli. incubated with Ag@C nanocapsules (50μg/mL). (a) pristine E. coli; (b), (c) The blend solutions of
Ag@C nanocapsules and E. coli; (d) Ag+ concentration of Ag@C nanocapsules solutions before and after addition of E. coli.
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The number of bacterial colonies grown on LB plates with more
than 5µg/mL of Ag@C nanocapsules treated with 180 min could
inhibit bacterial growth by 80%. Although the method was slightly
different, the antimicrobial activity of Ag@C nanocapsules and
AgNPs was almost the same. In addition, it was reported that the
cytotoxicity of AgNPs has been reported to be a dose-, size- and
time-dependent manner [60], the larger Ag@C nanocapsules could
reduce endocytosis to reduce cytotoxicity and also show good anti-
microbial activity.

Although AgNPs have remarkable antimicrobial properties, how-
ever, the bactericidal mechanisms of AgNPs remain unclear. There
is an ongoing debate over whether AgNPs or Ag+ exert a cytotoxic
effect on microorganisms [61,62]. In this work, carbon surface of
Ag@C nanocapsules was modified by nitric acid to introduce car-
bonyl and carboxylic groups [63,64]. As shown in Fig. 4(b)-4(c),
the acidified Ag@C dispersed well on the surface of the bacteria,
and the carboxyl or carbonyl on the graphite layer of AgNPs could
bind to the surface of bacteria. Meanwhile, the acidification of Ag@C
nanocapsules could oxidize the graphite layer of AgNPs as well as
the AgNPs, which facilitates silver ions released from the surface
of AgNPs, and further disturbs various metabolic pathways, inhib-
its bacterial reproduction and finally causes bacterial death. The
literature reported that the electrostatic attraction between the neg-
atively charged cell wall of E. coli and positively charged silver ions
is key to bactericidal activity [19]. Due to the coating of graphite
layers, the AgNPs were oxidized slowly, and released silver ions for
a long-term. The concentration of Ag+ ions increased obviously with
the increment of time, after the addition of E. coli in Fig. 4(d), which
led to the increased contact-active antibacterial activity. The long-
term antimicrobial activity of Ag@C was proved in Fig. 4(d) from
0 h to 72 h, because more silver ions released from Ag@C nano-
capsules, compared to the silver concentration without the bacte-
ria. Therefore, we could finally speculate that Ag@C nanocapsules
were distributed around bacteria through the interaction between
the bacteria and acidified graphite layer of Ag@C nanocapsules,
and a similar mechanism causes the degradation of the membrane
structure of E. coli during the treatment with AgNPs [65].

The toxicity of Ag@C nanocapsules and pure AgNPs was eval-
uated in HepG2 cell, with the objective to compare the difference
of cytotoxicity between Ag@C nanocapsules and AgNPs (Fig. 5).
HepG2 cell line maintains many specialized functions of normal
liver parenchymal cells, which represent the possible influence when
AgNPs or Ag@C nanocapsules enter the blood system. The results
of CCK-8 assays showed a dose-dependent decrease in viability
percentage of HepG2 cell after 24 h exposure to Ag@C nanocap-
sules and AgNPs. Similarly, there is much debate in the literature
on whether AgNPs or silver ions exert toxic effects in mammalian
cells. However, Ag@C nanocapsules have shown higher cell viability
than pure AgNPs at each concentration, and AgNPs were encap-
sulated into carbon shell to prevent them direct contacting with
the human cell. It indicated that this method could reduce the tox-
icity of Ag@C nanocapsules to some extent and also show the anti-
microbial activity. As shown in Fig. 5(b), conventional AgNPs will
be swallowed by cells and enter the cell interior, excessive silver
nanoparticles and silver ions will produce cytotoxicity. While Ag@C
nanocapsules will hardly be swallowed by cells. Moreover, the car-
bon layer will prevent the direct contact between silver nanoparti-
cles and cells, and reduce cell phagocytosis and cytotoxicity.

CONCLUSION

We prepared Ag@C nanocapsules by the modified arc-discharge
technique and the surface acidification to control the release of
Ag+ in the Ag@C nanocapsules and increase the solubility of nano-
materials. Ag@C nanocapsules presented a good and sustained
antimicrobial activity against E. coli as a model of Gram-negative
bacteria, due to the long-term release of sliver ions from Ag@C
nanocapsules. This work may make possible advances in the for-
mulation of new type of antimicrobial materials and can be applied
in bioscience and biomedicine.
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NOMENCLATURE

Symbols
C : concentration
oC : degree centigrade
h : hour
mg : milligram
µg : microgramme
mL : milliliter
mmoL: millimole
moL : moore

Abbreviations
Ag@C nanocapsules : carbon-encapsulated metallic sliver nanocap-

sules
AgNPs : Ag nanoparticles
SEM : scanning electron microscopy
HRTEM : high resolution transmission electron microscope
XRD : X-ray diffraction
ICP-OES : inductively coupled plasma optical emission spectrometer
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