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Itis critical to be able to detect and quantify Hg2?* ions under aqueous conditions with high sensitivity and
selectivity. The technique presented herein provides a direct way for simple colorimetric visualization of
Hg?* ions in aqueous solution, based on the formation of gold nanoparticles through the Hg?* catalyzed
HAuCl4/NH,OH reaction. The outstanding selectivity and sensitivity result from the well-known amalga-
mation process that occurs between mercury and gold. The entire procedure takes less than 20 min. The
limit of detection (2 ppb) shows excellent potential for monitoring ultralow levels of mercury in water

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Mercury is a toxic element that exists in metallic, inorganic, and
organic forms [1]. Mercuric ion (Hg2*), one of the inorganic forms
of mercury, exists mostly in surface water due to its high water
solubility. Mercury ion shows strong affinity for the ligands con-
taining S atom and thus causes the blocking of sulphydryl groups
(-SH) of proteins and enzymes. Long-term exposure to high levels
of mercury can lead to a variety of adverse health effects such as
damage to the brain, nervous system, immune system and many
other organs [2-4]. Therefore, it is critical to be able to detect and
quantify HgZ* under aqueous conditions with high sensitivity and
selectivity.

There are various classical methods described in the literature
for mercury detection. These include atomic absorption spec-
trometry (AAS) [5,6], atomic fluorescence spectrometry (AFS) [7],
inductively coupled plasma mass spectrometry (ICPMS) [8,9], and
reversed-phase high-performance liquid chromatography [10],
which are powerful techniques for the determination of Hg2*. Their
excellent performance, however, is achieved at the expenses of
expensive instrumentation and time-consuming sample prepa-
ration and preconcentration procedures. Hence, the interest in
swapping instrumental analytical tools with suitable, selective,
sensitive and low cost Hg2* ion sensors has been increasing. Various
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sensor systems for the detection of Hg2*, based upon organic chro-
mophores or fluorophores [11-15], conjugated polymers [16,17],
oligonucleotides [18,19], DNAzymes [20], proteins [21], thin films
[22] and nanoparticles [23-25] have been reported. Optical sen-
sors that do notrequire any special instrumentation are particularly
attractive for the visual detection of Hg?*. Several optical sensors
have been developed for the detection of Hg2* [12,23,26-32]. For
example, Mirkin et al. [33] recently reported colorimetric detection
of HgZ* in aqueous media using DNA-functionalized gold nanopar-
ticles (Au NPs). Xue et al. [34] developed a one-step colorimetric
detection of Hg2* by making use of DNA-Au NPs and thymine-Hg?*-
thymine coordination chemistry. Although such optical sensors
are simpler than conventional methods, most of them are either
limited with respect to the sensitivity (current limit of detec-
tion ~ 100 nM), selectivity, requirement of electronic heating unit,
sophisticated synthesis of the probe materials, or not suitable for
on-the-spot sample assays. Therefore, it should be highly desir-
able to develop a detection system that is not only sensitive
and selective, but also simple, practical, and economical in its
operation.

Herein, we report a simple and sensitive method for the one-
step, label-free, colorimetric detection of HgZ* at ppb level by a
simple hydroxylamine reduction reaction. NH,OH is thermody-
namically capable of reducing Au3* ions to bulk metal [35]. The
color of the solution turns to red when Au NPs are formed in the
HAuCl4/NH;OH reaction. We found that HAuCl4/NH,OH reaction
could also be accelerated by Hg2* ions. The speed of color change
is increased with the increase of the concentration of Hg?* ions.
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Scheme 1. Schematic representation of HAuCl4/NH;OH reaction in the absence (A) and in the presence of Hg2* ion (B).

Based on this phenomenon, a colorimetric method for the determi-
nation of Hg2* in water samples is thus developed. The outstanding
selectivity and sensitivity of the method provide a unique way to
determine HgZ* in water samples.

2. Experimental
2.1. Chemicals and apparatus

All chemicals were of analytical reagent grade and were used as
received. The water was prepared using Milli-XQ equipment. Mops
sodium salt was obtained from Alfa Aesar. 5nm gold NPs were
obtained from BB International. Tween 80 was purchased from
Sigma-Aldrich. HAuCly, NH,OH, Hg(NO3),, sodium dodecylsulfate
(SDS), cetyltrimethylammonium bromide (CTMAB), Triton X-100,
Tween 20 and other reagents were purchased from Sinopharm
Chemical Reagent Co. Ltd. Hg2* ion stock solution (5 M) was
prepared by adding 50 wL of 0.1 mM Hg(NOs3), into 950 wL of
MOPS buffer (10 mM MOPS buffer containing 0.01% Tween 20, pH
7.0).

Absorption spectra, kinetic curves, calibration curve and inter-
ference tests were conducted on a Shimadzu UV-2410 UV/vis
spectrophotometer. Other experiments, such as optimization
of assay conditions, were monitored by a microplate reader
(Thermo, MK3 Multiskan). Transmission electron microscopy
(TEM) was performed on a transmission microscope (JEOL
JEM-2011). ICPMS experiments were performed on Elan
DRC-e.

2.2. The colorimetric detection of Hg?*

In a typical experiment, 250 wL of 4 mM HAuCl, (adjusted to
pH 3 by 4 x 10-2M NaOH) and 500 L of 9 mM NH;OH-HCI were
added into the reaction tube containing 250 wL of different con-
centration of Hg2* ion. The final concentration of HAuCl; and
NH,O0H were kept as 1mM and 4.5 mM, respectively. The mix-
ture was kept at room temperature for 16 min. The color change

could be observed by the naked eye or quantified by a simple visual
readout.

2.3. ICP-MS detection of Hg in Au NPs

The bulk volume was set to be 4mL. 1 mL of desired concen-
tration of Hg?*, 1mL of 4mM of HAuCl, (adjusted to pH 3 by
4 x 1072 M NaOH) and 2 mL of 9mM of NH,OH-HCI were mixed.
The mixture was kept at room temperature for 16 min. Finally,
the formed NPs were isolated by centrifugation, resuspended
with water and recentrifuged. The centrifugation-resuspension-
recentrifugation cycle was repeated twice. The red precipitate was
resuspended in 4 mL of water. The ICP-MS determination of Hg in
Au NPs was accomplished by Shanghai Institute of Measurement
and Testing Technology.

3. Results and discussion

It is well known that NH,OH is thermodynamically capable of
reducing Au3* to bulk metal, and the reaction is dramatically accel-
erated by Au surfaces [36]. Herein, we found that, even in the
absence of Au surfaces, Hg2* ions also have the ability to acceler-
ate the formation of Au NP in HAuCl4/NH,OH reaction, which can
be used herein for the determination of Hg2* ion. The principle of
colorimetric detection of Hg2* ions based on the formation of Au
NPs is depicted in Scheme 1. The rate of particle growth is highly
dependent on and proportional to the initial concentration of Hg2*
ions. The speed of color change is increased with the increase of
the concentration of Hg2*. Based on this phenomenon, a colorimet-
ric method for the determination of HgZ* in water samples is thus
developed, which is simple, rapid, quantitative, and inexpensive.

3.1. Optimization of assay conditions
Several parameters were investigated systematically in order to

establish optimal conditions for the direct colorimetric detection of
mercury ions, including the type and concentration of surfactant,
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Fig. 1. Absorbance at 492 nm versus different kinds of surfactants. Experimental
conditions: HAuCly, 0.5 mM; NH,OH-HCl, 4.5 mM; Hg?* ions (in 10 mM Mops buffer
containing 0.01% different kinds of surfactant, pH 7) 1000 nM; reaction time, 10 min.
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the pH of mops buffer, the concentration of HAuCl; and NH,OH-
HCL.

Metallic NPs are unstable and have a tendency to aggregate.
Therefore, the use of stabilizer is very significant to prevent the
aggregation and to maintain the stability of Au NPs in aqueous
solution. Hence, as shown in Fig. 1, various kinds of surfactants
including anionic surfactant (SDS), cationic surfactant (CTMAB)
and nonionic surfactants (Triton X-100, Tween 20 and Tween 80)
were studied. Nonionic surfactant was superior to anionic surfac-
tant and cationic surfactant. A higher absorbance was obtained by
using Tween 20 as stabilizer, which was then selected for further
studies. Fig. 2 showed that the optimized concentration of Tween
20 was 0.01%. The pH of Mops buffer versus the absorbance was
optimized as shown in Fig. 3. As the pH of Mops buffer increased,
the absorbance increased quickly, indicating more Au NPs catalyt-
ically formed in the solution, and then decreased sharply due to
a higher background. Hence, the pH of Mops solution was set at
7.0.

The influence of the concentration of HAuCl4 was investigated
as shown in Fig. 4. As the concentration of HAuCl, increased,
the absorbance increased and reached a peak value at 1 mM, and
at higher concentration the absorbance decreased. Hence, subse-
quent work employed 1 mM of HAuCl4. As shown in Fig. 5, with
increasing the concentration of NH,OH, the absorbance increased
sharply at the beginning, and reached maximum at 4.5 mM, then
decreased slowly at higher concentration. Thus, 4.5 mM of NH,OH
was selected for the following studies.
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Fig. 2. Absorbance at 492 nm versus the concentration of Tween 20. Experimental
conditions: Hg?* ions (in 10 mM Mops buffer containing different concentration of
Tween 20, pH 7), 1000 nM; other experimental conditions were the same as Figure 1.
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Fig. 3. Absorbance at 492 nm versus the pH of Mops buffer solution. Experimental
conditions: Hg?* ions (in different pH of 10 mM Mops buffer containing 0.01% Tween
20), 1000 nM; other experimental conditions were the same as Figure 1.
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Fig. 4. Absorbance at 492 nm versus the concentration of HAuCl,. Experimental
conditions: different concentration of HAuCly, Hg?* ions (in 10mM Mops buffer
containing 0.01% Tween 20, pH 7), 1000 nM; other experimental conditions were
the same as Figure 1.

3.2. Characterization of the formed Au NPs

Fig. 6 displays the absorbance spectra for Au NPs which
were formed in the Hg?* catalyzed HAuCl4/NH,OH reaction. The
maximum absorption wavelength is 580 nm (Fig. 6A), while the
maximum absorption wavelength for 5-nm Au NPs is 530 nm
(Fig. 6B). Compared with 5-nm Au NPs, an observed red shift and
broadening is obtained for the Au NPs formed in Hg?* catalyzed
HAuCl4/NH;O0H reaction, which indicates that large Au NPs are
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Fig.5. Absorbance at492 nm versus the concentration of NH, OH. Experimental con-
ditions: HAuCls, 1 mM; different concentration of NH, OH-HCI; other experimental
conditions were the same as Figure 4.
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Fig. 6. Absorbance spectra (A) and TEM image (C, D) of Au NPs formed in Hg?* catalyzed HAuCls/NH,OH reaction and absorbance spectra of 5 nm Au NPs (B). Experimental
conditions for A, C and D: HAuCly4, 1 mM; NH,OH-HCl, 4.5mM; Hg?* ions (in 10mM Mops buffer containing 0.01% Tween 20, pH 7), 1000 nM; Reaction time, 16 min.

Experimental conditions for B: 5nm Au NPs, 41.5 nM.

formed in the solution. Fig. 6C and 6D display the transmission elec-
tron microscope (TEM) image of the Au NPs generated from Hg2*
catalyzed HAuCl4/NH,OH reaction. The average diameter of the Au
NPs is 119 +44 nm.

3.3. Kinetic curve of the formation of Au NPs in the Hg2*
catalyzed HAuCly/NH,OH reaction

The reaction rate of blank solution (Scheme 1A) without Hg?*
is much slower than that of sample solution containing Hg2?*
(Scheme 1B). Figure 7 shows the absorbance changes observed at
580 nm by different concentrations of HgZ* ions. Figure 7 shows
that the plateau could not be reached at the same time in the
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Fig. 7. Time-dependent absorbance changes at 580 nm upon analyzing different
concentrations of Hg?* ion. Experimental conditions: different concentrations of
Hg?* ions (in 10 mM MOPS buffer containing 0.01% Tween 20, pH 7); other experi-
mental conditions were the same as Figure 6A. Recorded at 1-min intervals.

presence of different concentrations of Hg?* ions, i.e. the time
required to reach the plateau was gradually decreased with the
increase of the concentration of Hg2* ions, indicating that the
reaction rate is increased with the increase of the concentra-
tion of Hg2* ion. To reach a plateau in absorbance at 580 nm,
29 min, 27 min, 24 min, 20 min, 12 min, and 11 min were needed
for 0nM, 10 nM, 100 nM, 250 nM, 1000 nM, and 2000 nM of Hg2*
ions, respectively. Besides the reaction rate, the absorbance at
580 nm, where plateau was reached, was also increased with the
increase of Hg?* concentration. However, the absorbance also
decreased slightly after the plateau was reached. Hence, for a
broad range of Hg2* determination, the reaction time was set to be
16 min.
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Fig. 8. Absorbance at 580 nm versus different concentrations of Hg?* ions. Experi-
mental conditions were the same as Figure 6A.
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Fig. 9. Selectivity of the analysis of Hg2* ions by the method depicted in Scheme 1. 1: Blank, 2: Hg?*, 3: K*, 4: Li*, 5: Ni*, 6: Ca?*, 7: Ba%*, 8: Mg?*, 9: Cd?*, 10: Co?*, 11: Cu?*,
12: Pb?*, 13: Fe3*, 14: AI**. The concentration of Hg?* was 1 M. Others were 100 wM. Other experimental conditions were the same as Figure 6A.

3.4. Sensitivity and selectivity

To evaluate the sensitivity of this method, different concentra-
tions of Hg2* (10, 50, 100, 250, 500, 1000, 2000 nM) from one stock
solution were evaluated. As shown in Fig. 8, the absorbance pro-
portionally correlated with the Hg?* concentration. A calibration
graph in the concentration range of 10-1000 nM showed a linear
correlation (R2 =0.907) between the concentration of Hg2* and the
absorbance at 580 nm, represented by [=0.0016C + 0.0244. The LOD
under the optimal experimental condition was found to be 10 nM
(2 ppb).

Moreover, we investigated the specificity of this assay for metal
ions. 13 different kinds of metal ions (K*, Li*, Ni*, Ca2*, Ba2*, MgZ*,
Cd2*, Co?*, Cu?*, Pb2*, Fe3*, AI3* and Ag*, each at 100 wM) were
tested under the same experimental conditions as in the case of
Hg?2* (at 1 uM). Remarkably, no color changes of the solutions were
observed with metal ions including K*, Li*, Ni*, Ca2*, Ba2*, Mg2*,
Cd?%*, Co?*, Cu?*, Pb2* Fe3* and AI**, even at a 100-fold higher con-
centration than that of Hg2* (photographs in Fig. 9). Ag* ions, which
would precipitate in the presence of NH,OH-HCl, also did not inter-
fere with the determination of Hg2* ions. The absorbance at 580 nm
was recorded by an UV/Vis spectrophotometer. The Hg2* exhibited
a 25-115-fold stronger signal than that of any of the other metal
ions (Fig. 9), which indicated high selectivity of this method. Note
also that methyl mercury, as a typical type of organic mercury, did
not induce any obvious color change under the same experimen-
tal conditions. This indicated that only free Hg2* could be detected
by using this method and organic mercury could not be detected

directly. It is well known that different types of mercury including
Hg, Hg(OH),, HgO, CH3Hg* and CH3HgCl, etc., can be transformed
into Hg2* ions by using a digestive method, and thus the proposed
technique may offers great promise as a colorimetric detection
method for the determination of total mercury.

3.5. The mechanism of the Hg?* catalyzed HAuCly/NH,0H
reaction

We assumed that, even in the absence of Au3*, Hg®*
could also be reduced by NH,OH, which induced the trans-
formation of Hg2?* ions to liquid Hg. The equation could be
described as 2HgCl, +2NH,O0H — 2Hg(1)+N,0+H,0+4HCl and
HAuCl; +2NH,0H — Au(s)+ N,0+H;0+4HCI. In the presence of
liquid Hg, two probable mechanisms of action should be consid-
ered: nucleation, or amalgamation between Au and Hg, or both,
which accelerate the formation of Au NPs in solution. The equa-
tion could be described as Hg (1) + 3Au(s) — AuzHg and 2Hg (1) + Au
(s)— AuHg; (1). Hg should be encapsulated inside or bind outside of
the formed Au NPs. To classify the theory that liquid Hg takes part
in the formation of Au NPs, we determined the amount of Hg in the
Au NPs after the hydroxylamine reduction reaction by ICP-MS. The
actual and theoretical amounts of Hg have good correlation with
R? =0.9745. About 30-40% of Hg is reduced and encapsulated inside
or bind outside of the Au NPs. There are three possible reasons for
the remaining portion of Hg2*. First, the NH,OH/Hg?* reduction
reaction was not complete and the unreacted Hg?* ions were dis-
carded in the washing step. Second, tiny liquid Hg particles may

Table 1

Comparison of optical methods for mercury detection.
Methods Specific materials Detection limit Time Ref
Fluorescence (FL) Porphyrin dimer 0.52 uM Real-time [37]
FL Gold NPs and Rhodamine 6G 0.06 nM 10 min [24]
FL DNA, gold NPs and OliGreen 25 nM 70 min [38]
FL TOTO-3 and DNA 0.6 ppb 15 min [15]
UV-Vis Gold NPs and DNA 250 nM 10 min [39]
UV-Vis Ruthenium complexes 20 ppb 2 min [40]
Scanmetric Gold NPs and DNA 2 ppb ~2h [33]
Hyper Rayleigh Scattering MPA-Hcys-PDCA modified gold NPs 5 ppb 6-7 min [28]
UV-Vis HAuCl4/NH,OH 10 nM (2 ppb) 15-20 min Our method
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be not encapsulated inside the Au NPs and lost during the washing
step. Third, the liquid Hg may transform into vapor Hg and volatize
into air.

3.6. Preliminary analysis of Hg?* in water samples

To test the potential of our gold nanoparticle-based method for
the analysis of Hg2* in environmental samples, a water sample was
collected from Jingye Lake on the campus of Tianjin University. The
sample was first filtered through a 0.22 wum membrane to remove
soil and other particles, and then tested by the proposed technique.
No color change was observed in this water sample, indicating that
Hg2* ions were not found in this water sample. Then, the water
samples were spiked with Hg2* ions at different concentration lev-
els, the recoveries of 20, 100, and 500 nM Hg?* were 106.2 + 7.2%,
94.7 +£1.8% and 66.8 + 2.6%, respectively. Therefore, the proposed
method is attractive for monitoring low levels of mercury in water
samples.

4. Conclusions

A colorimetric method for the label-free, sensitive, and highly
selective determination of Hg2* using a simple HAuCl,/NH,OH
reduction reaction is presented. This method is enzyme-free and
does not require any specialized equipment. The concentration of
Hg2* can be determined by the naked eye assay and an UV/Vis spec-
trophotometer. Compared with previous methods (Table 1), this
direct colorimetric technique offers advantages in four aspects: (1)
one does not need to use any DNA or fluorescent dyes to probe Hg2*
ion in solution; (2) it is highly selective and sensitive; (3) it takes
only 15-20 min to find out the concentration of Hg2* ion in aqueous
solution; and (4) only a low-cost absorbance device is needed for
detection of Hg?* ions, which make the technology very attractive
for mobile and point-of-care. Our experimental results reported
here open up a new possibility of rapid, easy, and reliable way for
the determination of HgZ* in water samples.
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