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Glutathione (GSH)-capped CdS nanoparticles was successfully synthesized in aqueous solutions at room
temperature. Based on the characteristics of synchronous fluorescence spectroscopy (SFS), a simple
method with high sensitivity and selectivity was developed for determination of Hg?* with GSH-
capped CdS nanoparticles as a fluorescence probe. The maximum synchronous fluorescence is located at

335 nm, scanning with excitation and emission wavelengths of 260 and 440 nm (AX = Aem — Aex = 180 nm),
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respectively. Under optimal conditions, the quenched fluorescence intensity increased linearly with
the concentration of Hg2* ranging from 0.15 x 10~7 to 125 x 10~7 molL~'. The limit of detection was
4.5 x 10~2 mol L-'. Compared with several fluorescence methods, the proposed method exhibited sev-

Probe eral merits in terms of its linear range and the sensitivity. The quenching mechanism was also discussed.

Hg?* determination

Moreover, analytical application of the method was demonstrated by water samples.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metal mercury is a hazardous contaminant of environ-
ment derived from both natural and industrial sources [1]. It has
severe effects on the human health and environment even at very
low concentration level [2,3]. Recently, Miyake et al. found that the
very specific binding of the Hg2* unexpectedly and significantly
stabilizes naturally occurring thymine-thymine base mispairing
in DNA duplexes [4]. Thus, effective determination of mercury is
of great significance for environmental, biochemical science and
medicine and the development of new methods for selective deter-
mination of mercury at ultra-trace levels is a challenging task.
The advantages of fluorescence signaling in its intrinsic sensitiv-
ity have encouraged the development of a variety of fluorescent
organic probes and sensors (organic dyes) for recognition and
detection of mercury ion [5-7]. However, many of these small syn-
thetic molecules lack water solubility and usually work in organic
media (such as acetonitrile as solvent) [8], as well known, these
organic solvent are harmful to environment. Furthermore, these
conventional organic fluorescent dye molecules usually suffer from
notorious limitations such as low signal intensities and photo-
bleaching, and most of them tend to have narrow excitation spectra
and often exhibit broad emission band with red tailing [9,10].
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Colloidal semiconductor nanoparticles, often referred to as
“quantum dots” (QDs), can overcome problems encountered by
organic dye molecules. In recent years, QDs with water solubility
and good photoluminescence stability become a new class of fluo-
rescent probes for many biological applications [9,10]. Meanwhile,
considerable efforts have also been focused on the development of a
general sensing means, with QDs via analyte-induced fluorescence
changes, for small molecules and ions [11]. Chen and Rosenzweig
[12] demonstrated that the capping ligands have a profound effect
on the fluorescence response of CdS QDs to different metal cations.
Based on this, they gave the first example of Cu?* and Zn%* analy-
sis by utilizing CdS QDs capped with different ligands in aqueous
media. Moore and Patel [13] reported that the fluorescence inten-
sity of aqueous CdS QDs was enhanced with introduction of selected
Zn2* and Cd?* salts. Gatt’as-Asfura and Leblanc [14] synthesized the
peptide-coated CdS QDs to develop a sensitive and selective sens-
ing system for the detection of Cu?* and Ag*. Also, Xie et al. [15]
modified CdSe-ZnS QDs with bovine serum albumin and used as
fluorescence probe for Cu2*.

CdS nanoparticles as a luminescence probe have attracted much
attention [16]. However, most synthesis processes are costly, and
require extreme reaction conditions. In addition, there are few
reports on determination of Hg* by Synchronous fluorescence
spectroscopy (SFS). SFS is a multidimensional fluorescence tech-
nique, which was described by Lloyd in 1971 [17] and was further
developed with the aid of the Vo-Dinh theory [18]. This technique
involves in scanning simultaneously by the excitation and emis-
sion monochromators. In the synchronous fluorescence spectra,
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the sensitivity associated with general fluorescence is maintained
while offering several advantages, e.g., simplification of emission
spectra, improvement in the selectivity and spectral resolution
because of the generally narrow spectral peaks, decreasing the
interference due to light scattering. The aim of this paper is to
synthesize GSH-capped CdS nanoparticles in aqueous solutions at
room temperature, and to employ SFS for the determination of Hg2*
with GSH-capped CdS nanoparticles as a fluorescence probe.

2. Experimental
2.1. Apparatus and reagents

The synchronous fluorescence spectra were performed using
a Hitachi F-4500 fluorescence spectrophotometer (Hitachi, Japan)
equipped with a plotter unit and a quartz cell (1 cm x 1 cm), while
fluorescence decay curves were performed with the time correlated
single photo counting technique on the combined steady-state
and lifetime spectrometer (Edinburgh Analytical Instruments,
FLS920). The transmission electron microscopy (TEM) image of
the nanoparticles was acquired on a Hitachi H-600 transmission
electron microscope. All pH values were measured with a pHS-
3C digital pH meter (Analytical Instruments Co., Tianda, Shanghai,
China).

All chemicals were of analytical-reagent grade or better.
The stock solutions of CdCl,-2.5H,0 (Alfa, USA), thioacetamide
(CH3CSNH,, Alfa), NaOH, Hg(NOs3), (Shanghai Reagent Com-
pany, China), sodium hexametaphosphate and reduced glutathione
(GSH) (Alfa) were prepared by dissolving them in doubly deionized
water without further purification. The phosphoric buffer solu-
tion (PBS) was prepared by adjusting 0.067 molL~-! KH,PO,4 with
0.067 mol L-! Na,HPO,4. Water used throughout was doubly deion-
ized.

2.2. Procedures

The colloidal solutions of CdS were prepared according to
the scheme reported in the literatures [19,20]. Briefly, 200 mL
0.01molL~! CdCl,-2.5H,0 and 200mL 0.01 molL-! CH3CSNH,
were mixed in a 500 mL three-necked round-bottomed flask and
purged with N, for 20min, then 20mL of 0.1molL~! sodium
hexametaphosphate as the stabilizing agent were added into the
mixture under vigorous stirring, and the pH was adjusted to 8.0
using 0.1 mol L~ NaOH solutions. After 90 min, certain amount GSH
were added into the as-prepared CdS solutions and the GSH-capped
CdS nanoparticles were obtained in 30 min.

In a series of 10 mL volumetric flasks, 700 pL of as-prepared
functional CdS solution, 1 mL of PBS (pH 7.0), and various amount
of Hg?* were added, then the mixture was diluted to the mark with
water and mixed thoroughly. At room temperature (25 + 2 °C), the
mixture was transferred for measurements after 5min. The syn-
chronous fluorescence spectra of functional CdS nanoparticles in
the absence and presence of HgZ* were measured at A=335nm
when AA=180nm (scanning with excitation and emission wave-
lengths of 260 and 440 nm, respectively).

3. Results and discussions
3.1. TEM image of CdS nanoparticles

The morphology of CdS nanoparticles was studied by TEM
(Fig. 1). The typical TEM image shows that the shape of these
nanoparticles is irregular, monodisperse, with the average size
about 20 nm. The solublization and cross-linking steps did not
result in aggregation. In addition, GSH-capped CdS nanoparticles

Fig. 1. TEM image of CdS nanoparticles.

can be stably dispersed in water more for 2 months without signif-
icant precipitation in the dark, under about 4°C.

3.2. Fluorescence characteristic of the GSH-capped CdS-Hg2*
system

The synchronous fluorescence spectra of GSH-capped CdS in the
presence of various Hg2* concentrations are shown in Fig. 2. When
AA=180nm (scanning with excitation and emission wavelengths
of 260 and 440 nm, respectively), the synchronous fluorescence
peak of GSH-capped CdS is located at 335 nm. Furthermore, the
maximum fluorescence intensity of GSH-capped CdS was sig-
nificantly quenched with increase of Hg?* concentration. The
phenomena indicated that the SFS could be a feasible method for
the determination of Hg2*.
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Fig. 2. The synchronous fluorescence spectra of GSH-capped CdS with different con-
centrations of Hg?*. From 1 to 6: 0, 0.4, 2.0, 3.5, 25, and 100 x 10-7 molL-! Hg?*;
GSH-capped CdS, 3.5 x 1074 molL~'; pH, 7.0; Aem — Aex =440-260 nm; slit widths,
ex/em=10nm/10 nm; PMT voltage, 700 V.
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Fig. 3. Effect of the concentration of GSH. Hg?*, 5 x 10~7 mol L.

3.3. Reaction and mixing sequence

According to the experimental results, the reaction between
GSH-capped CdS and Hg2* reached the equilibrium very quickly
within 5min, and the relative synchronous fluorescence signals
were stable for at least 60 min at room temperature (25 +2°C). In
addition, after investigating several mixing sequences, we discov-
ered that the best order is to mix GSH-capped CdS and PBS first,
and then HgZ*. Therefore, all the measurements were made after
GSH-capped CdS, PBS and Hg?* were completely mixed for 5 min.

3.4. Effect of the concentration of GSH

GSH, as animportant tripeptide with strong affinity to cadmium,
is very suitable to modify CdS nanoparticles and the properties of
GSH-capped CdS complexes have been reported before [21]. Modi-
fied by GSH, the optical stability of CdS is improved, as well exhibits
an advantage to interact with Hg2*. HgZ*, for being a “soft” metal
cation, prefers to strong affinity to RSH and RS~ compounds. The
effect of the concentration of GSH on the synchronous fluorescence
intensity of the studied system was shown in Fig. 3. The maximum
difference of synchronous fluorescence intensity changed slightly
when the concentration of GSH was in the range of 1.0 x 10~ to
1.5 x 10~4 mol L-1. In order to get a high sensitivity, the concentra-
tion of 1.0 x 10~% mol L~! GSH was recommended in this assay.

3.5. Effect of pH

The effect of pH on the determination of Hg2* in a range from 4.9
to 8.3 was studied (as shown in Fig. 4). It can be found that pH values
have little influence on the signal measured and the maximum dif-
ference of the synchronous fluorescence intensity occurred at pH
7.0. In addition, different buffers were also tested and the results
showed that PBS was the best suited. So in the experiment, 1 mL of
pH 7.0 PBS was used.

3.6. Effect of the concentration of GSH-capped CdS

The effect of the GSH-capped CdS concentration on the syn-
chronous fluorescence intensity in the presence of Hg2* was also
investigated (as shown in Fig. 5). With increasing concentra-
tion of GSH-capped CdS, the fluorescence intensity difference of
the system increased. However, the relative intensities increased
very slightly after the concentration of GSH-capped CdS reached
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Fig. 4. Effect of pH. Hg?*, 5 x 10~7 mol L-!; GSH-capped CdS, 3.5 x 10~ mol L.

3.0 x 10~*mol L-! (referring to Cd2*) and it dropped when GSH-
capped CdS reached 4.0 x 104 mol L. For a compromise between
the sensitivity and the linear range of the calibration function,
3.5 x 104 mol L1 is selected for further research.

3.7. Effect of potential interfering ions

The effect of typical potential interfering cations on the fluores-
cence intensity of GSH-capped CdS was studied. As shown in Fig. 6,
it could be easily found that the synchronous fluorescence inten-
sity of GSH-capped CdS was insensitive to most metal cations, while
Hg2* has a strong quenching effect. 2000-Fold Na* and K* showed
no interference for the determination of Hg2*. Some potential inter-
fering ions in water samples, such as Co%*, Pb%*,1-, and Mn2* caused
a slight effect on the fluorescence intensity of GSH-capped CdS. On
the other hand, Zn2* exhibited a positive quenching of fluorescence
intensity, which is consistent with the previous reports [13,22,23].
In the experiments, Cu?* was the major interference when in the
presence of 10-fold excesses, so a proper amount of thiourea solu-
tions can be added as masking agents [24]. Briefly, the proposed
method showed a relative specific quenching effect of Hg2*.
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Fig. 5. Effect of the concentration of GSH-capped CdS.
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Fig. 6. Effect of potential interfering ions. Hg?*, 25 x 10~7 mol L-; 2000-fold K* and
Na*; 200-fold Mg?* and Ca?*; 75-fold AI**; 50-fold Pb%* and Mn?*; 40-fold Zn?* and
Co?*; 10-fold Cu?*; 180-fold F~; 120-fold Br~ and I-; 60-fold CO32~.

3.8. Quenching mechanism

Several mechanisms have been proposed to explain how ions
quench fluorescence intensity of nanoparticles, including inner
filter effects, non-radiative recombination pathways, electron
transfer process and ion-binding type [14,25]. Chen et al. [26,27,4]
thought the fluorescence quenching with no spectra shift by Hg2*
can be understood due to facilitating non-radiative e~ /h* recombi-
nation anniliation on the surface of QDs through a effective electron
transfer process between surface functional amide groups —-NH,
and Hg2*. However, a blue-shift on the general fluorescence spectra
was observed in our experiments (Fig. 7). Meanwhile, the fluores-
cence lifetimes of GSH-capped CdS were quenched with increasing
of HgZ* concentration, and the decays of all the samples were mul-
tiexponential and fitted using the third-order equation (as shown
in Fig. 8 and Table 1), which may result from the ultrafast electron
transfer from CdS nanoparticles to Hg2* [28]. Isarov and Chryso-
choos [29] investigated Cu?* in quenching the emission of CdS
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Fig. 7. The general fluorescence spectra of GSH-capped CdS with different con-

centrations of Hg?*. From 1 to 7: 0, 0.25, 2.5, 5.0, 25, 50, and 100 x 10~7 mol L~!
Hg?*.
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Fig. 8. Fluorescence decay curves (lex =340 nm) of GSH-capped CdS with different
concentrations of Hg?*. From 1 to 3: 0, 40, and 100 x 10-7 mol L-! Hg?*.

QDs. They found that some ultrasmall CuxS (x=1, 2) particles could
form on the surface of CdS nanoparticles. In our case, one should
also be aware that the Ksp of HgS (Ksp=1.6 x 1072) (Ksp stands
for solubility product constant) is much lower than that of CdS
(Ksp =8 x 10~27), resulting in a chemical displacement of surface
Cd?* by Hg2* to form some ultra small HgS particles on the surface
of CdS, as described in a previous report [30]. The latter effect may
play a leading role in explaining fluorescence quenching. For these
structure, electron and hole transfer from the CdS to the HgS energy
level is assumed to be much faster than the process of fluorescence
generation in the CdS, the energy of electrons are released in non-
radioactive form. This is also much similar to the case of CuSe on
CdSe [15,31].

3.9. Analytical performance

Under the optimal conditions, it was found that Hg2* quenched
the synchronous fluorescence intensity of GSH-capped CdS in a
concentration dependence that is best described by a Stern-Volmer
equation:

B0 _ 14 kala)

SF

where Isg and Isgg are the synchronous fluorescence intensity of the
GSH-capped CdS at a given Hg2* concentration and in a HgZ*-free
solution, Ky is the Stern-Volmer quenching constant and [Q] is the
concentration of Hg2*. The calibration plot of Isgg/Isg with Hg2* con-
centration is linear ranging from 0.15 x 107 to 125 x 107 mol L~!
with a correlation coefficient (R) of 0.9984 (see Fig. 9). Ksy was found
to be 0.52 x 106 Lmol~!. The limit of detection (LOD), calculated
by the equation LOD =3S,/K, where S, is the standard deviation of
blank measurements (n="7) and K is the slope of calibration graph,
was 4.5 x 10~2mol L~!. The relative standard deviations of seven

Table 1
The fit results of fluorescence lifetimes before and after quenching of GSH-capped
Cds.

Quenched by Hg?* 7 (1/ns) 7 (2/ns) 7 (3/ns) x>
(x10~7 mol L)
0 8.42 59.52 216.35 1.046
40 6.73 46.08 190.57 1.048
100 5.83 37.41 183.63 1.20
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Table 2

Comparison of the main characteristics for fluorimetric determination of Hg?* with several reagents.

Reagent? Aex/Aem (NM) Linear range (x10~7 mol L) LOD (x10-2 mol L)
AnthBT [5] 368/418 0.75-10 58

BBA [32] 340/380 0.1-1.0 10

Iodid and ferroin [6] 320/509 0.32-9.5 6.2

MAA-capped InP QDs [33] 750/826 25-398 997

Cys-capped CdS QDs [34] 360/495 0.16-1.12 24

This work AX=180nm 0.15-125 4.5

2 The abbreviation of the reagents represented as follows: AnthBT, N-9-anthrylmethyl-N-methyl-NO-benzoylthiourea; BBA, binaphthyl-based amphiphiles; MAA-capped
InP QDs, mercaptoacetic acid-capped InP QDs; Cys-capped CdS QDs, L-Cysteine-capped CdS QDs; dBSA-coated CdTe QDs, denatured BSA-coated CdTe QDs.

Table 3
Analytical results for the determination of Hg* in water samples.

Samples Hg?* added (nmolL-1) Hg?* found? (nmol L) Found by ETAAS (nmol L)
Underground water® 80.0 853 + 1.3 84.5
Lake water< 50.0 57.5 +0.7 58.7
100.0 111.6 £ 2.2 112.7
Ri terd 0.0 55.7+13 55.2
iver water 50.0 1032 + 1.8 102.4
0.0 985+ 1.5 97.3

N

Synthetic Hg?*-polluted water® 50.0 1471 + 23 146.8

2 Mean of five experiments + standard deviation.
b Underground water at HHP, Wuhu.

¢ Lake water at JH, Wuhu.

d River water at EDA, Wuhu.

e

Synthesized by: 100 nmol L~ Hg(NOj3);, 200 nmol L~' MnSOy4, 1 wmol L~ AICl3, 20 nmol L-! NiSO4, 5 wmol L~! Pb(NO3 ), 3 nmol L-! CuSO4, 50 pmol L~ MgCl, and CaCl,.

replicate measurements for 2.5 x 10-3 and 2.5 x 106 mol L~ were
2.5 and 1.5%, respectively.

For comparative purpose, some main characteristics of other
reagents for Hg2* determination are summarized in Table 2. It can
be found that some organic dye probes, such as AnthBT [5] and BBA
[32] are either toxic or difficult to synthesis. Meanwhile, they have
smaller Stokes’ shift and narrow linear range. In contrast, some QDs
are more sensitive fluorescence reagents for Hg2*determination.
However, from the analytical performances, it is obvious that the
method is of a wider linear range and much more simple than most
of current used and prescribed method.

To test the applicability of the proposed method, it was applied
to the determination of HgZ* in water samples, which were filtered
four times through qualitative filter paper before use. The real sam-
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Fig. 9. The Stern-Volmer curve of synchronous fluorescence method for determi-
nation of Hg?*. Error bars (relative error =5%).

ples (underground water and lake water) showed that Hg2* almost
was not present in them, so they were analyzed using the standard
addition method according to the procedure described above. The
determination results were presented in Table 3. It can be found
these measured values are in agreement with those obtained by
electrothermal atomic absorption spectrometry (ETAAS).

4. Conclusion

A simple synchronous fluorescence spectroscopy was success-
fully constructed for sensitive and selective determination of Hg2*
in aqueous solution with GSH-capped CdS nanoparticles as a flu-
orescence probe. Compared with organic fluorescent probes, the
method offers many merits, such as high sensitivity, large Stoke’s
shift (AX =180 nm), low cost and simple preparation. Based on the
strong quenching effect of analyte, a very good linear relationship
was observed in a Hg?* concentration ranging from 0.15 x 107 to
125 x 10~7 mol L-1. Whatis more, the feasibility of the synchronous
fluorescence spectroscopy as a promising approach in fluorometric
metal ion analysis has been demonstrated.
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