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1 Introduction

ABSTRACT

The present work reports a sensitive and selective fluorescent sensor for the
detection of mercury ion, Hg(Il), by hybridizing carbon nanodots (C-dots) and
gold nanoclusters (Au NCs) through intrinsic interactions of the two components.
The C-dots serve as the reference signal and the Au NCs as the reporter. This
method employs the specific high affinity metallophilic Hg*—Au" interactions
which can greatly quench the red fluorescence of Au NCs, while the blue
fluorescence of C-dots is stable against Hg(Il), leading to distinct ratiometric
fluorescence changes when exposed to Hg(II). A limit of detection of 28 nM for
Hg(Il) in aqueous solution was estimated. Thus we applied the sensor for the
detection of Hg(Il) in real water samples including tap water, lake water and
mineral water samples with good results. We further demonstrated that a visual
chemical sensor could be manufactured by immobilizing the nanohybrid probe
on a cellulose acetate circular filter paper. The paper-based sensor immediately
showed a distinct fluorescence color evolution from pink to blue after exposure
to a drop of the Hg(Il) solution.

of damages to the human brain, the heart and the
kidneys and even permanent damage to the central

Mercury pollution due to human activities has always
been an environmental concern because of its highly
toxic and widespread emissions. The metallic ions
are readily absorbed into human bodies and get
accumulated because of their non-biodegradable and
bio-accumulative property. This can result in a variety
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nervous system and the other organs [1-3]. Currently,
the widely used methods for mercuric ion (Hg(IL))
analysis include cold-vapor atomic absorption
spectrometry [4, 5], X-ray absorption spectroscopy
[6-8], inductively coupled plasma-mass and cold-
vapor atomic fluorescence spectrometry [9-11]. These
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conventional lab and instrument-based methods can
help little for on-site and rapid mercuric screening
from the view point of environment protection and
pollution control. Recently, certain chemical sensors
based on optical signals have been reported for Hg(II),
such as, colorimetric assay using nanoparticles (NP)
of Au, Ag and Cu [12-14], electrochemical sensors
[15, 16] and fluorescence method based on organic
molecules (fluorophores or chromophores) [17, 18] and
inorganic nanomaterials (nanoclusters (NC) of Ag or
Au) [19-24]. Fluorescence-based analytical methods
have been proven to be a promising alternative for the
determination of Hg(II)in aqueous solutions because
of their unique optical properties, simple synthesis
techniques, high intrinsic sensitivities and rapid
analyses. However, the optical method has greatly
relied on the development of new fluorescent materials,
especially the fluorescent nanomaterials.

Carbon nanodots (C-dots) are novel fluorescent
nanomaterials which have become popular in recent
years because of their particular fluorescent properties,
water solubility, high quantum yield, good photostabi-
lity, lower cytotoxicity and excellent biocompatibility
[25-27]. In addition, gold nanoclusters with high
fluorescent quantum yield have been reported, which
are also attractive because of their ultrafine size, good
photostability and low toxicity [28, 29]. These optical
properties of C-dots and Au NCs make them advan-
tageous over luminophores such as organic dyes,
and semiconductor quantum dots. This is because
luminophores are generally prone to photobleaching
and semiconductor quantum dots typically contain
toxic metal ions such as cadmium. Therefore, it is
beneficial to design chemical sensors using the two
fluorescent nanomaterials.

In the present work, we have synthesized a sensi-
tive ratiometric fluorescence probe by exploiting the
superior optical properties of C-dots and Au NCs, by
hybridizing them to form a dual-emissive fluorescent
probe for sensitive detection of Hg(II). Such a design
for the dual-fluorescence probe was inspired by the
following facts: (i) Au NCs are susceptible to reactions
with Hg(Il) due to the specific and strong d'°-d™
metallophilic interactions ((Hg*) 5d'-5d" (Au)),
[21, 30, 31] and (ii) C-dots exhibit excellent chemical
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inertness to heavy metal ions, which can be used as a
reference signal. Thus, the different responses of the
blue fluorescent C-dots and the red fluorescent Au NCs
of the dual-emission probe to Hg(II) can be used for
the visualization of Hg(II) by the distinct fluorescence
color change. However, a single fluorescence signal is
easily influenced by the experimental conditions such
as, temperature, instrumental condition, probe con-
centration, solvent polarity, etc. Contrary to the single
fluorescence measurement, ratiometric fluorescence
sensing based on dual-emission involves simultaneous
measurement of two fluorescence signals at different
wavelengths, which could exclude or correct the above
mentioned unfavorable conditions, thus achieving a
more precise and sensitive detection [32-35].

The probe reported in the present study shows a
limit of detection of 28 nM in aqueous solution, and
this method was also successfully applied to detection
of Hg(Il) in tap water, lake water and mineral water
samples. More importantly, a portable paper sensor
was developed for visual detection of Hg(Il) in
aqueous solution made possible by the appearance of
a different fluorescence color under a UV lamp,
indicating the potential for practical applications such
as on-site Hg(II) detection.

2 Experimental
2.1 Chemicals and materials

All chemicals were of analytical grade and used
without further purification. L-proline, sodium
borohydride (NaBH,), gold chloride solution (HAuCl,),
bovine serum albumin (BSA), cobalt chloride hexa-
hydrate (CoCl,-6H,0), zinc chloride (ZnCl,), copper
chloride dihydrate (CuCl,:2H,0), ferric chloride
hexahydrate (FeCl;'6H,0), cadmium chloride hydrate
(CdCl,:2.5H,0), nickel chloride hexahydrate (NiCl,:
6H,0), magnesium chloride hexahydrate (MgCl,:6H,O),
sodium chloride (NaCl), potassium chloride (KCI),
calcium chloride anhydrous (CaCl,), lead nitrate
(Pb(NO;),) and mercury nitrate (Hg(NOs),) were pur-
chased from Sinopharm Chemical Reagent Co. Ltd.
All the reagent solutions were prepared by the water
purified through a Millipore system with a resistance
of 18.2 MQ-cm.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



2090

2.2 Synthesis of water-soluble C-dots

The highly water-soluble and photoluminescent C-dots
were prepared by a simple one-pot hydrothermal
method with minor modifications [26]. Typically,
L-proline (1.15 g/20 mL) aqueous solution was added
into a 50 mL autoclave tube and the solution was sealed
and treated at 200 °C for 4 h. The resulting brown
solution was cooled to room temperature naturally
and filtered through 0.45 uM Suporfilters to remove
the large or agglomerated particles. Then the C-dots
solution was purified by dialyzing against pure water
using a membrane (My = 3.5 kDa) for 6 h and then
storing at 4 °C for further use.

2.3 Synthesis of BSA-Au nanoclusters

All the glasswares were first washed with aqua regia
and then rinsed with ultrapure water, several times
before use. Au NCs were synthesized and purified
according to the literature [28]. In a typical experi-
ment, HAuCl, solution (5 mL, 10 mM) was added to
the BSA solution (5 mL, 50 mg/mL) under vigorous
stirring. After 5min, NaOH (0.5 mL, 1 M) solution
was introduced to the mixture to adjust the pH to
11.0 and then the mixture was kept under stirring for
12 h at 37 °C. The solution color changed from pale
yellow to dark orange with red emission, indicating
the formation of BSA-Au NCs. The BSA-Au NCs
sample was stored at 4 °C for future use.

2.4 Synthesis of the nanohybrid probe

The nanohybrid system was prepared by the following
procedure. First, 10 uL of the as-prepared C-dots
solution and 10 puL of the obtained Au NCs solution
were thoroughly mixed in 1.98 mL ultrapure water. The
mixture was kept under vigorous stirring for surface
hybridization through reaction and interaction. Then,
the fluorescence spectrum of the ratiometric probe
was collected from 380 to 850 nm, and it exhibited
two emissions at 450 and 656 nm. The fluorescence
stability of the ratiometric probe and its relative
fluorescence ratio intensity, Is6/lss Were also monitored
under a single wavelength excitation. In addition, the
stability of the nanohybrid was examined by moni-
toring the ratiometric fluorescence intensity after
centrifugation and dialysis. It was found that the
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fluorescence spectra and fluorescence color of the
nanohybrid did not show a significant change after
centrifugation and dialysis (Fig. S1, in the Electronic
Supplementary Material (ESM)), implying its good
physical stability.

2.5 Determination of Hg* using the nanohybrid
probe

To evaluate the sensitivity of the ratiometric probe
for the mercuric ion, various concentrations of Hg(II)
(0.0, 100, 200, 300, 400 and 500 nM) were added into
the nanohybrid solution in a spectrophotometer quartz
cuvette. Subsequently, the fluorescence spectra were
recorded from 380 to 850 nm after each addition,
under excitation at 365 nm, and slit width of 10 nm.
To further study the specificity of the sensing system
towards detecting Hg(II) over other environmentally
relevant metal ions, the fluorescent properties of the
nanohybrid probe in the presence of relevant metal
ions (including Na(I), K(I), Ca(ll), Mg(Il), Ba(ll),
Zn(II), Co(Il), Ni(Il), Cd(II), AI(III), Fe(IlI), Pb(II) and
Cu(Il)) were carefully examined at the same condition.
The average data from three independent measure-
ments were obtained.

2.6 Instrumentation

Fluorescence spectra were recorded using a Perkin-
Elmer LS-55 luminescence spectrometer. The trans-
mission electron microscopy (TEM) images were
recorded using a JEOL 2010 transmission electron
microscope. Fourier transform infrared (FT-IR) spectra
were acquired from a Thermo Fisher Nicolet iS10
FT-IR spectrometer. The amount of Hg(Il) ion in the
water samples was analyzed by an atomic absorption
spectrometer (TAS-990). Photographs were taken with
a Canon 350D digital camera under a 365 nm UV lamp.

3 Results and discussion

3.1 Characterization of the as-prepared Au NCs
and C-dots

The properties of the as-prepared Au NCs and C-dots
were investigated by fluorescence spectroscopy, TEM,
and FT-IR spectra. Figure 1 shows the maximum
emission center of Au NCs at 656 nm, and the C-dots
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Figure 1 Fluorescence spectra of (a) red emission of BSA-Au
NCs, (b) blue emission of C-dots and (c) the nanohybrid system.
Inset: the corresponding fluorescence photos taken under a
365 nm UV lamp.

emission band at 450 nm. In the inset of Fig. 1, it can
be observed that the solution of fluorescent Au NCs
emits intense red fluorescence (Fig.1(a)) while the
solution of C-dots displays blue fluorescence (Fig. 1(b)),
under 365nm UV light. The fluorescence spectra
of Au NCs and C-dots were further recorded every
5 min for 1 h under ultraviolet irradiation at 365 nm
(Figs. 52 and S3 in the ESM, respectively). Clearly,
the fluorescence intensities exhibit no distinct change,
implying that both the Au NCs and C-dots exhibit
good stability against photobleaching in aqueous
solutions. The morphologies and the sizes of the two
components were characterized by TEM, as shown in
Fig. 2. It can be seen that the Au NCs were readily
dispersed in water and possessed a good mono-
dispersity with a particle size of about 2.0 nm (Fig. 2(a)).
The diameter of C-dots was estimated to be 2.2 nm
with a good dispersity (Fig. 2(b)). Additionally, the IR
spectrum of C-dots (Fig. 5S4 in the ESM) shows a peak
at 3,429 cm™, assigned to the O-H stretching vibration.
Other vibrations at 2,985 and 1,402 cm™ belong to
the C-H stretching and deformation vibration. The
characteristic vibration of C=O appears at 1,628 cm™,

and the peak at 1,330 cm™is ascribed to the C-N stretch.

These results indicate the existence of the carboxyl
and the amide groups on the surface of the C-dots
[26, 36, 37].
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Scheme 1 The scheme of a nanohybrid system for mercury ion
detection. The red fluorescence of Au NCs is quenched by Hg(II),
while the blue fluorescence of C-dots stay stable to Hg(Il),
resulting in a color change from pink to blue.
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Figure 2 TEM images of the as-prepared (a) red emission of
Au NCs and (b) blue emission of C-dots.

3.2 Characterization of the nanohybrid probe

The nanohybrid solution emits a strong pink
fluorescence, as seen in Fig. 1(c), which is a different
fluorescence color when compared to the Au NCs and
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the C-dots. Also, the fluorescence spectrum of the dual-
emission system displays two emission bands at 450
and 656 nm. As shown in Scheme 1, the fluorescence
energy of C-dots lies in the blue range and is demon-
strated to be stable against the mercury ion, which
can serve as a better reference signal for Hg(II) assay.
The Au NCs emits red fluorescence and is quenched
by the mercury ion, which can serve as the reporter
signal for Hg(Il) detection. By combining the two
fluorescence behaviors, an obvious fluorescence color
change from pink to blue was achieved upon exposure
to Hg(II), which can be applied for visual detection of
the mercuric ions.

The analytical performance of the dual-emission
nanohybrid deeply relied on the fluorescence intensities
at 656 and 450 nm of Igse/Liso. The different intensity
ratios of Ig/I,5 were related to the amount of mercuric
ions. When the Igs/145 ratio for the nanohybrid was 3:1,
the blue fluorescence was too weak to be observed in
the presence of Hg(ll), producing a narrow color
change (Fig. S5 in the ESM). When the Igs¢/Lis, intensity
ratio was adjusted to 1:1, as shown in Fig.3(a), a
wider color variation from pink to blue was obtained.
Other Igs6/lis0 intensity ratios such as, 2:1, did not
result in an obvious color change (Fig. 56 in the ESM).
Therefore, the Iss¢/115 intensity ratio of 1:1 was selected
as the optimal condition for the synthesis of the

nanohybrid probe and the detection of mercuric ions.
Additionally, the photostability of the nanohybrid
probe was systematically studied and the results
showed that the nanohybrid probe has good stability
against photobleaching (Fig. 57 in the ESM).

3.3 Sensitivity of the nanohybrid probe for Hg(II)

Figure 3 represents the fluorescence detection of Hg(II)
by the nanohybrid sensor. As can be seen in Fig. 3(a),
the red emission at 656 nm from the Au NCs gradually
decreased upon the addition of Hg(Il). Unlike the role
of the Au NCs in the nanohybrid sensor, the blue
fluorescence at 450 nm from the C-dots was unchanged
with the increase of Hg(Il), resulting in self-calibration
and a successive color change from pink to blue. On
the other hand, the fluorescence intensity and color
of the sole red Au NCs became weak when exposed
to Hg(II), which was hard to be distinguished by the
naked eye (Fig. 3(b)). The comparison clearly shows
the advantages of the nanohybrid probe over the sole
Au NCs, as a fluorescence probe.

Figure 4 shows that the fluorescence intensity
ratio, lese/lss0 of the nanohybrid system decreased pro-
portionately with increasing amounts of Hg(Il), and a
relationship can be set up between Igse/lssp and the
Hg(II) concentration. A linear relation (range from 0
to 500 nM) with a coefficient R? of 0.997 was obtained
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Figure 3 The fluorescence spectra of (a) the nanohybrid system and (b) the sole red Au NCs, in the presence of Hg(II) (0.0, 100, 200,
300, 400 and 500 nM). Inset: fluorescence images of the probe solution in the presence of various amounts of Hg(II) recorded under a

365 nm UV lamp.
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Figure 4 Fluorescence intensity ratio (Igs¢/l450) of the nanohybrid
system versus the concentration of Hg(Il) (0.0, 100, 200, 300,
400 and 500 nM). The detection limit for Hg(II) was determined
to be 28 nM based on the definition of 3 times deviation of the
blank signal (30).

and the lowest amount of Hg(Il) was determined to
be 28 nM in aqueous solution. The decline of the
fluorescence ratio (Igse/lss0) of the nanohybrid probe
was attributed to the quenching of the red fluorescence
of the Au NCs by Hg(II), which is consistent with the
metallophilic ng*—Au* interactions [21, 30, 31]. The
red fluorescence of the Au NCs could be partially
recovered by the addition of sodium borohydride
(NaBH,, a strong reductant) to the Au NCs solution in
the presence of Hg* ions [21]. This may be attributed
to the reduction of Hg* to Hg” by NaBH,. The latter
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has a weaker binding energy with Au*, and thus a less
quenching effect on the fluorescence (Fig. S8 in the
ESM).

3.4 Selectivity of the nanohybrid probe study

To study the specificity of the sensing system for
Hg(II) over other environmentally relevant metal ions,
the fluorescence properties of the nanohybrid probe in
the presence of various relevant metal ions (including
Na(I), K(I), Ca(II), Mg(Il), Ba(Il), Zn(II), Co(II), Ni(II),
Cd(II), Al(III), Fe(Ill), Pb(I), Cu(ll)) were carefully
examined, as shown in Fig.5(a). There was little
response in the presence of other metal ions at higher
concentrations (1,000 nM), while Hg(II) (500 nM)
dramatically quenched the red fluorescence. This
result showed that the method has a good selectivity.
In order to validate the method, anti-interference study
of the nanohybrid probe for Hg(II) was further carried
out (Fig. 5(b)) in the presence of the interfering metal
ions. The intensity ratios, Isss/lss0 of the nanohybrid
probe do not change evidently after adding the metal
ions (50 equiv. of Na(I), K(I), Ca(Ill), Mg(II), Ba(ll),
10 equiv. of Zn(II), Co(II), Ni(II), Cd(II), Al(IIL), Fe(III),
Pb(Il), 2 equiv. of Cu(Il)) to the probe solution. Later,
1 equiv. of Hg(Il) (500 nM) was added to the mixture
(Fig. S9 in the ESM). The results indicated that co-
existence of these species have a negligible interfering
effect on the Hg(Il) sensing, suggesting the high selecti-
vity of this method for Hg(II) over the other metal ions.
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Figure 5 (a) The fluorescence spectra of nanohybrid system for various metal ions (500 nM for Hg(II), 1,000 nM for other ions). (b)
The striped bars express the addition of 1 equiv. of Hg(II) (500 nM), other metal ions (50 equiv. of Na(I), K(I), Ca(II), Mg(II), Ba(Il), 10
equiv. of Zn(II), Co(II), Ni(Il), Cd(II), Al(I1I), Fe(III), Pb(II) and 2 equiv. of Cu(Il)).
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3.5 Detection of Hg(II) in real water samples

The present nanohybrid system was further validated
for Hg(Il) detection in real water samples including,
lake water, tap water and mineral water. The lake
water samples were obtained from Shushan Lake, a
drinking water source. The water samples were first
filtered through 0.45 pm Suporfilters to remove any
suspended particles. The mineral water samples were
bought from a local supermarket and the tap water
samples were obtained from the city water supply.
Both the mineral water and tap water samples were
applied directly without any pretreatment. The original
contents of Hg(Il) in the samples of lake water, tap
water, and mineral water were first determined to be
1.5, 1.1 and 0.2 nM, respectively by atomic absorbance
spectrometry (TAS-990). These values were lower
than the limits recommended by the World Health
Organization (WHO) for drinking water (30 nM), so,
they do not pose any health concerns. The spike and
the recovery tests were then carried out with three
different concentrations of Hg(II): 0, 230 and 460 nM
in the three water samples and the results are presented
in Table 1. As can be seen from Table 1, the recoveries
in lake water samples are less than 100%, which could
be caused by the humic substances, leading to a
negative interference for the determination of the
Hg(II). The recoveries in tap and mineral water sam-
ples are slightly more than 100%, which is consistent
with the original contents of mercury. The results
indicated that the method possesses the potential for
practical applications such as on-site determination
of mercury ion.

3.6 Paper-based sensor for visual detection of Hg*

For the purpose of on-site and rapid determination
of mercuric ions, a fluorescence paper sensor was

Nano Res. 2016, 9(7): 2088-2096

prepared. A series of 2.0 pL solutions containing the
dual-emission solution was immobilized onto pieces of
filter papers, 0.6 mm in diameter and then kept in the
dark for 10 min to obtain uniform paper sensors. The
as-prepared papers displayed orange-red fluorescence
under UV lamp illumination. To visualize the mercury
ions, 2.0 uL of different concentrations (0, 5, 10, 15, 20,
and 30 uM ) of the Hg(Il) stocking solution was
carefully dropped on the paper sensor to form a
series of stained spots as shown in Fig. 6. Clearly, the
colored spots from pink to blue were observed under
a 365nm UV lamp, which are dependent on the
amount of Hg(Il) added. Such a paper sensor could
be used for on-site visual detection of Hg(II). This
method showed comparable sensitivity and good
selectivity with other methods used for mercury
determination (Table S1 in the ESM).

FYYYYY

- 00000 ®

S5uM 10uM

15yMm  20pM  30uM

Figure 6 The images of the paper sensors after addition of
various concentrations of Hg(II) solution (a) under daylight and
(b) under a 365 nm UV lamp. The concentrations of Hg(II) from
left to right were 0, 5, 10, 15, 20 and 30 uM.

4 Conclusions

In conclusion, we designed a ratiometrric fluorescence
probe by hybridizing the C-dots and the Au NCs
through surface bonding and other interactions. The
nanohybrid probe exhibited dual emissions at 450 and

Table 1 Determination of mercury ion, Hg(II) using the nanohybrid probe in real water samples. The values are the average concentration
of Hg(II) for each sample and were determined from three measurements

Add Hg (1) Lake water Tap water Mineral water
concentration (nM) Found (nM) Recovery (%) Found (nM)  Recovery (%)  Found (nM) Recovery (%)
0 5.6 159 11.7
230 227 98.7+2.1 246 107 £ 0.8 241 105+ 1.7
460 434 943+22 468 102 +0.5 462 101 +0.4
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656 nm under a single excitation. The blue fluorescence
at 450 nm was inert to Hg(Il), while the red fluores-
cence showed good specificity to Hg(Il), resulting in
continuous fluorescence color changes from pink to
blue with the increase of Hg? amount. The detection
limit of this method was determined to be 28 nM
in aqueous solution. Furthermore, we demonstrated
that the nanohybrid could be used for preparation of
paper sensors, which shows potential application for
on-site and rapid determination of mercuric ions for
pollution control.
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