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Composite nanospheres containing dithizone, luminescent LaVO4:Eu3+ nanoparticles (NPs), and amphi-
philic polymer have been composed for the rapid, selective, and visual luminescence turn-on detection of
mercury ions (Hg2+) in water. Due to the absorption of dithizone, the strong red luminescence of LaVO4:
Eu3+ NPs encapsulated in nanospheres was quenched noticeably. As a result, these as-prepared
nanocomposites (NCs) demonstrate very weak red luminescence. However, in the presence of Hg2+,
the red luminescence of nanocomposites was turned on dramatically, which can be attributed to the
strong binding of mercury (II) ions by dithizone and forming a complex without absorption in the red
emission range. Meanwhile, other cations have no influence on the detection of Hg2+, suggesting a good
selectivity for Hg2+ sensing. Due to the high photostability and chemical stability of the nanocomposites,
operation simplicity, low cost, and good selectivity, this newly developed method is highly desirable for
field assay of Hg2+ in aqueous media ranging from 40.0 nM to 4.0 μM with a limit of detection of 32.0 nM
and a good linearity (r¼0.9980). Therefore, a facile, rapid, selective, and visual luminescence turn-on
technology has been successfully developed for Hg2+ detection.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Developments of universal protocols for the selective, visual,
and field detection of mercury (II) ions contamination in aquatic
ecosystems have attracted much interest due to the increasing
threat of heavy metal contamination to the environment and the
severe effects on human health [1–5]. According to the Environ-
mental Protection Agency (EPA), coal-burning power plants are
the largest human-caused sources of Hg emission to the air. Once
released into air, Hg eventually settles into water or onto land
where it is washed [6–14]. Exposure to high Hg levels can harm
the brain, heart, kidneys, lungs, and immune system of people
of all ages, so it is important for monitoring Hg levels in the
aquatic ecosystem as a potential source of contamination. So far,
several methods, such as atomic absorption spectroscopy, gas-
chromatography inductively coupled with plasma-mass spectro-
metry (GC–ICP-MS), atomic fluorescence spectrometry (AFS),
inductively coupled with plasma-atomic emission spectrometry
(ICP-AES), and reversed-phase high-performance liquid chromato-
graphy (HPLC) have been developed to monitor the concentration
of Hg2+ in water samples [15–18]. Their excellent performance,
however, is achieved at the expenses of expensive instruments,
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elaborate and time-consuming sample preparations and precon-
centration procedures [19–35], which usually limit the field
application. Recently, oligonucleotide-based fluorescence probe
through the specific T–Hg2+–T (T¼thymine) binding for mercury
detection has also drawn great attention [36–43]. But these
fluorescence probes are mainly based on the organic dyes that
usually suffer from photobleaching. It is still a challenge to develop
a simple, efficient, low-cost, and suitable in-situ visual detection of
Hg2+ ions in aqueous media.

Herein, we developed a facile strategy to fabricate the nanoplat-
form for visual and field Hg2+ luminescence turn-on detection
independent of complicated sample pre-treatment and expensive
instruments. Briefly, a novel and facile approach has been developed
to fabricate the water-dispersible and functional LaVO4:Eu3+−dithi-
zone nanocomposites. As shown in Scheme 1, the hydrophobic
LaVO4:Eu3+ NPs [44–47] and hydrophobic dithizone [48–53] were
encapsulated into a hydrophilic polymer nanosphere (Scheme 1A)
[54–57]. These composite nanospheres are highly water-stable but no
red luminescence (620 nm) of LaVO4:Eu3+ NPs was observed due to
the dramatic quenching by dithizone whose absorption peak is
centered at 610 nm. However, in the presence of Hg2+, dithizone
(D) formed the D–Hg2+–D complex due to its strong chelating ability
to Hg2+, and the absorption peak of D–Hg2+–D complex blue-shifts to
502 nm from 610 nm and consequently (Fig. S1), the red lumines-
cence of nanocomposites is turned on (Scheme 1B). Therefore, a
novel and facile luminescence turn-on strategy was successfully



Scheme 1. Schematic diagram of (A) synthesis of nanocomposites and (B) lumines-
cence turn-on detection for Hg2+ based on the nanocomposites.
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developed for the selective detection of mercury (II) ions. [31,33,55–
64].
2. Experimental section

2.1. Regents and materials

Oleic acid was obtained from Alfa. NH4VO3 was from Tianjin
Fuchen Chemicals Co. (Tianjin, China). La(NO3)3 �6H2O and
Eu(NO3)3 �6H2O were purchased from Beijing Ouhe Chemical
Reagent Company. The monomers, methacrylic acid (MAA) as well
as methyl methacrylate (MMA), and azoinitiator 2,2′-azobisisobu-
tyronitrile (AIBN) were obtained from Tianjin Chemical Factory
(China). NaOH, ethanol, dithizone, cyclohexane, chloroform and
methanol, CaCl2, CoCl2 �6H2O, FeCl3 �6H2O, HgCl2, KBr, NaH2-
PO4 �2H2O, Na2HPO4, NaCl, ZnCl2, MnCl2, CdCl2 �2.5H2O, Pb
(NO3)2, MgCl2 �6H2O, NiCl2 �6H2O, CuSO4 �5H2O, Al(NO3)3 �9H2O,
AgNO3, and NH4Cl were obtained from Beijing Chemical Reagent
Company. All reagents are analytical grade and used as received
without further purification. Deionized (DI) water was used
throughout.

2.2. Characterization

Transmission electron microscope (TEM) images were obtained
on a Hitachi H-800 transmission electron microscope operated at
200 KeV. Optical properties of the NPs were characterized using a
Hitachi F-4600 fluorescence spectrophotometer equipped with a
plotter unit and a quartz cell (1 cm�1 cm).

2.3. Synthesis of luminescent LaVO4:Eu
3+ nanocrystals

Luminescent LaVO4:Eu3+ nanoparticles (NPs) were prepared
according to the reported method with minor alteration [56,65]. In
brief, NH4VO3 (0.06 g) and NaOH (0.6 g) were first dissolved in DI
water (5 mL) followed by the addition of ethanol (10 mL) and oleic
acid (10 mL). Finally, 1 mL of the mixed solution (total [Re3+]¼
1.0 M) of La(NO3)3 and Eu(NO3)3 (La3+/Eu3+¼98/2) was added. The
mixture was stirred thoroughly and then transferred into a Teflon-
lined autoclave. Thereafter the autoclave was heated at 140 1C for
5 h and then cooled to room temperature. The product deposited
onto the bottom of the autoclave was collected and washed with
cyclohexane. The obtained white products were then dispersed in
chloroform (4 mL) and stored for later use.
2.4. Synthesis of poly(MMA-co-MAA).

In a typical synthesis of the copolymer methyl methacrylate-
co-methacrylic acid (poly(MMA-co-MAA)), 0.2 g MAA, 4.6 g MMA
and 0.096 g AIBN were mixed in 35 mL of chloroform solution. The
mixture was then transferred into a 40 mL Teflon-lined vessel,
sealed in an autoclave, and then treated for about 10 h at 100 1C.
After the autoclave was allowed to cool to room temperature
naturally, the products could be collected via precipitation in
methanol. The copolymers were further purified by dissolving
them in 10 mL of chloroform, precipitating by the addition of
methanol (100 mL), and collecting via centrifugation. The final
products were obtained after two cycles of purification.

2.5. Preparation of nanocomposites

In a typical procedure, 30 mg of the as-synthesized poly(MMA-
co-MAA) was first dissolved in chloroform (0.5 mL) followed by
the addition of luminescent NPs (20 mg) as well as dithizone
(1.0 mg), and then the mixture solution was diluted to 1.0 mL with
chloroform. Thereafter, the mixture solution was transferred into
10 mL of NaOH aqueous solution (70 mg/mL) under vigorous
stirring and ultrasonic treatment, and the dark green emulsion
was subsequently obtained. This emulsion was then stirred at
60 1C for 2 h to remove the chloroform. The composite nano-
spheres were collected by centrifugation and redispersed in 5.0 mL
deionized (DI) water and stored for use. Other nanocomposites
with various amount of dithizone were prepared via the same
protocol except for different dithizone dose.

2.6. Luminescence turn-on detection of Hg2+

Briefly, into a 1.5 mL vial, 50 μL of nanocomposite colloidal
solution (0.5 mg/mL), and a given concentration of Hg2+ standard
solution were added. Finally the mixture solution was diluted to
1.0 mL with PBS (0.02 M, pH¼7.0), mixed thoroughly and incu-
bated at 45 1C for 20 min. The luminescence enhancement effects
were carried out with the excitation and emission wavelength of
254 nm and 620 nm, respectively.
3. Results and discussion

The morphology and size distribution of these nanocomposites
were observed by transmission electron microscope (TEM). From
the TEM images shown in Fig. 1, it can be seen that the as-
prepared nanocomposites are sphere in shape with an average size
of 400 nm. Meanwhile, the luminescent LaVO4:Eu3+ inorganic NPs
are embedded in the polymer matrixes with the observable
rodlike dots. Actually, the rodlike dots are LaVO4:Eu3+ nanoplates
in the side view (Fig. 1a–d) [65,66]. High magnification TEM image
of the composite nanosphere clearly demonstrated the plate shape
of LaVO4:Eu3+ (Fig. 1e). Meanwhile, the TEM image of hydrophobic
LaVO4:Eu3+ nanoplates was shown in Fig. 1f. The influence of
dithizone dosage on the shape and size of nanocomposites was
also investigated. By increasing the dithizone content from 1.0 mg
(Fig. 1a) to 1.5 mg (Fig. 1b) and then 2.0 mg (Fig. 1c), the shape of
nanocomposites had no obvious change but the size distribution
became wider. Judging from the morphology, it is easy to find that
the nanospheres with 1.0 mg dithizone are more homogeneous.
We also investigated the fabrication of nanocomposites with lower
content of dithizone. Although the shape and size of these nano-
spheres are better (Fig. S2), the luminescence of LaVO4:Eu3+ NPs
embedded in the polymer matrixes could not be quenched
efficiently by the limited dithizone, which is unfavorable for
the luminescence turn-on analysis of Hg2+ ions. As a control, the



Fig. 1. TEM images of nanocomposites with low (a–d) and high (e) magnification of (b), and LaVO4:Eu3+ NPs (f). Dosage of dithizone: (a), 1.0 mg; (b) and (e); 1.5 mg;
(c), 2.0 mg; (d), 0.0 mg.

Fig. 2. Luminescence quenching efficiency with different contents of dithizone
doped into the nanospheres. λem/λex¼620/254 nm.
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LaVO4:Eu3+ NPs–polymer nanocomposites without dithizone were
also fabricated (Fig. 1d). Compared with the dithizone doped
nanocomposites, no obvious change in the shape and size of these
nanocomposites without dithizone can be observed.

On the other hand, the influence of dithizone contents on the
luminescence turn-off and turn-on of the nanocomposites was
further investigated. As shown in the photoluminescence spectra
of the nanocomposite colloidal solution (Fig. 2), the nanocompo-
sites without dithizone doping show bright red luminescence
(Fig. 2a). With the dose increase of doped dithizone from 1.0 to
2.0 mg, the red luminescence of the nanocomposites was
quenched step by step and no red emission was observed from
nanocomposites doped with 2.0 mg of dithizone (Fig. 2d). The
luminescence quenching efficiency was noticeable with 2.0 mg of
dithizone, however, it is hard to turn on the luminescence with the
addition of mercury ions and consequently, not favorable for Hg2+

detection. Therefore, 1.0 mg of dithizone was chosen for the
fabrication of the nanocomposites that were suitable for lumines-
cence turn-on detection of Hg2+.
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As mentioned above, under excitation of 254 nm light, the
nanocomposite colloidal solution emits weak red luminescence,
but this emission is enhanced dramatically with the addition of
mercury ions (Hg2+). But the luminescence turn-on response
speed was affected by the incubation temperature. Herein, at
different incubation temperature, the kinetics of the Hg2+ recogni-
tion reaction was monitored by recording the luminescence
intensity at 620 nm at different time. As shown in Fig. 3, in the
presence of Hg2+, the luminescence was enhanced dramatically to
the highest point in 1 h at room temperature (25 1C) and then kept
stable over at least 3 h. By increasing the temperature to 35 1C, the
luminescence intensity reached the highest value in 35 min.
Further increasing the temperature to 45 1C and 60 1C, only
20 min and 15 min, respectively were needed before the lumines-
cence was enhanced to the summit and kept stable. For the
convenience of field assays, the incubation temperature was set
at 45 1C and the incubation time was 20 min in this work.

The pH influence on the reaction between nanocomposites and
Hg2+ was also investigated. The results depicted in Fig. 4 demon-
strated that the luminescence was enhanced at utmost and kept
stable in the pH range of 7–9. Therefore, the detection of Hg2+ was
Fig. 3. Effects of incubation temperature and time on the luminescence intensity of
nanocomposites (50 μg/mL) in the presence of Hg2+ (5.0 μM). λem/λex¼620/
254 nm..

Fig. 4. Effects of pH value on the luminescence intensity of the nanocomposite
(50 μg/mL) in the presence of Hg2+ (5.0 μM). λem/λex¼620/254 nm; Buffer solution
and concentration, pH (4, 5): CH3COOH−CH3COONa (0.02 mol/L); pH (6−8):
NaH2PO4−Na2HPO4 (0.02 mol/L); pH (9−11): Na2CO3−NaHCO3 (0.02 mol/L).
conducted at pH¼7 (PBS) after adding Hg2+ into the nanocompo-
site colloidal solution.

Detailed luminescence enhancement of nanocomposites with
different concentration of Hg2+ (0−7.0 μM) is depicted in Fig. 5. In
addition, the luminescence intensity (I) as a function to the
concentration of Hg2+ has a good linear relationship in the range
of 40.0–4.0 μM of Hg2+ with a limit of detection (LOD¼3s/K) of
32.0 nm. Herein, the s is the standard deviation of the blank
measurements (n¼6), and the K is the slope of the calibration
curve. A calibration function of I¼1694.0+185.4C (μM) with a good
linearity (r¼0.9980) for the Hg2+ detection was obtained. Fig. S3
also depicted the true color luminescence photographs of the
nanocomposite colloidal solution in the presence of different
concentration of Hg2+, suggesting these nanocomposites are
capable of visual detection of Hg2+ ions. Therefore, a facile
and sensitive luminescence turn-on nanosensor was successfully
developed for the quantification of Hg2+ in aqueous media.

The selectivity of the nanocomposite luminescence turn-on
assay has been evaluated by testing the luminescence response to
coexisting cations such as Ca2+(Cl−), Zn2+(Cl−), Pb2+(NO3−), Co2
+(Cl−), Cu2+(SO4

2−), Mn2+(Cl−), Fe3+(Cl−), Mg2+(Cl−), Ni2+(Cl−), Al3
+(NO3−), and K+(Br−). As shown in Fig. 6a, Hg2+ can lead to
dramatic luminescence enhancement. However, other ions do
not influence the luminescence, except for only a slight lumines-
cence enhancement by Mg2+. At the same time, the experiment
about interfering effects of sample matrixes at high level has been
done and the concentration of coexisting cations was 20 times
(100.0 μM) that of mercury ions (5.0 μM). As shown in Fig. S4, even
at such a high concentration, only Pb2+, Zn2+, and Ni2+ ions have a
slight interference and we can still easily distinguish mercury ions
from other cations. In addition, the luminescence photographs of
the nanocomposite colloidal solution with different cations were
taken under UV lamp (254 nm) irradiation. As shown in Fig. 6b,
before the addition of Hg2+, no luminescence was observed from
the nanocomposite colloidal solution. However, in the presence of
Hg2+ (5.0 μM), the red luminescence was turned on obviously.
In the cases of other cations, no red luminescence was observed,
suggesting a very good selectivity for Hg2+ visual sensing. There-
fore, the as-prepared nanocomposite can act as a selective lumi-
nescence turn-on probe for Hg2+ detection. The good selectivity is
further verified through the study of the luminescence behavior
in tap water, real water samples, and cell culture medium.
As no mercury ions in the tap water and real water samples were
Fig. 5. Luminescence evolution of nanocomposites (50 μg/mL) in the presence of
different concentration of Hg2+ (0–5.0 μM) in NaH2PO4−Na2HPO4 buffer solution
(PBS, 0.02 M, pH¼7.0). Inset: linear plot of luminescence enhancement of nano-
composites versus Hg2+ concentration (0–4.0 μM).



Fig. 6. Interference of coexisting cations on the luminescence of nanocomposites
(50 μg/mL) in PBS (0.02 M, pH¼7.0) (a) and luminescence photographs of the
nanocomposite colloidal solution with different cations under UV lamp (254 nm)
(b) Concentration of each cation was 5.0 μM.

Table 1
Analytical results for the detection of Hg2+ in tap water samples.a

Sample Concentration (μM) Recovery (%)

Taken Found (mean, n¼6)

Tap water 0.08 0.075670.0015 94.472.0
0.8 0.839670.0582 10576.9
4.0 3.981270.2557 99.576.4

a n is the repetitive measurement number.

Table 2
Analytical results for the detection of Hg2+ in real water samples.a

sample Concentration (μM) Recovery (%)

Taken Found (mean, n¼6)

Lake water (Beijing) 4.0 3.973170.2576 99.376.5
River water (Tianjin) 4.0 4.081370.1723 10274.2
River water (Shijiazhuang) 4.0 4.175670.2342 10475.6

a n is the repetitive measurement number.

Table 3
Analytical results for the detection of Hg2+ in cell culture medium.a

Sample Concentration (μM) Recovery (%)

taken Found (mean, n¼6)

Cell culture medium 0.08 0.091270.0082 11478.9
0.8 0.843770.0457 10575.5
4.0 4.276370.2597 10776.1

a n is the repetitive measurement number.
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detectable through the proposed method, recovery studies were
carried out on the tap water samples spiked with 80 nM, 0.8 μM,
and 4.0 μM of Hg2+ and on the real water samples spiked with
4.0 μM of Hg2+, respectively. At the same time, a recovery study
was also carried out on the cell culture medium samples spiked
with 80 nM, 0.8 μM, and 4.0 μM of Hg2+ to evaluate the developed
method. As shown in Tables 1–3, the observations show a good
recovery and potential applicability of this facile luminescence
turn-on assay for Hg2+ in real samples.
4. Conclusions

In summary, via an ultrasonication-assisted assembly technol-
ogy, hydrophobic dithizone (energy acceptors) and LaVO4:Eu3+

luminescence nanoparticles (energy donors) were simultaneously
encapsulated into the hydrophilic polymer nanosphere. Due to the
absorption peak of dithizone blue shifts from 610 nm to 502 nm
(dithizone−Hg2+ complex), the quenched red luminescence
of LaVO4:Eu3+ NPs encapsulated in the nanocomposites was
turned on. Meanwhile, other cations have no effects on the visual
luminescence turn-on assay of Hg2+. Therefore, we have success-
fully developed a facile and novel nanocomposite-based lumines-
cence turn-on assay protocol for the rapid, visual, sensitive,
and selective detection of mercury ions in aqueous media. This
newly developed strategy will pave the way to the fabrication of
luminescence turn-on nanosensors and draw wide attention in the
field of biochemical sensing and environmental protection.
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