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Abstract: In this work, an effective dual-color fluorescent biosensing
platform based on WS, nanosheets was developed for homogeneous
detection of Hg* and Ag*. This sensing platform was constituted by
exploiting the fluorescence quenching ability of WS, nanosheets and the

interactions between WS, nanosheets and DNA molecules. Without
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adding In the absence of additional any masking agents, the biosensor

could achieve detection of Hg” and Ag® in the same solution by

respectivelyy-monitoring the fluorescence intensity changes ef-the-sensing
system-at 525 nm and /583 nm, respectively. Fakinrgadvantage—of-this
sensing—platform—Hg®* and Ag® were selectively detected in the

concentration range from 6.0 nM -t6-650.0 nM and 5.0 nM -te 1000.0 nM,
respectively, with the detection limit of 3.3 nM and 1.2 nM, respectively.
It was also demonstrated that the WS, nanosheet-based sensing platform
was suitable for the simultaneous detection of Hg** and Ag* in drinking
water, serum and cell lysate samples. Moreover, thisresearch—revealed
that the possible mechanism of fluorescence quenching by WS,
nanosheets was revealed to be related to static quenching, dynamic
quenching, and Forster resonant energy transfer (FRET). was—the
coexistence—of both-dynamic—and-static—guenching. This work extended
the application of WS, nanosheets to environmental monitoring and

medical diagnosis.

Key words: WS, nanosheet; dual-color fluorescent biosensor; Hg**; Ag";

homogeneous detection.

1. Introduction
Mercury ions (Hg®*) and silver ions (Ag*) are two of highly toxic

metal ions and widespread environmental pollutants ia-the-envirenment,
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which can cause serious and permanent damage to the environment and
humans bedy even at low concentrations (Wang, et al., 2009; Tan, et al.,
2010; Zhu, et al., 2014). More seriously, through polluted water sources,
Ag® and Hg* can accumulate to agricultural products and aquatic
products, and-thereby entering the food chain of humans. In case of long
time exposure in the environment of existing Ag*and Hg®*, humans may
cause slowly progressing physical er and neurological degenerative
processes—diseases. (Aragay, et al.,, 2011; Ratte, 1999). Therefore, the
detection of Hg*" and Ag” is very important in the fields of environmental
monitoring, food safety and clinical diagnosis.

Conventional methods for the determination of Hg®* and Ag"* include
plasma mass spectrometry (ICP-AES) (Jitaru, et al., 2003), atomic
absorption/emission spectroscopy (Pu, et al., 1998; Li, et al., 2011), and
polarography (Cizdziel, et al., 2004),—and-se—en. These methods often
require complex operation, time-consuming analysis and sophisticated
equipment, which-made—them-tHmit—wide—appheations—+r making them
unavailable in many resource-limited settings (Zhu, et al., 2014). To
overcome these drawbacks, the fluorescent sensors get-greathy-have been
developed due to their high sensitivity, fastanalysis, and simplicity. Since
T-T mismatches selectively captured Hg®* to form T-Hg(11)-T base pairs
and C-C mismatches exclusively recognized Ag” to form C-Ag(l)-C base

pairs were reported (Miyake, et al., 2006; Ono, et al., 2008), much effort
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have been devoted toward the design of DNA-based fluorescent sensors
for the detection of Hg* or Ag" in water, drugs, food and clinical
samples(Zhan, et al., 2015; Zhang, et al., 2015; Bian, et al., 2014; Zhang,
et al., 2010; Wen, et al., 2010; Liu, et al., 2012; Wu, et al., 2016).
Although these assays are respectable innovation and high sensitivity,
most of them focus on single metal ion detection. However, Hg** and Ag*
are usually coexisting in water, soil and even biological systems (Chu, et
al., 2002). For the coexisting systems of Hg*" and Ag®, these assays need
different detection methods and experimental conditions to simultaneous
detection of Hg®* and Ag®, which increase the complexity and
inconvenience of these assays. To satisfy the practical requirements of
analysis of real samples, several attempts have been earried-out made to
achieve the for simultaneous detection of Hg** and Ag* ( Wang, et al.,
2014; Lin, et al., 2011; Lin, et al., 2010; Zhang, et al., 2015; Xia, et al.,
2014; Wang, et al., 2013; Shi, et al., 2010). But-abeve However, these
assays suffer certain limitations in practical applications, such as using
masking agents, low sensitivity, and complexity. Therefore, it is still a
great challenge to achieve simple, sensitive, and simultaneous detection
of Hg*" and Ag" in real samples.

In recent years, transition metal dichalcogenides (TMDCs) as ,which
are two-dimensional (2D) layered nanomaterials that are analogous to

graphene, were getting more and more attention due to their high specific
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surface area, remarkable electronic property, unique optical and excellent
catalytic property (Coleman, et al., 2011; Chhowalla, et al.,2013; Zhu, et
al., 2013). Layered tungsten disulfide (WS,) nanosheets are is one of the
newly emerging TMDCs, which consists of S-W-S sandwiches structures.
WS, nanosheets have been has-received intensive research in the field of
catalyst, field-effect transistor, lithium ion battery, and so on (Zeng, et al.,
2011). WS, nanosheets have has been reported to allow self-assembly of
thiolated compounds on its surface (Chou, et al., 2013). This indicates
one major advantage of WS, nanosheets over graphene in facile surface
modification, which make WS, nanosheets hold great potential in
biosensing applications. However, up to now, only few efforts have been
devoted to explore the applications of WS, nanosheets in bio-sensing
biemelecular-detection-(Xi, et al., 2014; Yuan, et al., 2014; Zhao, et al.,
2010; Qin, et al., 2015; Huang, et al., 2014; Lin, et al., 2014). Therefore,
there is an urgent need to explore the new applications of WS, nanosheet
in the area of biosensor. It has been reported that WS, nanosheets can
adsorb and quench dye-labeled single-stranded DNA (ssDNA) probes.
When the adsorbed ssDNA probes hybridize with complementary strands
to form double-stranded DNA (dsDNA) with its target, the fluorescence is

recovered, because the probes are released from WS, nanosheets (Yuan, et

al., 2014; Moses, et al., 2009).when-the-probe—formed-a-duplex—with-is

5




111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

Moeses;—etal—2009)—-More importantly, WS, nanosheets exhibit robust

quenching efficiency. a-notable-merit-thatthe-guenching-efficiency-is-very
robust—(Xi, et al., 2014). Inspired by these previous findings, we believe

that WS, nanosheets can be coupled with dye-labeled oligonucleotide
probes to develop a quenching-and-recovery- based fluorescent biosensor
for Hg® and Ag® detection. Although graphene oxide(GO)-based
fluorescent biosensors have been reported for the detection of Hg** or Ag*
(Wen, et al., 2010; He et al., 2010), these biosensors haves some
weaknesses. For example, because the fluorescence quenching ability of
GO is limited, only low concentrations of DNA probes can be used in
GO-based assays for Hg”*and Ag", resulting in narrow linear detection
ranges. Despite using low concentrations of DNA probes, these assays
suffer from high detection limits. Therefore, much effort is needed to
explore new materials for the development of more practical biosensors
for Hg*" and Ag™ detection.

Herein, a novel dual-color fluorescent biosensing platform based on

WS, nanosheets was developed for the detection of Hg** and Ag".

Without added masking agents, the biosensor could achieve simultaneous
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detection of Hg®* and Ag® in a high sensitivity and wide linear range.
Furthermore, the developed biosensor could simply and conveniently
detect Hg”* and Ag® in practical samples. Meanwhile, the possible
mechanism of fluorescence quenching by WS, nanosheets was carefully
studied. This work will contribute to improving capability research of

WS, nanosheets and extending the application of WS, nanosheets to the

fields of environmental monitoring and medical diagnosis. Fhe-sensiivity

2. Experimental

2.1. Materials.

Tungsten disulfide (WS,) nanosheets and graphene oxides were
purchased from Nanjing XF Nano Material Tech Co., Ltd. (Nanjing,
China). AgNOs;, NaNOs;, Hg(NOs3),, Mg(NOgz),;, Ni(NOz),;, Co(NOs),,
Cu(NO3),, Mn(NO3),, Cd(NOs),, Cr(NOs)s, Pb(NOs),, Fe(NO,)s,
Ca(NO3),, Zn(NO3),, Ba(NOs),, KNO;, NaF, NaClO, and HNO;(68%)

were purchased from Tianjin Guangfu Chemical Reagent Factory
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(Tianjin, China). 3-morpholinopropane-sulfonic acid (MOPS) was
purchased from Sigma-Aldrich. Hela cells were purchased from the
Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences. All chemicals and solvents were of analytical grade and were
used without further purification. Deionized water was used throughout
the experiment. All oligonucleotide sequences were synthesized and
purified by Sangon Biotech Co., Ltd. (Shanghai, China).

2.2 Apparatus.

A Hitachi-600 transmission electron microscope (TEM, JEOL, Japan)
and field-emission scanning electron microscopy (SEM, Hitachi SU8010,
Japan) were used for measuring the morphologies and size of WS,
nanosheet. Atomic force microscope (AFM, Nanoscope I1IA, USA) were
acquired with silicon tips. Fluorescence spectrophotometer (RF-5301PC,
Shimadzu, Japan) was used to collect fluorescence spectra. Fluorescence
anisotropy and time-resolved fluorescence spectra were conducted on
FL920P spectrometer (Edinburgh Instru-ments Ltd, U.K.). The UV-vis
absorption was surveyed on a TU-1901 UV-vis spectrophoto-meter
(Beijing Purkinje General Instrument Co., Ltd, Beijing, China). Circular
dichroism (CD) spectrometer (J-815, Jasco, Japan) was utilized to collect
CD spectra.

2.3 Fluorescence assay for detection of Hg**and Ag*

In the following experiments, all the solutions were prepared in 10
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mM MOPS buffer (pH 7.4), which containirg 100 mM NaNOsz;, 5 mM
Mg(NOs),). Before detection of Hg?*and Ag", the mixture mixing probe
solutions were prepared as follows. FAM-labeled mercury-specific
oligonucleotide  probes and  TAMRA-labeled  silver-specific
oligonucleotide probes were mixed ia-selution-and-then and incubated
for 5 min at 90 °C in order that the secondary structure of the fluorescent
probes was completely unwinded (Bian, et al., 2014). Then, the mixture
solution was cooled down slowly to the room temperature.

For Hg** detection, 700 uL above probe solutions first-were mixed
with 50 puL 0.15 mg/mL WS, nanosheets solution at the room temperature
for 10 min. Then, different concentrations ameunts of target Hg”* solution
were added into the reaction mixture to give the final reaction volume of
800 uL. After alewing incubating this mixture te-treubate for 20 min at
37 °C, the fluorescence of the mixture was detected. The fluorescence
intensity was monitored by exciting the sample at 480 nm and measuring
in the range 500-610 nm.

For the Ag" detection, the operation steps were the same with the
detection of Hg*". The fluorescence intensity was monitored by exciting

the sample at 530 nm and measuring in the range 560-640 nm.

3. Results and discussion
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3.1. Characterization of the WS, Nanosheets

commerciallyCommercially available beught WS, nanosheets were
characterized by using TEM, SEM, and AFM. The SEM image revealed
that the morphology of WS, were two-dimensional thin-layer nanosheets
(Fig. S1A). Ahigh-resolution TEM image (Fig. S1B) and SAED pattern
(the insert of Fig. S1B) revealed the hexagonal lattice structure with the
lattice spacing of 0.27 and 0.16 nm assigned to the (100) and (110) planes
(Gutierrez, et al., 2013). WS, nanosheets were further confirmed by
atomic force microscopy (AFM) images and the height profile (Fig. S1C)
showed WS, nanosheet with about 3.2 nm.thickness, suggesting its
few-layer structure.

Fig. 1
3.2. Sensing principle

The principle of the sensing platform for the detection of Hg** and
Ag” was-displayed is shown in Scheme 1. The mixture mixing probes
were used containing eempesed—of-mercury--specific-BNA—probe and
silver-specific DNA probes, which were respectively labeled with FAM
and TAMRA dyes. These twe dye-labeled probes were individually
excited at 480 nm and 530 nm to emit green fluorescence and red
fluorescence, respectively. In the absence of Hg* and Ag®, WS,

nanosheets could easily adsorbed the mixture mixing probe keeping as
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free sSDNA via the van der Waals force between nucleobases and the
basal plane of WS, and then quenched the fluorescence of the two dyes
(Xi, et al., 2014; Moses, et al., 2009). So the adsorbed mixed probes
exhibited minimal background fluorescence. ta—eentrastHowever, in the
presence of Hg**, the FAM -labeled probe could form mercury- mediated
base pairs (“T-Hg”*~T” base pairs), leading—te causing forming stable
double-stranded DNA (dsDNA) with a hairpin structure (Zhan, et al.,
2015; Zhang, et al., 2015). Because the interaction between the formed
dsDNA and WS, nanosheets became weak, the FAM dye-labeled probes
whose molecular conformations have been switched would away from the
surface of WS, nanosheets (Zhu, et al., 2013). As a result, the specific
emission of the green color fluorescence (FAM) was recovered while
minimal emission of the red color fluorescence (TAMRA) was still
maintained. Similarly, when Ag" appeared, the TAMRA-labeled probes
could also form stable DNA duplexes by C-Ag*-C base pairs (Bian, et al.,
2014). The specific emission of red color fluorescence (TAMRA) was
recovered while minimal emission of the green color fluorescence was
still maintained. Therefore, by respectively monitoring the fluorescence
change of the mixture probes at 525 nm and at 583 nm, the dual-color
fluorescent sensing platform based on WS, nanosheets provided
quantitative readout of the target Hg®* and Ag" in the same solution.

Scheme 1
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3.3. Feasibility study of the dual-color fluorescent sensing platform

To verify the feasibility of the proposed strategy, several control
experiments were performed. Because sulfide can react with Hg** and Ag"*
under certain conditions, we first analyzed the changes of the Hg** and
Ag” with ICP-MS when WS, nanosheets were added before and after. As
shown in table S1 (supporting information), little changes of the Hg** and
Ag" concentrations were observed before and after the addition of WS,
nanosheets. So Hg** and Ag" could not react with WS, nanosheets in
MOPS buffer (pH 7.4). Next, CD measurements were carried out to verify
that the designed mixed probe could stably coexist and simultaneously
capture Hg®* and Ag" in the same solution, as shown in Fig.—12. The
original mixed probes containing 1.0 uM FAM-labeled probe and 1.0 uM
TAMRA-labeled probe showed strong positive peak at 274 nm, which
were the characteristic peaks of ssDNA in accordance with the results of
previous studies (Liu, et al., 2009). When 500.0 nM Hg*" was added and
incubated with mixed probe, the positive peak at 274 nm obvious
decreased in intensity. With-the—increased-concentrations—of-Hg™ to—1.0
#M When the concentrations of Hg®* were increased to 1.0 uM, the
positive peak at 274 nm disappeared and a new negative peak at 277 nm
appeared, which indicated forming in a large amount of T-Hg*-T
complexes (Miyake, et al., 2006). Next, when 1.0 uM Ag"* was further

added and incubated with the mixed probes, the negative peak
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continuously increased in intensity and became red-shifted to 279 nm,
which indicated the formation of C-Ag*-C complexes (Lin, et al., 2011;
Liu, et al., 2009). The above results indicate that the conformation
transformation of mixed probes can be induced by Hg** and Ag* and the
designed mixed probes can simultaneously capture Hg** and Ag™ in the
same solution. This was crucial for —which—is—an—tmportant-basis—for
establishing dual-color fluorescent sensing platform.
Fig. 42

Because fluorescence anisotropy is commonly used to probe weak
molecular interactions (He, et al., 2010; Xiao, et al., 2015), to verify WS,
nanosheets can adsorb the dye-labeled ssDNA mixture and form WS,
nanosheet complex modified by ssDNA (DNA-WS, complexs), the
anisotropy measurements were carried out. In the absence of WS,
nanosheets, the fluorescence anisotropy of free sSSDNA mixture was 0.05
(FAM) and 0.13 (TAMRA), respectively. While in the presence of WS,
nanosheets, the fluorescence anisotropy of sSDNA mixture increased to
0.16 and 0.37, respectively, which indicated ssDNA mixture could be
adsorbed onto the surface of WS, nanosheets and modified WS,
nanosheets. After that, the fluorescence quenched assay was carried out to
verify WS, nanosheet could simultaneously quench the fluorescence of
two dyes labeled to mixture probe. As shown in Fig. 251, in the presence

of a small amount of WS, nanosheets, the fluorescence quenching

13




285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

efficiency of WS, nanosheets to FAM-labeled probe and TAMRA-Iabeled
probe could be achieved to 93.7% and 86.9%, respectively. These results
indicate WS, nanosheets have strong—adsorption—abiity—to-ssDNA-and
high quenching efficiency. Moreover, we have made a comparison of
WS, nanosheets with grapheme oxide (GO) for fluorescence quenching
performance. As shown in Fig.-251, GO (at the same concentration as the
WS, nanosheets) could not effectively quenched the fluorescence of
mixed probes, especially for TAMRA-labeled probes dye. To achieve the
same quenching degree, the a the 9-fold higher concentration of GO was
needed about-9-times-concentration-than of WS, nanosheets. Because—of
If a very high concentration of quencher is used in the sensing system, the
collision efficiency between the fluorescence probes and target ions could
be greatly decreased and then the sensitivity of the sensor would reduce.
Especially for the quenching-and-recovery-based sensor, this impact was
very obvious. Thus, the extraordinarily high quenching efficiency of WS,
nanosheets is anether important basis for establishing the dual-color
fluorescent sensing platform.
Fig. 2

Mereover; tThe possible mechanism of fluorescence quenching by
WS, nanosheets was further investigated. As shown in Fig. S2A and Fig.
S2B, the fluorescence lifetime of these two dyes labeled to mixed probes

decreased along with the increase of WS, nanosheet amount, which
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indicated the occurrence of dynamic quenching. H-enly—the—dynamic
guenching-happened—aAccording to the Stern-Volmer equation, dynamic
quenching alone results in a the-reduction in fluorescence lifetimes of the
two dyes that was equal to decrease the-reduction in their fluorescence
intensitise (Lakowicz, 2006). However, from the relevant data given in
Table $1S2 (Supporting Information), it could be found that the
fluorescence quenching of these two dyes did not follow preperly-fit-to
the Stern-Volmer equation (Fan, et al., 2013). This implied that the
fluorescence quenching was not the only mechanism involved. the—result
of-a-single-mechanism. In addition, an obvious red-shift in the emission
peak has appeared with adding WS, nanosheets (Fig. S3A), which-shows
indicating that the molecular interactions occurred between WS,
nanosheets and the two dyes labeled to mixing probes (Fan, et al., 2013;
Nagarkar, et al., 2014; Sk, et al.,, 2014; Ding, et al., 2014). Static
quenching might also have occurred exist. The Stern—\olmer curves of
the quenching system were-furtherstudied are shown in {Fig. S3B). The
Stern-Volmer plot exhibited an upward curvature concaving toward the
y-axis, which is the characteristic feature of the combination of dynamic
and static quenching (Lakowicz, 2006). Thus, the observed quenching
effect might be mainly result from the combination of dynamic and static

quenching, which is similar to the research conclusion of Liu’s group

(Yuan, et al., 2014). Fherefore-the-highly-efficient-quenching-of-the-dyes
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by-WS,
and-static—guenching—In addition, because most of 2D nanomaterials,

such as graphene oxides and MnO, nanosheets could occur energy

transfer in interaction with dye-labeled DNA probe (Lu, et al., 2009; Deng
et al., 2011), we studied whether there is Forster resonant energy transfer
(FRET) in the entire fluorescence suppression process (in supporting
information).The results show FRET occur in the fluorescence quenching
process of these two dyes by WS, nanosheets. Therefore, the possible
mechanism of fluorescence quenching by WS, nanosheets was related to
static quenching, dynamic quenching and FRET coexisting in the entire
fluorescence suppression process.

Finally, the proposed strategy was further evidenced by the change
of fluorescence spectra under different conditions. As shown in Fig. 3,in
the absence of Hg** and Ag", the original fluorescence intensities of the
mixing probes (curve a;, curve b;) was significantly quenched by the WS,
nanosheets to 6.3% (curve agy) and 13.1% of the original intensity (curve
bs;) by WS, nanosheets, respectively. When 600.0 nM Hg* was
individually added to sensing system, the fluorescence emission intensity
of the green color (FAM) was recovered to 51.9% of the original intensity
(curve agz), while the red color fluorescence (TAMRA) still kept minimal
emission (curve b,). Meanwhile—Similarly, when 800.0 nM Ag"

individually appeared in the sensing system, the fluorescence emission
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intensity of the red color (TAMRA) was also recovered to 55.5% of the
original intensity (curve byg), while the green color fluorescence (FAM)
still kept minimal emission (curve a,). Furthermore, When 600.0 nM Hg**
and 800.0 nM Ag"* were simultaneously added, the fluorescence emission
of FAM and TAMRA could still be recovered (curve as and curve bs). The
fluorescence intensity of these two probes were similar to those obtained
when Hg?* and Ag" added individually, which indicated Hg** and Ag"
could be detected simultaneously without interfering each other. Fhese
Therefore, the fluorescence spectra changes indicate that the proposed
sensing platform can be used for individual{er—stmultanesus) both the
individual and simultaneous detection of Hg** and Ag".

Fig. 3
3.4. Optimization of assay conditions for detection of Hg*" and Ag*

Before the Hg”* and Ag* detection assay, some important parameters
were optimized to obtain the best sensing performance. As the mixing
ratio of two fluorescence probes may affect the sensing ability for Hg**
and Ag", the mixing ratio was optimized. As shown in Fig. S5, the sensing
ability was higher for both Hg?* and Ag* when the mixing ratio was 1:1.

Thus, the mixing probes including 100 nM FAM-labeled probe and100

nM TAMRA-labeled probe were chosen for further work. Fhe
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394

NaNO;—5-mM—MgNO,),)- Moreover, the concentrations of WS,
nanosheets used in the assay had a substantial effect on the fluorescence
quenching responses. Thus, the concentrations of WS, nanosheets were
optimized. As shown in Fig. S4S6A and Fig. S4S6B), the quenching
effect was dependent on the concentration of WS, nanosheets. H-the
presence—of-At a small amount (0—ug/mby—of WS, nanosheets (10
ug/mL), the fluorescence of the green color (FAM) was quenched to
baseline level, while the fluorescence of the red color (TAMRA) had-was
not been fully quenched. When the concentration of WS, nanosheets was
added tol15 pg/mL, the fluorescence intensity of the red color (TAMRA)
was also quenched to baseline level. Considering Hg** and Ag* to be
detected in same solution, 10 ug/mL was taken used as the optimized
concentration for WS, nanosheets. The quenching kinetics of the system
suggested that the interaction of the dye-labeled ssDNA probe with WS,
nanosheet was a quite fast process that reached to equilibrium in about 10
min (Fig. $5S7). As a result, 10 min was taken as the reaction time for
fluorescence quenching of the mixing probe.

The fluorescence response to Hg?* and Ag* was influenced by
solution acidity. At a pH below 7.0, protonation of the nitrogen atoms of
the thymine base and cytosine base reduces its affinity with Hg*" and Ag*
(Wang, et al., 2012), While at relatively higher pH, Hg** and Ag* may be

form complex compounds or precipitates with OH". Therefore, the-effect
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of—pH was also optimized. As shown in Fig. S6S8, the relative
fluorescence change of mixed probe, (Ie—Iro)/lrg, (Where Iy and Ie
represent the fluorescence intensity in the absence and presence of Hg**
and Ag", respectively.) increased when the pH increased in-the—range—of
from 5.0-to7.0. The fluorescence intensity of mixing probes at 525 nm
decreased gradually when the pH was higher than 9.0. While the
fluorescence intensity of mixing probes at 583 nm gradually decreased
when the pH was higher than 7.4. By taking-trte-aceount In consideration
of the performances of the sensing system, pH7%4-6fthe 10 mM MOPS

buffer solution at pH 7.4 was chosen for further work.
3.5. Performance of the dual-color fluorescent biosensor

The sensitivity of the dual-color fluorescent biosensor for
quantitative analysis of Hg®* and Ag* was investigated. As shown in Fig.
4A, a dramatic increase in the fluorescence intensity of the green color
was observed with the increasing concentration of Hg®* from 6.0 to 650.0
nM. The insert of Fig. 4B shows the relationship between the value of
(I-—1r0)/1go and the Hg?* concentration in-the—range from 6.0 nM to 450.0
nM (R? = 0.996). The limit of detection (LOD) was estimated to be 3.3
nM on the basis of 36/k, where o was the standard deviation for 11 blank
samples and k was the slope of calibration line. Fig. 4C shows the
fluorescence changes of the red color as increasing the concentration of

Ag”. It could be observed that the value of (I-—Igo)/lgo Was dramatically
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increased as the Ag* concentration increased from 5.0 nM to 1000.0 nM,
which showed a good linear relationship in the range of 5 nM to 500.0
nM (R? = 0.997) (the insert of Fig.4D) . By Using the same method, the
LOD for Ag* was estimated to be 1.2 nM. Toxic levels of Hg** and Ag" in
drinking water are defined by the United States Environmental Protection
Agency (USEPA) to be 72 nM and 460 nM, respectively. In addition, the
biological exposure indices (BEIs) for Hg?*and Ag" defined by American
Conference of Governmental Industrial Hygienists (ACGIH) in blood
samples are 75 nM and 2 puM, respectively, (Lin, et al., 2011). The LODs
for Hg”*and Ag” in this work are far lower than those set by the
organization. Thus, this dual-color fluorescent biosensor is a valuable tool
for practical applications.
Fig. 4

To evaluate the specificity of the dual-color fluorescent biosensor,
the influence of other environmentally relevant metal ions (including
Co®*,cu®, Cd*!, Pb**, Mn*, Ni**, Cr**, Fe**, Ca®*, Zn*, K, and Ba**)-in
the—presenee—of on the sensing system were further investigated. The
concentrations of the nonspecific metal ions were 10-fold higher than that
of Hg®" and Ag". As shown in Fig.5, the higher larger fluorescence
enhancement (Ir—Iro)/Iro was observed in the presence of ng+ and Ag",

while there was very little fluorescence changes in fluorescence caused

by the-ebserved-in-thepresence-of-other metal ions. The selectivity of the
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biosensor was also examined with some anions (NO, ,F", and CIQ,),
which are often present with free Hg®* and Ag® in environment and
biological samples. As shown in Figure S9, the fluorescence intensities of
anions changed by no more than 8% when anion concentrations were
10-fold and 400-fold higher than that of Hg** and Ag”ions, which further
indicated that the developed biosensor is highly selective for Hg** and
Ag”.
Fig. 5

Compared to with-the previously reported work for detection of Hg**
and Ag” (Table1S4), this method exhibited has many advantages. Firsthy;
This method has a low detection limit for detection of Hg?* and Ag®.
Secondhr—e—Compared with other methods with similar LODs, the
strategy-which-had-a-simiar-detection-timit;the fluorescent assay has no
use of any masking agents for simultaneous detection of Hg®* and Ag*.
was-This method is also very simple. Moreover, the homogeneous assay
format makes the assay convenient witheut because it does not be involve
washing or separation steps, ane-it-alse-which enables this method to be
easily automated. The substantial improvement ef—in the assay’s
performance were attributed to the following two aspects: (1) The
mix-and-detect strategy used #nrdependent two independent kinds—of
specific probes to respectively capture Hg** and Ag®, which could avoid

the mutual interference for simultaneous detection of Hg®* and Ag®. (2)
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Because WS, nanosheets have high quenching efficiency, the interference
of background fluorescence in this sensing system could be remarkably
reduced. It was beneficial to expanding linearity region of the sensor. At

the same time, the sensitivity of the biosensor would be enhanced.
3.6. Detection of Hg®* and Ag™ in real samples

In order to further explore the potential applications of the biosensor
forreal samples, the standard addition experiment was used to detect Hg**
and Ag” in the tap water, fresh serum, and cell lysate. The results were
summarized in Table 2S5. The recovery of Hg** and Ag" in the six-eight
different solutions for each sample was in the range of 90.1-108.3%, and
all the relative standard deviations (RSD) were lower than 5.0% (n = 3).
These satisfactory results revealed this method could be used to
simultaneously (or individually) detect Hg** and Ag® in water and

biological samples.
4. Conclusions

In summary, an effective dual-color fluorescent sensing platform
based on WS, nanosheet has been developed for homogeneous detection
Hg®* and Ag®. The present detection method has several important
features. First, taking—advantage—of—it uses the high fluorescence
quenching capability of WS, nanosheets and excellent specificity of

dye-tagged oligonucleotide probes. The sensitively of the present method
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was substantially improved with a low detection limit of 3.3nM and 1.2
nM for Hg”* and Ag*, respectively, which were lower than most reported
assays. Second, the homogeneous assay format made the assay
convenient without requiring washing or separation steps, and it also
enabled this method to be easily automated. FrirdFinally, compared to the
previous reported assays for simultaneous detection of Hg** and Ag®, this
method was no use of any masking agents and relatively simple. These
merits greatly endowed this method held a promise—a—for monitoring

heavy metal ions in environmental and biological samples.
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592 Figure

593

594  Fig. 1 (A) SEM image of WS, nanosheets, (B) HRTEM image of WS, nanosheets,
595  Inset: EDS spectrum of WS, nanosheets, (C) AFM image and height profile of WS,

596  nhanosheets.
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WS: Nanosheet FAM-labeled probe TAMRA-labeled probe
Scheme 1. Schematic illustration of WS, nanosheet-based sensing platform for
dual-color fluorescent analysis of Hg** and Ag*. Fluorescence spectra of mixing probe
in the presence of different targets Hg** (green) and Ag* (red) with the excitation

wavelengths of 480 and 530 nm, respectively.
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Fig.—12 CD spectral change of mixture mixing probe containing 1.0 uM FAM
dye-labeled probe and 1.0 uM TAMRA dye-labeled probe in the presence of
increasing Hg?* and Ag® concentrations. (a) mixing probes , (b) mixing probes +
500.0 nM Hg*, (c) mixing probes + 1.0 uM Hg**, (d) mixing probes +1.0 pM
Hg?*+1.0 uM Ag".
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613  Fig. 3 Fluorescence spectra for dual-color detection of Hg”*and Ag*. (A) Fluorescence
614  spectra of the green color (FAM) at different conditions: (a;) mixture—prebe mixing
615  probes, (az) mixing probes+WS,, (as) mixing probes +WS,+Hg"*(600.0 nM), (as)
616  mixing probes +WS,+Ag*(800.0nM), (as) mixing probes +WS,+Hg?*(600.0nM)+Ag*
617  (800.0 nM); (B) Fluorescence spectra of the red color (TAMRA) at different
618  conditions: (b;) mixing probes, (b,) mixing probes +WS; (bs) mixing probes +WS, +
619 Ag'(800.0 nM), (bs) mixing probes +WS,+Hg?*(600.0 nM), (bs) mixing probes
620 +WS,+ Hg” (600.0 nM)+Ag*(800.0 nM). Mixing probes: 100 nM FAM-Ilabeled probe
621 and 100 nM TAMRA dye-labeled probe, WS, nanosheets: 10pg-mL™.
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Fig. 4 (A) Fluorescence emission spectra of FAM the-green—celor in the presence of
different concentrations of Hg®* (0, 6.0, 10.0, 15.0, 25.0, 50.0, 100.0, 150.0, 250.0,
270.0, 350.0, 450.0, 550.0 and 650.0 nM). (B) Calibration curve for Hg** detection. (C)
Fluorescence emission spectra of TAMRA the-red-coler in the presence of different
concentrations of Ag* (0, 5.0, 10.0, 15.0, 25.0, 50.0, 80.0, 120.0, 180.0, 250.0, 320.0,
400.0, 500.0, 600.0, 700.0, 800.0, and 1000.0 nM). (D) Calibration curve of Ag"

detection.
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Fig. 5 Selectivity of the sensing system for detection of Hg** and Ag" in the presence
of the other metal ions. (A) Fhe-sSpecificity for of Hg**detection. (B) Fhe-sSpecificity
for of Ag” detection. The concentrations of both Hg®* and Ag* were 250.0 nM, and

those of the other metal ions were 2.5 uM.

Highlights

+ WS, nanosheet was demonstrated to develop a dual-color fluorescent

biosensing platform for detection of Hg** and Ag™.

+ Without adding using any masking agents, the biosensor could achieve

simultaneous detection of Hg** and Ag* with a low detection limit.

¢ The homogeneous assay format made this method simple and

convenient.
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