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Abstract Dental caries is a widespread disease mainly
caused by the anaerobic oral pathogen Streptococcus
mutans (S. mutans). Ag/ZnO nanocomposite is an efficient
antibacterial agent because of its high antibacterial activity
and low cytotoxicity. In this study, rod-like Ag/ZnO
nanocomposite was synthesized through a deposition-
precipitation method and characterized by X-ray diffrac-
tion, scanning electron microscopy and transmission elec-
tron microscopy. The activity of Ag/ZnO nanocomposite
against S. mutans was evaluated by determining the mini-
mal inhibitory concentration, minimum bactericidal con-
centration and growth inhibition curve. The results showed
that Ag/ZnO nanocomposite displayed higher activity
against S. mutans compared with pure ZnO nanorods.
Moreover, the antibacterial mechanism was investigated by
determining the bacterial membrane potential, release of K*,
intracellular reactive oxygen generation and lipid perox-
idation. Disruption of membrane function and oxidation of
biomacromolecules played important role in the anti-
bacterial action of Ag/ZnO nanocomposite. This work
proposes a potentially effective dental antibacterial agent
against the dental caries-causing S. mutans.
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1 Introduction

Dental caries is a progressive, destructive, and infectious
disease that is highly prevalent in industrialized countries,
and its morbidity increases among school-aged children
[1, 2]. A survey conducted from 1987 to 2013 in mainland
China indicated that the prevalence of early childhood
caries reached 63.5% in rural areas and 59.5% in urban
areas [3]. Anaerobic oral microorganisms mainly cause
dental caries because they can produce acids through
glycometabolism and these acids demineralize the tooth
enamel and finally resulting in the onset of the
disease [4]. Streptococcus mutans (S. mutans) is the most
potent cariogenic bacteria and is closely implicated in every
type of dental caries [5, 6]. Effective control of
S. mutans is critical in the prevention and treatment of oral
diseases.

Recent studies have indicated that nanotechnology can
provide novel strategies in prevention and treatment of
dental caries, especially in the control of oral pathogenic
bacteria [7]. Zinc oxide (ZnO) has been widely used in
clinics as dental materials, such as endodontic sealers and
fixed restoration cement, because of its high biocompat-
ibility and ability to sterilize [8], which is already recog-
nized by the U.S. Food and Drug Administration
[(21CFR182.8991) (FDA, 2011)] [9]. Nano-sized ZnO can
be incorporated into dental composites to improve the
antibacterial capacity of these dental materials [10, 11].

However, the antibacterial activity of ZnO nanoparticles
(NPs) is limited, in which ZnO NPs exert effects against
S. mutans only at high concentrations [12]. When large
amounts of ZnO NPs are incorporated into dental compo-
sites, the physical and mechanical properties of the com-
posites may change. Similar to ZnO NPs, Ag NPs show
antibacterial effects against several types of bacteria,
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including S. mutans [13—16]. Furthermore, Ag NPs have
been incorporated into dental materials to combat cario-
genic bacteria, and they display a considerably higher
antibacterial activity than ZnO NPs [17]. However, a
number of evidence has proven the cytotoxicity and gen-
otoxicity of Ag NPs to human cells [18, 19]. In using Ag
safely, the amount of Ag NPs can be effectively reduced
by supporting them on ZnO without jeopardizing their
functionality. In addition, Ag/ZnO nanocomposite can
synergistically inhibit the bacteria due to the interaction
between Ag and ZnO [20-23]. The antibacterial activity of
Ag/ZnO nanocomposite against Gram-positive (Staphylo-
coccus aureus and Bacillus subtilis) and Gram-negative
bacteria (Escherichia coli) has been demonstrated [20, 23].
However, the efficacy of Ag/ZnO nanocomposite against
oral pathogens, most of which are anaerobic and faculta-
tive anaerobic bacteria, has not yet been reported. For this
reason, this study evaluated the antibacterial activities of
Ag/ZnO nanocomposite against S. mutans and compared
these activities with those of ZnO NPs. The disruption of
membrane function and generation of intracellular reactive
oxygen and lipid peroxidation induced by Ag/ZnO nano-
composite were measured using different assays to
investigate the antibacterial mechanism of this
nanocomposite.

2 Materials and methods
2.1 Materials

Zinc acetate dehydrate (Zn(CH3COO),-2H,0O) was pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
(China). Sodium hydroxide (NaOH), silver nitrate (AgNO3)
and thiobarbituric acid (TBA) were purchased from Aladdin
(China). 3, 3’-dipropylthiacarbocyanine iodide (DiSC55)
and 2, 7-dichlorofluorescein diacetate (DCFH-DA) were
purchased from Sigma-Aldrich (USA). Trichloroacetic acid
(TCA) was purchased from Tianjin Kemiou Chemical
Reagent Co., Ltd.

The bacteria strains of S. mutans (Ing.bitt) was obtained
from School of Stomatology, Wuhan University and grown
aerobically at 37 °C in brain heart infusion (BHI) medium
(Oxoid, England).

2.2 Preparation of Ag/ZnO nanocomposite

ZnO nanorods were prepared via a solvothermal method
[24]. Typically, 1 mmol Zn(CH5COO),-2H,0 and 10 mmol
NaOH were dissolved in 30 mL absolute ethyl alcohol, then
the mixture was transferred to a Teflon liner stainless steel
autoclave to perform a solvothermal process at 150 °C for
24 h. After cooling down to room temperature, the product
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was collected by centrifugation and washed with deionized
water and alcohol for five times, then dried in a oven at
60 °C overnight to obtain ZnO nanorods.

The deposition-precipitation method was used to prepare
Ag/ZnO nanocomposite. Typically, 0.1 g of as-prepared
ZnO was dispersed in 12.5mL of AgNO; solution (10
mmol/L) under sonication. Then the mixture was heated to
80 °C, followed by adjusting pH to 8 using NaOH solution,
and continued to stir at 80 °C for 4h in the dark. After
cooling down to room temperature, the product was col-
lected by centrifugation and washed with deionized water
for three times, then dried in a desiccator at room tem-
perature to obtain Ag/ZnO nanocomposite with 10% Ag
molar content.

X-ray diffraction (XRD) measurement was carried on
Bruker axs D8 Discover (Cu K, =1.5406 A). Morphology
and size of the products were characterized by scanning
electron microscope (SEM, Hitachi S4800, operating at 5
eV) and transmission electron microscope (TEM, Philips
Tecnai 20, operating at an accelerating voltage of 200 kV).
Inductively coupled plasma-atomic emission spectrometry
(ICP-AES, IRIS Intrepid IIXSP, Perkin Elmer) was used to
determine the composite of Ag/ZnO nanocomposite. The
zeta potential of synthesized sample was measured by
Malvern laser particle size analyzer (Nano ZS90).

2.3 Antibacterial activity test

Inhibitory efficacy of ZnO and Ag/ZnO nanomaterials
against S. mutans was evaluated by determining the values
of minimal inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) as well as growth inhi-
bition curve. Briefly, aliquots of 50 uL of 10° CFU/mL
bacteria suspension were mixed with 50 pL of serially
diluted ZnO or Ag/ZnO nanomaterials in 96-well plate and
the mixture was incubated at 37 °C for 24 h under micro-
aerobic conditions. The lowest concentration of the nano-
materials that resulted in no visible turbidity was considered
as the MIC [25]. Further spreading 10 pL of the culture
from the well which seemed clarity on BHI agar plate and
incubated at 37 °C for 24 h, then the number of the colonies
were counted. The MBC value is defined as the con-
centration of the antibacterial agent that causes more than
99.9% bacterial population killed [26].

The inhibition on growth cure was determined by
mixing 50 pL of 10° CFU/mL bacteria suspension with 50
pL of 512 pg/mL ZnO or Ag/ZnO nanomaterials and
incubated at 37 °C for 24 h. The optical density (OD)
values at 600 nm was recorded by a microplate reader (RT-
6000, Rayto) every 2h. A blank without nanomaterials
were served as control. All experiments were repeated
three times.
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2.4 Observation of the bacterial morphology

The mixture of 2 mL of 256 pg/mL nanomaterials with 2
mL of 10° CFU/mL S. mutans was incubated at 37 °C for 8
h, then centrifuged and washed the precipitate with PBS
buffer. After fixing with 2.5% glutaraldehyde at 4 °C for 2
h, the samples were dehydrated with a grade ethanol solu-
tions. Cells were gold sprayed and imaged by a field-
emission scanning electron microscopy (FE-SEM, Quanta
450 FEG) at an extra high tension of 5.0kV. Culture
without nanomaterial served as control.

2.5 Membrane potential assay

Membrane potential assay was performed according to the
established procedure using the membrane potential probe
DiSC35 [27]. Firstly, the 10’ CFU/mL bacteria suspension
was incubated with 0.4 pmol/L. of DiSC35 for 1h. Then
immediately ion-equilibrated with 4 mol/L KCI for 1h.
After that, 256 pg/mL nanomaterials were added into the
above bacteria suspension and incubated at 37 °C for 1 h,
then the fluorescence was monitored with excitation at 622
nm and emission at 670 nm by a spectrofluorophotometer
(Hitachi F4600).

2.6 Leakage of K*

S. mutans cells were suspended in 2.5 mmol/L HEPES
buffer (pH 7.0) containing 10 mmol/L glucose to the con-
centration of 10 CFU/mL. After 1 h treatment with 256 pg/
mL of ZnO or Ag/ZnO nanomaterials, the mixture was
centrifuged and the supernatant was collected, then the
concentration of K* was determined by inductively coupled
plasma-mass spectrometry (ICP-MS, PerkinElmer NexION
300X) [28].

2.7 Intracellular reactive oxygen species (ROS)

Intracellular ROS was monitored with an oxidation-
sensitive fluorescent probe DCFH-DA. After incubation of
S. mutans (10° CFU/mL) with 512 pg/mL ZnO or Ag/ZnO
nanomaterials at 37 °C for 5h, cells suspension was incu-
bated with 100 pmol/L DCFH-DA at 37 °C for 1 h. Then
the bacteria cells were pelleted by centrifugation and
washed two times with PBS. The fluorescence intensity was
measured by a fluorescence spectrophotometer at excitation
and emission of 450 and 535 nm, respectively.

2.8 Lipid peroxidation
To determine the effect of ZnO and Ag/ZnO nanomaterials

on lipid peroxidation of bacteria, 512 pg/mL. ZnO or Ag/
ZnO nanomaterials was mixed with equal value S. mutans

(10® CFU/mL) and incubated at 37 °C overnight, then added
equal value 10% ice-cold TCA and further incubated for 20
min. The mixture was centrifuged at 1000 rpm for 10 min,
then 1 mL of 0.6% TBA was added to 1 mL of supernatant
and boiled for 2h. The sample was cooled to room tem-
perature, and the absorbance at 535 nm was determined by
UV/visible spectrophotometer (UV 4500, Perkin Elmer).

3 Results
3.1 Morphology and structure of Ag/ZnO sample

The as-prepared products characterized by powder XRD are
shown in Fig. la. All diffraction peaks of the as-prepared
ZnO could be perfectly indexed to the hexagonal wurtzite
phase of ZnO (JCPDS 36-1451) with no impurity diffrac-
tion peaks detected, indicating the high purity of ZnO
products. In additional to ZnO diffraction peaks, there are
some peaks observed in the XRD patterns of the Ag/ZnO
products at 20=38.1°, 44.3°, and 64.4°, which are corre-
sponding to the pattern of Ag (JCPDS 04-0783), demon-
strating the production of Ag/ZnO. The morphology and
structure of the as prepared ZnO and Ag/ZnO were char-
acterized by SEM and TEM. As shown in Fig. 1b, c, both of
the products exhibits rod-like morphology with length of
300~500 nm and width of 10~20 nm. The TEM image in
Fig. 1d illustrates the successful dispersion of 15nm Ag
nanoparticles on ZnO surface. The chemical composition of
Ag/ZnO nanocomposite was also analyzed by ICP-AES and
the molar percentages of Ag element in Ag/ZnO is 7.04%.
The zeta potential of ZnO and Ag/ZnO nanomaterials are
25.29 and 14.0 mV, respectively.

3.2 Antibacterial activity of Ag/ZnO nanocomposite

The antimicrobial activity of Ag/ZnO nanocomposite
against oral anaerobic pathogenic S. mutans assessed by
determining the values of MIC and MBC is shown in
Table 1. It is seen that the MIC and MBC of the Ag/ZnO
nanocomposite are obviously lower than that of ZnO
nanorods, which demonstrates the higher antibacterial
activity of Ag/ZnO nanocomposite.

The inhibitory effect of Ag/ZnO nanocomposite on S.
mutans growth is shown in Fig. 2. It is observed that both
ZnO and Ag/ZnO nanomaterials obviously delayed the
progress of bacteria to logarithmic growth and cut down the
number of bacteria. At the concentration of 256 pg/mL,
Ag/ZnO nanocomposite inhibited 91% of bacteria growth
after 24h of incubation. However, ZnO nanorods only
reduced 50% of bacteria growth. These results demonstrate
that the incorporation of Ag in ZnO nanorods can highly
increase the antibacterial activity of ZnO nanorods.
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Fig. 1 XRD patterns (a), SEM image of ZnO nanorods (b) and Ag/ZnO nanocomposite (c¢), and TEM image of Ag/ZnO nanocomposite (d)

Table 1 The MIC and MBC values of ZnO and Ag/ZnO
nanomaterials against S. mutans

Antimcrobials MIC (pg/mL) MBC (pg/mL)
ZnO 512 >1024
Ag/ZnO 256 512

3.3 Bacteria morphology observation

The morphology of S. mutans treated by ZnO or Ag/ZnO
nanomaterials was observed by FE-SEM and shown in
Fig. 3. Untreated S. mutans cells have a spherical-like
morphology and a relatively smooth surface (Fig. 3a). After
8h of treatment with 128 pg/mL of ZnO nanorods, the
bacteria cells collapsed and some intracellular content
released (Fig. 3b). However, the most damaged cells are
observed by Ag/ZnO nanocomposite treatment (Fig. 3c, d).
The membrane of S. mutans scattered and the sphere-like
morphology of bacteria cell became almost disorganized.
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Fig. 3 FE-SEM images of untreated S. mutans (a) and treated by ZnO nanorods (b) and Ag/ZnO nanocomposite (¢, d)
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Fig. 4 Effects of Ag/ZnO nanocomposite on S. mutans membrane properties. a Membrane potential probed with the DiSC35 dye; b Concentration
of potassium in culture medium

3.4 Effect of Ag/ZnO nanocomposite on membrane disruption of the membrane can cause the membrane
properties of S. mutans depolarization [28]. In order to determine whether Ag/ZnO
nanocomposite affected the membrane function of

The bacterial cell membrane serves as a barrier between  S. mutans, the effect of Ag/ZnO nanocomposite at MIC on
cytoplasm and extracellular medium. It is known that the  the cytoplasmic membrane potential of S. mutans was
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Fig. 5 Intracellular ROS generation after ZnO and Ag/ZnO nanoma-
terials treatment

examined using fluorescence probe DiSC;5 [29]. The
fluorescent probe DiSC;35 will accumulate inside bacterial
cells, unless the cytoplasmic membrane is permeabilized
and caused a measurable increase in fluorescence level [30].
As shown in Fig. 4a the addition of Ag/ZnO nanocomposite
resulted in a highly increased of fluorescence, indicative of
a dissipation of the membrane potential. The addition of
ZnO nanorods at the same concentration caused small
increase in fluorescence, which demonstrated the lower
destructive effect of ZnO nanorods on the membrane of S.
mutans cells.

To further verify the change of the permeability of S.
mutans cell membrane, we examined the effects of Ag/ZnO
nanocomposite on the release K* ions from cells. As shown
in Fig. 4b, after 1 h of incubation, both ZnO and Ag/ZnO
nanomaterials added at 256 pg/mL resulted in an obvious
increase of K* ions concentration in culture medium, indi-
cative of a disruption of the membrane. Furthermore, Ag/
ZnO nanocomposite caused higher K ions release than
ZnO nanorods.

3.5 Intracellullar ROS generation

In order to investigate if ROS is associated with the anti-
bacterial action of Ag/ZnO, the intracellular ROS genera-
tion after ZnO and Ag/ZnO treatment was determined by
DCFH-DA fluorescent probe and shown in Fig. 5. DCFH-
DA, an oxidation-sensitive fluorescent probe, can confirm
the intracellular ROS. It can cross the cell membrane into
the cell and hydrolyzes by intracellular esterase to non-
fluorescent DCFH. In the presence of ROS, DCFH is oxi-
dized to highly fluorescent dichlorofluorescein (DCF) [31].
It is seen that the fluorescence intensity for Ag/ZnO nano-
composite treated cells is about 4.5-fold increase compared
to untreated control, while pure ZnO nanorods with the
same concentration caused about 3.4-fold increase. These
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Fig. 6 Lipid peroxidation in S. mutans after ZnO and Ag/ZnO
treatment

results indicated that more intracellular ROS was generated
after ZnO and Ag/ZnO nanomaterials treatment and Ag/
ZnO possessed most ROS generation.

3.6 ROS-mediated lipid peroxidation injury

In order to confirm ROS-related oxidative injury, lipid
peroxidation of bacteria was detected by assaying for mal-
ondialdehyde (MDA) and shown in Fig. 6. It is seen that the
addition of Ag/ZnO nanocomposite significantly increased
the concentration of MDA in S. mutans, indicative of the
oxidative injury caused by Ag/ZnO nanocomposite. It is
also seen that Ag/ZnO nanocomposite caused more oxida-
tive injury than ZnO nanorods at the same concentration.

4 Discussion

Dental caries is one of the most common infectious diseases
in humans. If untreated, dental caries will generate carious
cavity and further destroy the dental crown. Although oral
micro-ecosystem consists of more than one hundred known
bacteria, S. mutans remains to be the primary pathogenic
microorganism in caries [5]. Despite continuous efforts in
the pharmaceutical industry to develop effective anti-
bacterial agents, increasing resistance of microorganisms to
common antibiotics has become an important concern [32].
Searching for new broad-spectrum drugs to fight anti-
microbial resistance is urgently needed. Studies have shown
that Ag and ZnO nanomaterials exhibit a broad-spectrum
antimicrobial activity against bacteria [33, 34]. However,
Ag nanoparticles are not suitable for long-term storage and
high dosage of which is considerably toxic to humans [19,
35]. Although ZnO NPs are not as toxic as Ag NPs, their
antibacterial activity is comparatively lower [19]. To
address these problems, we incorporated Ag NPs into ZnO
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nanorods to form Ag/ZnO nanocomposite by using the
deposition-precipitation method (Fig. 1). Ag/ZnO nano-
composite showed higher antibacterial activity than ZnO
nanorods (Table 1) and obviously delayed the growth of S.
mutans (Fig. 2) with much lower Ag molar ratio (7.04%).

For aerobic microorganisms, disruption of membrane
function and ROS-related oxidative injury are commonly
associated with the antibacterial action of inorganic nano-
materials [21, 23]; however, the antibacterial mechanisms
of Ag/ZnO against anaerobic S. mutans have not yet been
explored. We first intensively analyzed the bacterial mor-
phology after Ag/ZnO nanocomposite treatment by using
FE-SEM (Fig. 3). Ag/ZnO nanocomposite induced more
severe physical damage in bacteria than ZnO nanorods.
Compared with some of the reported ZnO and Ag/ZnO
nanomaterials [36, 37], our ZnO and Ag/ZnO nanomaterials
both showed positive zeta potential, which is beneficial for
the nanomaterials to approach bacterial cells and adsorb to
electronegative cell surface.

Che et al. [37] reported that nano-Ag destabilizes the
outer membrane and disrupts the plasma membrane poten-
tial of the aerobic bacteria E.coli. We observed similar
result, wherein Ag/ZnO nanocomposite disrupted the
membrane potential of anaerobic S. mutans (Fig. 4a). Dis-
ruption of the bacterial membrane function by Ag/ZnO
nanocomposite was further confirmed by the release of K*
from the cytoplasm. A high intracellular concentration of
K* mediated by inward flux largely maintains the mem-
brane potential of bacteria [29]; therefore, the release of
large amounts of K from the cytoplasm reflects the col-
lapse of membrane function caused by Ag/ZnO nano-
composite (Fig. 4b). We deduced based on these results that
the disrupted membrane function probably led to the death
of S. mutans, consistent with the mechanisms of some
inorganic nano-antibacterial agents (e.g., Ag and AuPt)
against aerobic bacteria [38].

Studies have reported that intracellular ROS production
is highly associated with the antibacterial effect of nano-
particles [23, 39]. Hui et al. [39] found that H,O, produc-
tion in ZnO suspension is responsible for the antibacterial
effect of ZnO against E. coli. Moreover, Zhang et al. [23]
reported that Ag/ZnO heterostructure nanoparticles can
induce increased cellular ROS generation in S. aureus and
E. coli. However, whether ROS production contributes to
the antibacterial activity of Ag/ZnO nanoparticles against S.
mutans remains unknown. This study used DCFH-DA as a
visual indicator to determine the presence of ROS in a
bacteria cell. Our results confirmed that Ag/ZnO nano-
composite could increase intracellular ROS generation
(Fig. 5). Lipid peroxidation is a signature of ROS damage in
bacteria and can be detected by assaying malondialdehyde
(MDA), an oxidized product of polyunsaturated fatty acid
[36]. S. mutans exposed to Ag/ZnO nanocomposite showed

increased MDA concentration (Fig. 6), indicating a con-
siderable oxidative damage in cells caused by Ag/ZnO. Our
results confirmed that intracellular ROS generation played
an important role in antibacterial action of Ag/ZnO nano-
composite against anaerobic S. mutans.

5 Conclusion

Ag/ZnO nanocomposite was successfully synthesized using
the deposition-precipitation method. Compared with ZnO
nanorods, Ag/ZnO nanocomposite showed enhanced anti-
bacterial activity against the oral anaerobic pathogenic S.
mutans. The antibacterial mechanism involves the direct
destruction of cell structure and membrane function, as well
as the generation of ROS to oxidize biomacromolecules.
The results demonstrate the potential application of the
prepared Ag/ZnO nanocomposite in dentistry.
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