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Ratiometric fluorescence sensors can provide more accurate analysis of target objects because of their
self-calibration function. Traditional methods often use steps of chemical coupling with two different
fluorescent materials as the dual emission source, which make the construction process complicated and
hard to control. Here, we report a convenient and effective way to construct a ratiometric fluorescence
sensor based on dual-emission carbon dots-gold nanoclusters (C-AuNCs) functionalized with dithio-
threitol (DTT) for the sensitive detection of mercury ions (Hg%*) in water samples. As a type of novel
nanoparticle, C-AuNCs are synthesized via microwaving a mixture of gold seeds solution and carbon
precursor. In the presence of Hg?*, the free thiol group of DTT would attract them around the surface of
C-AuNC s, and owing to the strong 5d'°-5d'? metallophilic interactions between Hg?* and Au*, the fluo-
rescence emission at 598 nm is quenched while the emission at 466 nm remains at a constant intensity.
Thus, an obvious color change from orange-red to blue under ultraviolet irradiation can be observed by
the naked eye. Moreover, the as-prepared fluorescence sensor has high sensitivity with a detection limit of
8.7 nM, and successfully applies to detect Hg?* in real water samples with satisfactory recoveries at three
spiking levels ranging from 95.9 — 103.5%. The good results imply that the developed DTT/C-AuNCs sensor
is conducive to trace Hg?* determination and possesses the great application potential for water-quality
monitoring.
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1. Introduction Accordingly, it is necessary to develop reliable and sensitive meth-

ods to detect Hg?* in complex matrices at low concentrations.

Heavy metal ions are one of the most hazardous and widespread
contaminants. Mercury(Il) ion (Hg2*) as a typical heavy metal ion
has the feature of non-biodegradable and bio-enrichment, which
causes a serious threat to ecological environment and human
health. The toxicity of Hg2* results from its powerful affinity with
thiol groups in intracellular proteins and enzymes, leading to
the dysfunction of living body [1-3]. Therefore, the United States
Environmental Protection Agency (EPA) has defined 10nM as the
maximum allowed limits (MAL) of Hg2* in qualified drinking water.
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Conventional analytical techniques mainly include atomic absorp-
tion spectroscopy (AAS) [4], inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) [5], inductively coupled plasma-
mass spectrometry (ICPMS) [6], and surface-enhanced Raman
scattering (SERS) [7]. However, they commonly require tedious
sample preparation, precise equipment and a well-trained oper-
ator, which make it difficult to implement in on-site applications.
In recent years, fluorescent sensors have emerged for the deter-
mination of Hg2* in biological and environmental systems because
of their convenience, rapid response and high sensitivity [8-11].
For example, Li’s group synthesized high-yield photoluminescent
N-doped carbon nanodots and developed a smartphone applica-
tion as a platform for the detection of Hg2* [12].Wang and his
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co-worker developed a Coumarin-based turn-on fluorescent sensor
for Hg2* analysis in neat aqueous solution [13]. Wei and Li utilized
DNA-templated silver nanocluster as a fluorescence probe for the
sensitive detection of Hg2* and favorably applied it to real water
samples [14].

On the other hand, it is well-known that ratiometric fluo-
rescence sensors have the advantage of avoiding environmental
interference and give a more precise measurement attributing to
their built-in correction by comparing with two emission inten-
sity ratios rather than using the absolute intensity of a single
emission peak [15-17]. Moreover, another unique feature of ratio-
metric fluorescence analysis is the distinct color change with the
variation of analytes dosage under ultraviolet (UV) light. Gener-
ally, building dual emission fluorescence sensors often involves
taking a substance composited on the surface of another one to
form a core-shell construction [18-21]. However, because most
nanocomposites are hybrids from different particles, their intrinsic
properties may be attacked in a multistep synthesis and sophis-
ticated chemical coupling process. Excitingly, the emergence of
carbon dots-gold nanoclusters (C—-AuNCs) has broadened our hori-
zon to realize novel dual-fluorescence nanomaterials. Liu’s group
proposed the synthetic route of C-AuNCs for the first time and suc-
cessfully applied them to cellular imaging [22]. Unlike the usual
C-AuNCs nanocomposites synthesized by combining carbon dots
(CDs) with gold nanoclusters (AuNCs), the formation of C-AuNCs
only requires microwaving a gold seeds solution containing glu-
cose, which would avoid further chemical conjugation and simplify
the experimental steps. In addition, considering the robust metal-
lophilic interaction between Hg2* and Au* [23-25], C-AuNCs could
be an ideal candidate for the ratiometric fluorescence detection of
Hg2*,

In the present work, dithiothreitol (DTT) was used to modify the
surface of C-AuNCs, which could greatly improve the sensitivity of
Hg?* detection. It should be noticed that DTT plays an important
part in the sensing process due to its two thiol groups (—SH) at both
ends. Although the thiol group has high affinity for Hg2*, it does not
make an impact on Hg?*-Au* interaction. As previously reported,
ethylene diamine tetraacetic acid (EDTA) chelating with Hg2* had
no obvious influence on AuNCs for the detection of Hg*, which was
attributed to the oxidation state of Hg?* being unchanged [26,27].
Similarly, this explanation can also account for the reason why DTT
would not disturb the interaction between HgZ* and Au*. Therefore,
when Hg2* appears, most can be quickly attracted to the surface of
C-AuNCs, followed by the orange-red fluorescence of the AuNCs
emission at 598 nm gradually fading away, whereas the blue flu-
orescence of CDs emission at 466 nm displays a negligible change
since it is insensitive to Hg2*. As the two emission intensity ratios
vary, the fluorescence color of C-AuNCs changes from orange-red
to light blue under a UV lamp, which can be discerned by the naked
eye. The constructed ratiometric fluorescence sensor based on DTT
modified C-AuNCs, namely DTT/C-AuNCs, was well characterized
and its recognition/sensing properties were investigated in detail.
The sensor was also applied for the detection of Hg2* in lake and
tap water with satisfactory results. Accordingly, the sensor exhibits
excellent sensitivity and selectivity to HgZ* and provides a conve-
nient platform for visual detection of heavy metal ions in real water
samples.

2. Experimental
2.1. Reagents and materials
Hydrogen tetrachloroaurate trihydrate (HAuCl4-3H,0), glucose,

phosphate buffered saline (PBS), and all metal cation salts (Hg2",
Na*, K*, CaZ*, BaZ*, MgZ*, Zn2*, Mn?*, Ni2*, Co2*, Fe3*, Cd2*, Pb?",

Cu?*) and sodium anion salts (I, F~, HSO4~, CN—, CH3COO0,
H,P0,4~) were purchased from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China). Reduced glutathione (GSH) and ethylene
diamine tetraacetic acid (EDTA) were supplied by Aladdin Indus-
trial Co. (Shanghai, China). Dithiothreitol (DTT) was obtained from
Sigma-Aldrich Trading Company Ltd. (Shanghai, China). Pure water
purification system was purchased from Pall Co. (New York, USA)
and ultrapure water with a resistivity of 18.2 M2 was used for all
experiments. All reagents used were of analytical grade without
any further purification.

2.2. Instrumentation

Fluorescence spectra were measured with a Fluoromax-4
Spectrofluorometer (Horiba Scientific, Japan). The morphological
evaluation was examined by a transmission electron microscope
(TEM) (JEOL, model JEM-1230, Japan) operated at 100 kV. UV—vis
absorption spectra were recorded on a NanoDrop 2000/2000C spec-
trophotometer (Thermo Fisher Scientific, USA). Fourier transform
infrared (FT-IR) analyses were carried out by a FT-IR spectrom-
eter (Thermo Fisher Scientific, Model Nicolet iS10, USA). Atomic
fluorescence analysis was measured by an atomic fluorescence
spectrophotometer (AFS) (Jitian Instruments, Model AFS-930,
China).

2.3. Synthesis of C-AuNCs

All glass wares were soaked with aqua regia (HCl: HNO3=3: 1)
and rinsed thoroughly with ultrapure water before use. C~-AuNCs
were prepared by the microwave-assistant seed growth method
according to previous report with minor modification [22,28]. Typ-
ically, 2mL of 50 mM freshly prepared HAuCl4 aqueous solution
was injected into a round-bottomed flask, and then the solution
was diluted by ultrapure water up to 48.5 mL at room temperature.
After mixing uniformly, 1.5 mL of 100 mM GSH was added to the
above solution and heated to 70°C for 2 h to form gold seeds. Next,
15 mg of glucose was mixed with 5mL of fresh gold seeds solu-
tion followed by microwaving the mixture for 8 min. Finally, the
product was dissolved again with ultrapure water and centrifuged
(12,000 rpm, 10 min) to remove agglomerated particles. In this way,
the dual emission C-AuNCs were purified, which were stored at 4 °C
for further use.

2.4. Synthesis of DTT functionalized C-AuNCs

Briefly, 20 pL of 4mM DTT and 2 mL of C-AuNCs aqueous solu-
tion were added to 8 mL of ultrapure water. Then, the mixture
was stirred for 12 h in the dark [29]. The product was centrifuged
(12,000 rpm, 15 min) to remove superfluous amounts of DTT. At
last, the green-yellow solution of DTT functionalized C-AuNCs
marked as DTT/C-AuNCs was obtained.

2.5. Ratiometric fluorescence detection of mercury ions

In a centrifuge tube, 200 L of DTT/C-AuNCs aqueous solution
was diluted with 290 pL of PBS buffer (10 mM, pH 7.0), and then
10 pL of Hg?* solution with a known concentration was added to
the above DTT/C-AuNCs sensor solution. After 10 min of incubation,
the well-prepared working solution was transferred to a quartz
cuvette for the fluorescence measurements. The final concentration
of DTT/C-AuNCs used in the fluorescence test was 0.20 mg/mL. All
fluorescence (FL) intensities were obtained in the same conditions:
both excitation and emission slit widths were set as 8 nm, and the
value of excitation wavelength was 380 nm.
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Fig. 1. Schematic illustration of the synthetic routes of DTT/C-AuNCs.

2.6. Selectivity and interference experiment

To investigate the selectivity of DTT/C-AuNCs, the fluorescent
responses to other ions such as metallic ions (Na*, K*, CaZ*, Mg2*,
Co2*, Ni2*, Ba2*, Mn?*, Zn2*, Fe3*, Cu?*, Cd?*, Pb2*) and anions (I-,
F~, HSO4—, CN—, CH3COO~, H,P0O4~) were examined under the
same conditions as that of Hg2* mentioned above. The concentra-
tions of Hg2* and other ions were all 500 nM. For the interference
study, 20 uM Na*, K*, Ca?*, Mg?*, Co?*, Ni2*, Ba2*, Mn2*, Zn2*, Fe3*,
I-, F~, HSO4~, CN-, CH3CO0~, and H,PO,~ and 5 M Cu?*, Cd?*,
and Pb2* were mixed with the DTT/C-AuNCs sensor solution. In the
presence of interfering ions, 500 nM HgZ* was then added to the
sensor solution and the fluorescence spectra were recorded again.

2.7. Analysis of water samples

Lake water and tap water were employed to demonstrate the
practicality of the DTT/C-AuNCs sensor for Hg2* detection in aque-
ous matrices. The lake water sample was taken from San Yuan Lake
(Yantai, China), and tap water sample was collected from our lab-
oratory after water was allowed to flow for 5 min. The real water
samples were primitively filtered with a 0.45 pum pore size mem-
brane to remove the suspended particles. After 100-fold dilution,
the prepared water samples were spiked with Hg?* standard solu-
tion at 0.1, 0.5, and 1 M. Then, the fluorescence spectra were
measured after incubating for 10 min.

3. Results and discussion
3.1. Preparation and detection principle of DTT/C-AuNCs

C-AuNCs were the foundation for the construction of the
DTT/C-AuNCs ratiometric fluorescence sensor. Therefore, C-AuNCs
were preferentially prepared and characterized. According to a pre-
vious work, C-AuNCs were synthesized by the microwave-assisted
method, and the detailed process is illustrated in Fig. 1. As seen,
gold seeds were first obtained via the reduction of HAuCl, with
GSH as a stabilizer. Then, the gold seeds solution containing glucose
was subjected to microwave irradiation to form C-AuNCs. Finally,
the C-AuNCs were dissolved in ultrapure water for further modi-
fication by DTT. In addition, because the amounts of glucose could
control the fluorescence intensity of CDs, different glucose dosages
were tested in the formation of C-AuNCs. Ultimately, 15 mg of glu-
cose was selected as the optimal dosage for the experiment to
obtain our desired dual-emission peak pattern of C-AuNCs.

Fig. 2A displays the fluorescence spectra of AuNCs (curve a),
C-AuNCs (curve b) and CDs (curve c). Under microwave irradia-
tion, the mixture of glucose (15 mg) and gold seeds (5 mL) formed
C-AuNCs within 8 min. In the same case as mentioned above, inde-
pendent gold seeds (5 mL) could form AuNCs. However, when only
15mg of glucose was dissolved in 5mL of pure water and the
solution was microwaved for 8 min, the obtained products did
not show fluorescence emission. The generation of CDs needs a

high concentration of glucose solution (such as 0.1 gmL~1) by the
microwave-assisted method. That is, C-AuNCs is different from the
composite of CDs and AuNCs. The possible mechanism for the for-
mation of C-AuNCs has been discussed [22], which includes the two
processes of nucleation and growth. The nucleation rate of CDs is
lower than that of AuNCs, while the growth rate of CDs is higher.
Carbon will have a priority to nucleate on the surface of gold seeds
for generating C—-AuNCs. The TEM images of AuNCs and C-AuNCs
are shown in Fig. 2B. From the images, we can deduce that C-AuNCs
have an average size of approximately 3 nm, which is similar to that
of AuNCs. This further proves that C-AuNCs are nanoparticles in
terms of particle size.

The synthesis principle of DTT functionalized C-AuNCs is based
on the strong covalent interaction of the thiol group with AuNCs
[30]. After a period of stirring, a large number of collisions would
guarantee that the DTT is effectively connected to the surface of
C-AuNCs (Fig. 1). The FT-IR spectra are used to characterize the
functional groups of C-AuNCs and DTT/C AuNCs. As shown in Fig. 3,
C-AuNCs and DTT/CAuNCs have mostly the same characteristic
peaks. The peak at 3428 cm~! corresponds to the stretching vibra-
tion of —OH, and the peak at 1646cm~! confirms the existence
of —COOH. The —C—N and S—Au bands are observed at 1402 and
1076 cm~1, respectively [31]. The emergence of S — Au bands in the
C-AuNCs FT — IR spectra can be attributed to GSH as the reduc-
ing reagent involved in the formation of gold seeds. A weak peak
at 2487 cm~! appearing in the FT — IR spectra of DTT/C-AuNCs is
assigned to the characteristic vibrations of —SH [32], which man-
ifests that only one end of —SH is anchored on the surface of
C-AuNCs while the other end of —SH is free in the process of DTT
modification.

As a ligand, DTT plays an essential role in the detection of Hg%*
because of its unique structure. Taking advantage of the covalent
bond between —SH and Au, DTT can easily attach to C-AuNCs, while
the other end of —SH is responsible for grabbing Hg2* [30]. In the
presence of Hg?*, the free —SH exclusively attracts Hg2* through
the S—Hg band [33], resulting in the fluorescence emission at
598 nm being sharply quenched. The sensing mechanism could be
attributed to the powerful dispersion forces between closed-shell
metal atoms, leading to the formation of a strong metallophilic
bond between the d!0 centers of Au* (5d!°) and Hg?* (5d19)
[3,23,34-37]. The established metallophilic bond would efficiently
quench the fluorescence of AuNCs. Therefore, as the concentration
of Hg2* increased, the orange-red fluorescence of AuNCs decreased,
whereas the blue fluorescence of CDs as a reference signal was
almost constant. Subsequently, the DTT/C-AuNCs based ratiomet-
ric fluorescence sensor displayed a continuous color change from
orange-red to blue with the addition of Hg?*, which can be visu-
alized under ultraviolet irradiation, as shown in Fig. 4. Although
the UV absorption spectrum of AuNCs and the fluorescence spec-
trum of CDs had a small overlap region (Fig. S1), there did not exist
an energy transfer between AuNCs and CDs, since the fluorescence
intensity of CDs was almost unchanged.
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3.2. Morphological structure and optical properties of
DTT/C-AuNCs

The morphological structures of C-AuNCs and DTT/C-AuNCs
were characterized by TEM. From Fig. 2B, we can see that the parti-
cles size of C-AuNCs did not change after DTT modification, which
indicated that DTT would not cause aggregation of C—-AuNCs. In
addition, the fluorescence spectra of C~-AuNCs and DTT/C-AuNCs
were also recorded (Fig. 3B). As seen, the emission peak at 598 nm
of DTT/C-AuNCs had a small redshift compared to that of C-AuNCs,
but the relative fluorescence intensity of the two peaks remained
unchanged. From the above, we can conclude that DTT as a modifier
was friendly to C-AuNCs.

The quenching amount, defined as (Fy-F)/Fgy [38], was chosen
as a criterion for evaluating the effect of pH. From Fig. S2, it was
found that the quenching amount sequentially increased below
pH 7.0 but clearly decreased as the pH value ranged from 7.5 to

9.0. The phenomenon may be attributed to that Hg2* can trans-
form into Hg(OH), in an alkaline medium, which caused a decrease
in the actual concentrations of HgZ*. Moreover, owing to the pK;
of the thiol group being 8.3 [39], DTT would be oxidized when
the pH value is higher than 8.0. Considering the above reasons
and the practical application of the DTT/C-AuNCs sensor for envi-
ronment water, we chose pH 7.0 in PBS buffer as the optimized
condition for further experiments. Meanwhile, the response time
of the fluorescence sensor was also investigated by monitoring
its fluorescence intensity decrease as the sensor solution reacted
with 500 nM Hg?*. Fig. S3 displays that the fluorescence intensity
at 598 nm declined rapidly and reached stabilization in 10 min. The
results suggested that Hg2* would easily come into contact with the
surface of C-AuNCs and had a strong interaction with Au*. There-
fore, 10 min of response time was enough for the complete reaction
between Hg2* and DTT/C-AuNCs.
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Hg?*

Fig. 4. Schematic illustration of the proposed quenching mechanism of the senor for Hg2* detection.

3.3. Sensitivity and selectivity of the sensor to Hg?*

The ability of the DTT/C-AuNCs sensor for the quantitative anal-
ysis of Hg2* was evaluated by recording the fluorescence emission
intensity after the addition of different concentrations of Hg2* (0,
0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1 uM) (Fig. 5A). An
excellent linear relationship between the intensity ratio and Hg2*
concentrations was presented with R%=0.9981 (Fig. 5B). The limit
of detection (LOD), defined by the equation LOD =30o/s, where o is
the standard deviation of blank signal and s represents the slope of
the calibration curve, was calculated to be 8.7 nM. The value was
lesser than the MAL for Hg2* in drinking water, i.e., 10nM regu-
lated by the EPA. These results ensured the validity of the prepared
ratiometric fluorescence sensor for Hg2* detection.

On the other hand, high selectivity is a pivotal assessment index
for an excellent fluorescent sensor, which stands for the abil-
ity of the sensor to distinguish between the target analyte and
interferent. The selectivity of DTT/C-AuNCs was demonstrated by
measuring the fluorescence emission ratios (Isgg/lsgg) (Fig. 5C and
D) in the presence of Hg2* and multiple interfering ions, includ-
ing metal ions (Na*, K*, Ca%*, Ba*, MgZ*, Zn2*, Mn?*, Ni*, Co%*,
Fe3*, Cd?*, Pb2*, Cu?*)and anions(Cl~, Br—, I, F~,HSO4~, CH;COO~,
H,P0,4~). It was found that Cu?* would cause a disturbance for Hg2*
detection. As shown in Fig. S4A, approximately 30% of fluorescence
intensity at 598 nm (curve d) was quenched by 500 nM Hg2*, while
the quenching amount of 500 nM Cu?* could reach 14% (curve c),
which nearly equaled to half the quenched ability of Hg%*. To solve
this problem, EDTA was employed as a masking agent to eliminate
the interference of Cu?*, since EDTA is a popular ligand toward
most cations (with stability constant log K(Cu?*-EDTA)=18.80).
Control experiments have been performed to verify that EDTA is
useful for masking Cu2* and would not hinder the detection of
Hg2*.When 0.1 mM EDTA was introduced into the working solution
containing 500 nM Cu?*, 99% of the original fluorescence inten-
sity at 598 nm (curve b) was obtained which was almost identical
to that of the mixture of DTT/C-AuNCs and EDTA (curve a) (Fig.
S4A). Moreover, the fluorescence intensity of DTT/C-AuNCs react-

ing with 500nM Hg2* (curve d) remained unchanged after the
addition of 0.1 mM EDTA (curve e) (Fig. S4A). In addition, we also
investigated the masking ability of EDTA towards 5uM Cu?* in
the condition of coexisting with 500 nM Hg?*. Fig. S4 B shows that
5 WM Cu?* can sharply quench the fluorescence intensity at 598 nm,
which was approximately equivalent to the quenching efficiency
of 1M of Hg?*. Fortunately, in the presence of EDTA, the fluo-
rescence intensity curve of 5uM Cu?* mixed with 500 nM Hg?*
coincided with that of only 500nM Hg2* existing in the work-
ing solution, which means that EDTA can effectively chelate with
Cu?* to eliminate interference. Moreover, the EDTA would not have
any influence on DTT/C-AuNCs because the fluorescence spectrum
remained unchanged after the addition of EDTA to the blank work-
ing solution (blank working solution means only DTT/C-AuNCs
in PBS buffer at pH 7.0). Although Hg?* also binds with EDTA
(log (Hg2*-EDTA) =21.7), the complexation did not alter mercury’s
oxidation state, and the quenching effect of DTT/C-AuNCs still
remained normal [27]. In addition, the thiol group of DTT may have
stronger affinity with Hg2*, so Hg2* recognition was not disturbed.
As seen from Figs. 5C and S5, after Cu%* was sheltered, the ratio-
metric fluorescence sensor possessed a good selectivity to Hg2* and
the fluorescence color changes were not obvious in the presence of
other ions. For the interference study, the fluorescence intensity
ratio (Isgg/lsgs) Was not influenced by adding other ions at rela-
tively high concentrations (20 wM Na*, K*, Ca?*, Ba?*, Mg?*, Zn?*,
Mn?2*, Ni2*, Co?*, Fe3*,1-,F~,HSO4~, CN—, CH3COO~,H,P04~; 5 M
Cd?2*,Pb%*, Cu2* (Cu?* is sheltered by EDTA)) to the working solution
containing 500 nM Hg2*, as shown in Fig. S6. The results indicated
that the ratiometric fluorescence sensor exhibited high selectivity
and recognition specificity for Hg2* in contrast to other ions.

3.4. Practical application of the ratiometric fluorescence sensor to
water samples

To further assess the practical application of the proposed
method to real samples, the lake water and tap water were spiked
with working solutions containing different concentrations of Hg?*
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Fig. 5. (A) Fluorescence emission spectra (\ex =380 nm) of 0.20 mg/mL DTT/C-AuNCs in the presence of different concentrations of Hg?*. Spectra were recorded after 10 min
upon addition of Hg?* in the working solution at room temperature. (B) The linear relationship between the fluorescence ratios (Isog/ls6s) and the concentrations of Hg2*
range from 0 to 1 WM. (C) Selectivity of 0.20 mg/mL DTT/C-AuNCs toward Hg?* together with other cations (Na*, Cd?*, Zn?*, Mn?*, K*, Co?*, Cu?*, Ni?*, Pb?*, Mg?*, Fe3*, Ca?*,
Ba?*) at concentration of 500 nM. (D) Selectivity of 0.20 mg/mL DTT/C-AuNCs toward Hg?* together with anions (I-, F-, HSO4~, CN-, CH3COO-, H,PO,4 ) at a concentration
of 500 nM. The insert photos show the corresponding fluorescence colors change of the working solution under a UV lamp.

Table 1
Results of spiked recoveries and RSDs (%; n=3) for the detection of Hg?* in lake
water and tap water samples with the DTT/C-AuNCs sensor.

Sample Spiked  DTT/C-AuNCs sensor AFS

(WM) Recovery® (%) RSD (%) Recovery® (%) RSD (%)
Lake water 0.1 95.9 2.8 101.3 1.6

0.5 101.0 3.1 104.2 2.0

1.0 103.5 3.9 109.7 25
Tap water 0.1 97.2 2.4 103.0 1.9

0.5 98.9 1.8 97.8 23

1.0 101.5 33 106.7 2.7

2 Average value from three individual experiments.

and then tested. The averaged recovery was acquired with the
relative standard deviations (RSD) by measuring three triplicates
for each concentration. The data of the spiking experiment are
listed in Table 1. As shown, satisfactory recoveries were attained
at 95.9-103.5% for the spiked lake water samples and 97.2-101.5%
for the spiked tap water samples, respectively. The value of RSD
below 4% demonstrated the reliability and accuracy of the ratiomet-
ric fluorescence sensor. In addition, the results were comparable to
that obtained by AFS, namely, 101.3-109.7% for lake water sam-
ples and 97.8-106.7% for tap water samples. These good results
confirmed that the DTT/C-AuNCs sensor was suitable for Hg2*
detection in drinkable and environmental water samples, pos-
sessing great potential for the analysis and monitoring of Hg2* in
practice.

3.5. Method performance comparison

The performance of the developed DTT/C-AuNCs ratiometric
fluorescence sensor for the detection of Hg?* was compared with

other different AuNCs-based fluorescence detection approaches,
as listed in Table S1. Some researchers have reported the use of
different proteins or enzymes as the stabilizer for the synthesis
of AuNCs for improving the detection effect of Hg2* [40-43], but
these methods cannot show a color change as the concentration
of Hg?* varies. In our work, we constructed a ratiometric fluores-
cence sensor, employing AuNCs as a response signal to discern
Hg2*, which could visually detect Hg2* according to an obvious
color change from orange-red to blue. In addition, there are other
ratiometric fluorescence sensors for detecting HgZ*. For example,
Yan's group reported a method of utilizing CDs and AuNCs to
form a nanocomposite for sensitively detecting HgZ* [44]. How-
ever, the synthesis process of AuNCs was time-consuming and the
CDs needed a high temperature (200 °C) to form. In addition, Wang
et al. designed a dual-emitting fluorescent chemosensor based
on fluorescence resonance energy transfer with blue fluorescent
poly(arylene ether nitrile) acting as the energy donor and red-
emitting AuNCs as the acceptor for detecting Hg2* [45]. Similarly,
this strategy also involved tedious synthetic routes. Although in our
work, the obtained detection limit was comparable or lower than
those mentioned ratiometric fluorescence detection methods, the
CAuNCs synthesized by the microwave-assisted method dramati-
cally simplified the preparation process and avoided complicated
chemical conjugation.

4. Conclusions

In summary, we introduced a simple and feasible method to
construct a ratiometric fluorescence sensor for the sensitive recog-
nition of Hg2* with the help of a novel multifunction nanoparticle
C-AuNCs modified by DTT. The fluorescence system showed a
lower detection limit of 8.7 nM with a wide linearity range from
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50nM to 1000nM and was successfully applied to detection of
Hg2* in real water samples. Based on the specific strong interac-
tions between Hg?* and Au*, the fluorescence intensity at 598 nm
of AuNCs was quenched in the presence of Hg2*, while the emission
peak at 466 nm of CDs was almost invariable as the reference signal,
accompanied by an observable fluorescence color change under UV
light. In this work, DTT played the role of attracting Hg2* appear-
ing on the surface of the AuNCs to increase the effective contact
with Au*, to enhance the recognition ability. Considering the high
accuracy and excellent sensitivity/selectivity, the developed sen-
sor has great potential for practical application in water pollution
monitoring.

On the other hand, the emergence of multifunction dual-
emission nanoparticles no longer restricts the ratiometric fluo-
rescence method to be composited by two different fluorescence
materials, so it is important to explore the preparation process
and application. Moreover, for fluorescence sensors, more atten-
tion should be paid to explain the possible sensing principle, which
is beneficial for exploiting their application area. Finally, we expect
that the development of dual emission fluorescence nanoparticles
would strongly promote the prosperity of ratiometric sensors in
concerned-target analysis.
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