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ABSTRACT: Silver as an extensively used antibacterial agent
also poses potential threats to the environment and human
health. Hence, in this work, we design a fluorescent nanoprobe
by using rhodamine B isothiocyanate (RhoBS) adsorbed MoS2
nanosheets to realize sensitive and selective detection of Ag+.
On the surface of RhoBS-loaded MoS2 nanosheets, Ag

+ can be
reduced to Ag nanoparticles, which afterward could not only
lead to the detachment of RhoBS molecules and thus their
recovered fluorescence but also the surface-enhanced
fluorescence from RhoBS remaining adsorbed on MoS2.
Such an interesting mechanism allows highly sensitive detection of Ag+ (down to 10 nM) with great selectivity among other
metal ions. Moreover, we further demonstrate that our MoS2−RhoBS complex could act as a nontoxic nanoprobe to detect Ag+

in live bacteria samples. Our work resulted from an unexpected finding and suggests the promise of two-dimensional transition-
metal sulfide nanosheets as a novel platform for chemical and biological sensing.
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■ INTRODUCTION

Silver ions (Ag+) are able to induce significant toxic effects to
algae, fungi, bacteria, and viruses. Ag-based agents have thus
been widely used as antibiotics in a vast range of situations.1−4

However, silver is regarded as a hazardous heavy metal, which
can adversely affect the environment, especially water
resources.5,6 In addition, Ag+ at high concentrations could
pose risks to human health such as brain damage and disruption
of the immune system.7 Therefore, it is important to develop
valid approaches for sensitive and selective determination of
trace amounts of Ag+ in both aqueous solutions and
organisms.8

Compared with small organic molecule probes, oligonucleo-
tide and polymer based probes, nanomaterials-based biosensors
have been widely applied for the detection of nucleic acids,
proteins, and metal ions because of their advantages in high
specific surface area, nanometer-size effect, surface functionality,
as well as intrinsic optical, electronic, and catalytic proper-
ties.9−18 Recently, transition-metal dichalcogenides (TMDCs,
e.g., MoS2, WS2, etc.), which are two-dimensional (2D)-layered
materials analogous to graphene, have attracted extensive
attention on account of their unique physical and chemical
properties.19−30 In 2013, Zhang and co-workers for the first
time used MoS2 nanosheets to construct a biosensing platform
for DNA detection.31 Later on, a number of other groups have
explored the use of TMDCs for applications in detection of
various biological molecules.32−38 On the other hand, our
group together with several other teams have uncovered that

TMDCs with ultralarge surface area could act as a novel class of
drug delivery systems promising in cancer imaging and
therapy.25,26,39 However, the application of TMDCs in the
detection of heavy-metal ions in the solution phase has not yet
been demonstrated to the best of our knowledge.
Herein, we designed a simple and homogeneous assay for

Ag+ detection both in aqueous solutions and living Escherichia
coli cells by using a MoS2-based fluorescent nanoprobe. The
proposed strategy of the assay in this work is illustrated in
Figure 1. Two-dimensional MoS2 nanosheets exhibit strong
optical absorbance and could act as excellent energy acceptors.
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Figure 1. Schematic illustration to show the detection of Ag+ ions
using RhoBS-adsorbed MoS2 nanosheets.
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RhoBS, a photostable fluorescent dye, could be adsorbed on the
surface of MoS2 nanosheets likely via both sulfur chemistry and
hydrophobic interaction,40 leading to the effective quenching of
its fluorescence via Förster resonance energy transfer (FRET).
Interestingly, it is found that Ag+ ions in the presence of MoS2
could be rapidly reduced into Ag nanoparticles attached on the
surface of MoS2 nanosheets. As a result, the fluorescence of the
MoS2−RhoBS sample could be obviously enhanced not only
because RhoBS molecules are partially replaced by AgNPs and
thus show recovered fluorescence but also because the “surface-
enhanced fluorescence” mechanism by which the fluorescence
of RhoBS molecules remained on MoS2 is enhanced.41−45

While being highly sensitive with a detection limit down to ∼10
nM of Ag+, such a MoS2−RhoBS probe also exhibits excellent
selectivity toward Ag+ without being interfered by other tested
metal ions. In situ detection of Ag+ in E. coli bacteria sample is
further demonstrated, highlighting the promise of our MoS2-
based sensing platform for monitoring the Ag+ level in living
organisms and investigating the antibiotic mechanism of Ag-
based agents.

■ EXPERIMENTAL SECTION
Materials. Rhodamine B isothiocyanate and Hg(ClO4)·

3H2O were purchased from Sigma-Aldrich, and AgNO3,
Al(NO3)3·3H2O, Ba(NO3)2, MnSO4·2H2O, CaCl2, Cd(SO4)3·
8H2O, CoCl2·6H2O, Cr(NO3)3·9H2O, Cu(NO3)·3H2O,
KNO3, MgSO4, Ni(NO3)·6H2O, Pb(NO3)2, and Zn(NO3)·
6H2O were obtained from Sinopharm Group Co. Ltd.
Synthesis of MoS2−RhoBS Nanosheets. MoS2 nano-

sheets were synthesized by a previous method.25,39 In a typical
procedure, 500 mg of MoS2 crystal was immersed in 0.5 mL of
1.6 M n-butyllithium solution in hexane for 48 h in a nitrogen
glovebox. After intercalation by lithium, the MoS2 sample was
filtered and rinsed repetitiously with hexane to remove any
other residuum. Intercalated MoS2 sample was ultrasonicated in
water for 1 h after being removed from the glovebox.
Subsequently, exfoliated MoS2 sample was obtained via
centrifugation at 3000 rpm which could remove unexfoliated
MoS2 and excess LiOH in the precipitates. MoS2 nanosheets
were then purified by dialysis against deionized water using
membranes with molecular weight cutoff (MWCO) of 14 kDa
for 2 days to completely remove any residual ions.
To prepare RhoBS-modified MoS2 nanosheets, 1 mL of

MoS2 nanosheets (1.6 μg/mL) were dispersed in the K2CO3
solution (pH = 8.0). One microliter of 1 mM RhoBS as-
prepared solution was added into the above solution under
vigorous ultrasonication for 30 min. Subsequently, mixed
solutions were stirred vigorously overnight in the dark at 25
°C to allow complete adsorption of RhoBS molecules on the
surface of MoS2 nanosheets. The MoS2−RhoBS nanosheets
were centrifuged (14 800 rpm/min, 10 min) and washed three
times to remove excess RhoBS molecules, obtaining MoS2−
RhoBS nanosheets stored at 4 °C for future use.
Transmission electron microscopy (TEM) images were

taken by using a FEI tecnai F20 transmission electron
microscope at an acceleration voltage of 200 kV. Atomic
force microscopy (AFM) (Veeco Inc.) was carried out to
characterize MoS2 nanosheets. Dynamic light scattering (DLS,
Marwen) was used to characterize the size and zeta potential of
MoS2 nanosheets before and after RhoBS absorption. UV−vis−
NIR absorption spectra of the MoS2 nanosheets were measured
on a Perkin-Elmer UV−vis spectrophotometer. Fluorescent
emission spectra were recorded with excitation at 530 nm using

a FluoroMax-4 luminescent spectrometer (HORIBA JobinYvon
S.A.S).

Experimental Procedures for Detection of Ag+ Ions in
Aqueous Solutions. A typical detection procedure for Ag+

was implemented as follows. Various concentrations of Ag+ ions
solutions were prepared via serial dilution with distilled water.
The as-prepared MoS2−RhoBS nanosheets (final MoS2
concentration = 0.8 μg/mL) were mixed with 1 mL of Ag+

solutions with different concentrations. The mixtures were
incubated in the dark for 10 min and then measured by the
fluorometer under 530 nm excitation. All the measurements
were performed three times. Various kinds of metal ions
including Al3+, Cr3+, Ba2+, Cd2+, Cu2+, Ni2+, Co2+, Mg2+, Mn2+,
Pb2+, Pd2+, Hg2+, and Zn2+ (100 mM in stock solutions) were
diluted to definite concentrations with distilled water. For
detection, 1 mL solution with 50 μM each metallic salt was
incubated with the as-prepared MoS2−RhoBS nanosheets (final
MoS2 concentration = 0.8 μg/mL). Subsequently, the
fluorescence intensities of the mixed solutions were measured
and analyzed using a FluoroMax-4 luminescent spectrometer
(HORIBA JobinYvon S.A.S).

E. coli Culture and Bacteria Cell Viability Studies.
Bacteria were cultured in fresh Luria−Bertani (LB) broth at 37
°C on a shaker bed at a speed of 255 rpm until the logarithmic
phase. Subsequently, the bacteria were diluted to 1 × 105 to 1 ×
106 CFU/mL with fresh LB broth. Ten microliters of MoS2−
RhoBS nanosheets at different concentrations in the LB broth
were added into 100 μL of bacterial suspension in each well of a
96-well microplate and incubated at 37 °C at the speed of 255
rpm overnight. After removal of materials, 100 μL of fresh LB
broth and 20 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) were added to the 96-well plate.
The resulting precipitates were dissolved in dimethyl sulfoxide
and measured under a microplate reader (Bio-Rad). All of the
measurements were replicated six times for each concentration.

Cell Culture and Cell Viability Studies. 4T1, Hela, and
Raw cells were obtained from American Type Culture
Collection (ATCC). All cell culture reagents were purchased
from Invitrogen. 4T1 and Hela Cells were cultured in a normal
RPMI-1640 culture medium with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin at 37 °C in humidified
air with 5% CO2. For Row cells, high-glucose culture medium
with 10% FBS, and 1% penicillin/streptomycin was supple-
mented.
Cell viability was determined using the standard cell viability

MTT assay following the manufacturer’s instruction. Briefly, 5
× 104 cells were added into each well of 96-well plates and
incubated overnight. Then MoS2−RhoBS nanosheets at various
concentrations predispersed in a cell culture medium were
introduced to cells and incubated for 24 h. The standard cell
viability MTT assay was implemented to determine the cell
viabilities relative to the control cells incubated in the medium
without adding MoS2−RhoBS nanosheets.

Intracellular Detection of Ag+ Ions. E. coli cells were
grown in fresh LB broth until the logarithmic phase. Ag+ stock
solutions were added into the above bacteria with the final
concentrations of 20 and 50 μM. E. coli cells in LB broth
without Ag+ were used as a control group. After incubation for
1 h at 37 °C, Ag+ was removed by centrifugal separation three
times. Those bacteria were then incubated with 8 μg/mL of
MoS2−RhoBS nanosheets in the fresh medium for 30 min in
the dark and then imaged under a Leica TCS SP5 II laser-
scanning confocal fluorescence microscope.
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■ RESULTS AND DISCUSSION
In our experiments, MoS2 nanosheets were prepared by
exfoliating bulk MoS2 using the Morrison method.25,39

RhoBS molecules containing isothiocyanate group could be
absorbed on the surface of two-dimensional MoS2 nanosheets,
by mixing exfoliated MoS2 with RhoBS under ultrasonication
and agitation at room temperature under pH 8.0. After being
centrifuged at 14 800 rpm for 10 min and washed three times to
remove excess RhoBS molecules, the MoS2−RhoBS nano-
complex was obtained. Atomic force microscopy (AFM)
(Figure 2a) imaging uncovered that chemically exfoliated

MoS2 nanosheets were mostly single-layered sheets. As revealed
by TEM (Figure 2b) and DLS (Figure S1a,b of the Supporting
Information), the sizes of MoS2 nanosheets showed a slight
decrease from ∼250 to ∼189 nm after loading of RhoBS, likely
resulting from the ultrasonication involved in this procedure
that broke down those nanosheets. On the other side, the
surface charges of nanosheets remained almost the same before
and after loading of RhoBS molecules (Figure S1d of the
Supporting Information).
The optical properties of MoS2 nanosheets before and after

loading with RhoBS were then studied. On the basis of the
absorbance spectra, while MoS2 nanosheets showed strong
absorbance from UV to near-infrared (NIR) (mass extinction

coefficient = 28.4 L g−1 cm−1 at 800 nm), a RhoBS
characteristic peak at ∼560 nm showed up in the MoS2−
RhoBS nanocomplex after complete removal of free RhoBS
(Figure 2c), indicating successful loading of RhoBS molecules
onto MoS2 nanosheets. RhoBS is a water-soluble, photostable
fluorescent dye which shows robust fluorescence emission
peaked at 580 nm. However, after being loaded onto MoS2
nanosheets, the fluorescence of RhoBS was dramatically
quenched (Figure 2d), indicating the presence of the FRET
effect between MoS2 nanosheets and RhoBS. To further prove
the adsorption of RhoBS molecules on the MoS2 nanosheets,
Raman and infrared (IR) spectra of MoS2 and MoS2−RhoBS
samples were measured (Figures S2 and S3 of the Supporting
Information). The Raman characteristic peaks of RhoBS were
observed in the MoS2−RhoBS sample, likely owing to the
surface-enhanced Raman scattering effect of MoS2 nanosheets
when RhoBS is closely attached on their surface.46 In the
meantime, two typical peaks (1385 and 2920 cm−1) in the IR
spectrum of the MoS2−RhoBS sample also showed up,
indicating the existence of RhoBS. Those spectroscopic data
further evidenced the successful binding of RhoBS on the
surface of MoS2 nanosheets.
To test whether the fluorescence of MoS2−RhoBS nanop-

robe would be responsive to metal ions, various environ-
mentally relevant and interfering metal ions including Al3+,
Ba2+, Cd2+, Co2+, Cr3+, Cu2+, Hg2+, Mg2+, Mn2+, Pb2+, Pd2+,
Ni2+, and Zn2+ with a concentration of 50 μM, as well as Ag+

with a concentration of 10 μM, were mixed with MoS2−RhoBS.
We calculated the F/F0 − 1 values of the solution fluorescence
intensity, where F and F0 were fluorescence intensities
measured in the presence and absence of metallic ions,
respectively. Interestingly, the presence of Ag+ could lead to
an obvious recovery of MoS2−RhoBS fluorescence (F/F0 − 1 ≈
5), while all the other types of metal ions even at a much higher
concentration showed no appreciable impact on the MoS2−
RhoBS fluorescence (Figure 3a).
We then studied the detection kinetics and sensitivity of this

assay toward Ag+ ions in aqueous solutions. To observe the
time-dependent fluorescence increase after addition of Ag+

ions, the changes of fluorescence intensities at different time
points were measured. As shown in Figure 3b, we observed that
the F/F0 − 1 values increased rapidly within the first 3 min after
adding Ag+ ions and reached a constant level after ∼8 min.
Therefore, our MoS2−RhoBS nanoprobe showed rather rapid
response to Ag+ ions, enabling a fast detection speed.
Subsequently, a series of Ag+ solutions with different
concentrations were added with equal amount of MoS2−
RhoBS nanosheets (final concentrations of MoS2 were set be
0.8 μg/mL) to determine the detection sensitivity. We found
that the fluorescence intensities at 580 nm increased gradually
with the increase of Ag+ ion concentrations (Figure 3c). As
shown in Figure 3d, a linear relationship between the
fluorescence intensities and logarithmic concentrations of Ag+

was observed in the Ag+ concentration range from 10 to 500
nM. The limit of detection of this assay appeared to be as low
as 10 nM, which was much lower than the maximum level (0.46
μM) of silver in drinking water licensed by the U.S.
Environmental Protection Agency (U.S. EPA).
Next, we investigated how Ag+ rather than other metal ions

could induce the recovery of fluorescence from RhoBS
adsorbed on the surface of MoS2 nanosheets. First, we obtained
the TEM image to characterize MoS2−RhoBS nanosheets after
the addition of Ag+. As shown in Figure 4a, we noted that

Figure 2. Characterization of MoS2 and MoS2−RhoB. (a) AFM
images of MoS2 nanosheets. The right picture is the height profile in
the AFM image. (b) TEM images of MoS2 nanosheets before and after
loading of RhoBS. (c) UV−vis spectra of MoS2 and MoS2−RhoBS.
(d) Fluorescence emission spectra of RhoBS before and after
absorption on MoS2 nanosheets. Excitation wavelength = 530 nm.
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abundant nanoparticles were adsorbed on the surface of MoS2
nanosheets after mixing MoS2−RhoBS with Ag+. Those
nanoparticles were further confirmed to be Ag nanoparticles
by X-ray diffraction (XRD) (Figure 4b). The characteristic
peaks at 38.2°, 44.3°, and 64.5° in the XRD pattern could be
reflected from the (1 1 1), (2 0 0), and (2 2 0) crystallographic
planes of Ag nanoparticles with face-centered cubic structure
(JCPDS No. 04-0783).

Subsequently, we speculated whether it was the release of
RhoBS molecules during the formation of AgNPs on MoS2
nanosheets that resulted in the fluorescence recovery. To check
if there was any release of RhoBS from MoS2−RhoBS after
addition of Ag+, MoS2−RhoBS was incubated with 10 μM Ag+

ions and then collected by centrifugation at 148 000 rpm for 10
min. The released RhoBS in the supernatant solution was
measured by UV−vis spectra (Figure 4c). While RhoBS

Figure 3. MoS2−RhoBS nanoprobe for Ag+ detection in aqueous solutions. (a) Selectivity analysis for Ag+ detection. Bars represent the enhanced
fluorescence ratio (F/F0 − 1) of MoS2−RhoBS (0.8 μg/mL) solutions in the presence of 50 μM interfering metal ions and 10 μM Ag+ ions. (b) The
enhanced fluorescence ratio (F/F0 − 1) of MoS2−RhoBS vs time upon addition of 10 μM Ag+. (c) The fluorescence emission spectra of MoS2−
RhoBS (0.8 μg/mL) solutions taken after adding various concentrations of Ag+ ions from 10 nM to 10 μM. (d) The plot of fluorescence intensity at
580 nm versus the increasing concentrations of Ag+ ions in the MoS2−RhoBS solutions. Excitation wavelength = 530 nm.

Figure 4. (a) TEM image of MoS2−RhoBS after incubation with Ag+. Many nanoparticles were found on those nanosheets. (b) X-ray diffraction
(XRD) patterns of MoS2−RhoBS after incubation with Ag+. (c) UV−vis spectra of released RhoBS from MoS2−RhoBS in the supernatant solutions
with (red line) and without (dark line) incubating MoS2−RhoBS (0.8 μg/mL) with 10 μM Ag+ ions. (d) The fluorescence emission spectra of
RhoBS added with MoS2 or MoS2−Ag complex.
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molecules were stably adsorbed on MoS2 nanosheets in the
absence of Ag+ ions, an obvious RhoBS absorbance peak was
noted in the supernatant solution from the Ag+ incorporated
MoS2−RhoBS sample, suggesting that addition of Ag+ and the
subsequent formation of Ag nanoparticles on MoS2 could
indeed induce the detachment of RhoBS molecules from
nanosheets surface, and thus the recovery of RhoBS
fluorescence.
It is well-known that the surface plasmon resonance on

nobel-metal surface could induce a surface-enhanced fluo-
rescence (SEF) effect, which is able to enhance the fluorescence
intensity of nearby fluorophore.42−45 It is therefore possible
that Ag nanoparticles formed on the surface of MoS2 may be
able to enhance the fluorescence of RhoBS which remained on
the surface of MoS2. To check this possibility, MoS2 nanosheets
were added with 10 μM as-prepared Ag+ solutions to form

MoS2−Ag complexes. One microliter of 1 mM RhoBS was
separately added into MoS2 and MoS2−Ag solutions (with the
same concentration of MoS2). The fluorescence intensities of
those mixtures were then measured. As shown in Figure 4d, an
obvious fluorescence enhancement effect was observed for the
MoS2−Ag−RhoBS sample, indicating that Ag nanoparticles
formed on the surface of MoS2 could enhance the fluorescence
of RhoBS molecules via SEF.
Several nanosensors exhibit great potential for Ag+ ions

detection; however, many of them work well only in the
aqueous solution.47,48 To study the possibility for monitoring
Ag+ ion levels in living organisms, we used MoS2−RhoBS
nanosheets as a nanosensor to detect Ag+ ions in E. coli, a
Gram-negative bacterium. First, we tested the stability of
Rhodamine B isothiocyanate−MoS2 complex in the water, PBS,
and culture medium. After 12 h, RhoBS−MoS2 complex

Figure 5. Intracellular Ag+ detection. (a) Cell viabilities of E. coli, 4T1, Raw, and Hela cells exposed to various concentrations of MoS2−RhoBS
nanosheets for 24 h. (b) Confocal fluorescence images of E. coli stained with MoS2−RhoBS nanoprobe. In this experiment, E. coli were cultured with
0, 20, or 50 μM Ag+ ions, washed by LB medium, and then added with MoS2−RhoBS (8 μg/mL) before imaging. The observed fluorescence came
from recovered RhoBS fluorescence of our nanoprobe. Scale bar = 7.5 μm.
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appeared to be highly stable without aggregation in all of those
physiological solutions (Figure S4 of the Supporting
Information). We then investigated the potential cell toxicity
of this nanoprobe. E. coli, together with several mammalian cell
lines (4T1, Raw, and Hela cells), were incubated with various
concentrations of MoS2−RhoBS nanosheets (maximum
concentration at 50 μg/mL) for 24 h. The cell viability assay
by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) showed that MoS2−RhoBS nanosheets had
no obvious toxicity in vitro even at our highest tested
concentration, which was over 6 times higher than the
concentration used in the Ag+ detection (Figure 5a).
Subsequently, we detected the intracellular Ag+ ions in living

E. coli cells. E. coli cells were incubated with 0, 20, and 50 μM of
Ag+ for 1 h. After extracellular Ag+ ions were removed, MoS2−
RhoBS nanosheets (8 μg/mL) in the LB medium were added
into E. coli cells for incubation of 30 min. TEM images of
bacteria cell slices revealed that MoS2 nanosheets were able to
enter those bacteria cells (Figure S5 of the Supporting
Information). Thereafter, fluorescence detection of Ag+ ions
in living bacteria was conducted by using a laser-scanning
confocal fluorescence microscope. Without pretreatment of Ag+

ions, E. coli cells showed no appreciable fluorescence. While in
the presence of Ag+ ions, E. coli cells exhibited significant
fluorescence originating from RhoBS. Moreover, the fluo-
rescence intensity of bacteria was enhanced with the increase of
Ag+ ion concentration used during pretreatment (Figure 5b).
Our results indicated that this assay is particularly suitable for
detection of Ag+ ions in the organisms. Since Ag+ has the
capability of killing bacteria and has been widely used as an
antibacterial agent, our sensor may be useful to investigate the
bacteria-killing mechanism of Ag-based antibiotic agents.
Compared with other nanomaterials such as gold nanostruc-

tures and graphene nanosheets as fluorescence quenching
substrate, MoS2 nanosheets could intrinsically induce the
reduction of Ag+ to Ag nanoparticles on the surface of MoS2
nanosheets due to the S atoms on the surface of MoS2, which
may serve as the reducing agent to enable the formation of
AgNPs, enabling direct detection of Ag+ via the fluorescence
recovery of Rhodamine B isothiocyanate. This system is simple
and easy to prepare for sensitive and selective detection of sliver
ions in aqueous solutions and also applicable to the living
systems as demonstrated by the imaging of Ag+ in bacteria. In
terms of detection sensitivity and practicability, the comparison
of our probe with other previously reported nanosensors have
been listed in Table 1. Our system offers comparable or higher
sensitivity compared to other previously reported nanosensors
for Ag+ detection.

■ CONCLUSION

In summary, we have reported a nanosensor based on dye-
adsorbed MoS2 nanosheets for ultrasensitive and selective
detection of Ag+ ions both in aqueous solutions and living E.
coli cells. In this assay, Ag+ was reduced to Ag nanoparticles on
the MoS2 nanosheets, which could not only lead to the
replacement of RhoBS molecules and thus their recovered
fluorescence but also the result in surface-enhanced fluo-
rescence from RhoBS remaining adsorbed on MoS2. Such
nanosensor platform is a simple, precise, and easily operated
method which can be accomplished within 10 min. Moreover,
this method displays a linear concentration range of Ag+ from
10 to 500 nM with a rather low detection limit down to 10 nM.
More importantly, our nanoprobe, while being nontoxic to
bacteria and mammal cells, is able to monitor Ag+ ions level in/
on living E. coli cells. The capability of detecting Ag+ in living
organisms could potentially allow us to better understand the
antibiotic mechanism of many Ag-based antibacterial agents.
Moreover, our work highlights the promise of using 2D TMDC
materials to construct novel nanoprobes for chemical and
biological sensing.
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