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Mercury, one of the most widespread highly toxic heavy metals, has severe detrimental effects on human

health and the environment. It is significant to develop a sensitive and reliable method of accurately

detecting trace levels of mercuric ions in environmental media to meet the ever-increasing demands of

ongoing environmental monitoring programs. A three-dimensional mercuric ion sensor was constructed

using mercury-specific oligonucleotides, gold nanoclusters, and an anionic intercalator. Due to the steric

reaction field in the electrode surface microenvironment formed by the gold nanoclusters, the sensor

could spatially capture mercuric ions with electroactive indication to realize trace mercury

measurements with high sensitivity; the sensor exhibited strong environmental adaptability, high

selectivity, and other advantages. Under optimal conditions, mercuric ions could be detected in the

range from 0.05 to 350 nM, and the detection limit was 0.01 nM. The mercuric ion sensor was

compared with atomic fluorescence spectrometry to analyze municipal wastewater and river water

samples. In addition, the sensor performance was also analyzed according to derived formulae. This

accurate method has the potential to be deployed in the field for measurements of mercury in

environmental media.
Introduction

Heavy metal pollution is a global environmental issue due to its
severe effect on human health and the environment.1–3 As the
notorious culprit behind Minamata disease, mercury has
become a focus within the family of heavy metals.1,2 The Gov-
erning Council of the United Nations Environment Programme
agreed on the need to develop a global legally binding instru-
ment on mercury in 2009, and the work to prepare the instru-
ment was undertaken by the intergovernmental negotiating
committee.4 Mercury pollution comes mainly from coal
combustion, industrial production and agricultural chemicals.
Annual total global mercury emission from nature and human
activities is approximately 7500 tons per year.5 Mercury exists in
the environment in a variety of forms, for instance, as the water-
soluble mercuric ion (Hg2+). Mercuric ions are an important
form with a high toxicity in the mercury system. Moreover,
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mercuric ions in aquatic sediments can be converted into the
more toxic methyl mercury, which can accumulate in the
human body through the food chain and lead to permanent
damage to the brain, and to other chronic diseases.1,6,7 In 2005,
the U.S. Environmental Protection Agency set the maximum
allowable level for mercuric ions in drinkable water as 10 nM.8

Therefore, monitoring mercury is of critical importance in
environmental and food safety, as well as clinical toxicology.

The methodology of mercury detection has undergone an
unceasing development. Traditionally, mercury is detected by
using inductively coupled plasma mass spectrometry (ICP-MS),9

atomic absorption–emission spectroscopy,10 and cold vapor
atomic uorescence spectrometry.11 However, sophisticated
instrumentation and/or complicated sample preparation
processes limit their application to on-site mercury control.
Currently, the mercury-specic oligonucleotide technique for
identication and quantication of mercury has attracted great
attention.12–21 Themercury-specic oligonucleotide technique is
based on thymine–Hg2+–thymine (T–Hg2+–T) coordination
chemistry, and the resulting Hg2+-stabilized hybridization of
oligonucleotides with T–T mismatches has a specic recogni-
tion ability of Hg2+ with convincing detection accuracy.12 The
combination of an electrochemical sensor and a mercury-
specic oligonucleotide is a competitive strategy.
RSC Adv., 2014, 4, 18485–18492 | 18485
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Electrochemical sensors have become a research focus since
some advantages e.g. inherent simplicity, low cost, high sensi-
tivity and selectivity etc., were observed.22 In particular, their
excellent compatibility with miniaturization technology leads to
future tendencies of development.22–24 Indeed, since Ono and
Togashi12 observed the specic binding of Hg2+–thymine
complexes in DNA and developed a sensor based on uores-
cence resonance energy transfer with a detection limit of 40 nM,
various mercury detection strategies based on this property
have been developed in recent years. Among them, electro-
chemical sensors based on electrical activity indicators or
electrically contacted enzymes, are relatively convenient and
stable, and have showed signicant plasticity and high
sensitivity.17–19

Nanomaterials can improve sensor performances signi-
cantly.25,26 Among many nanomaterials, nano-Au frequently
appears in sensor congurations, especially in DNA sensors,
due to its strong electron transfer capacity, high biocompati-
bility, and stable thiol–Au affinity.27,28 Gold nanoclusters have
recently been developed from gold nanoparticles, which not
only keep the inherent properties of nano-Au, but also exhibit
spatiality when they are used to modify a supporter surface,
forming spinous structures with certain lengths. Previously this
spatiality was observed by atomic force microscopy.29 Notably,
the conguration of most sensors, including those based on
nano-Au, is generally a two dimensional planar structure, and
the conguration of those based on gold nanoclusters is three
dimensional (3D). It is believed that a sensor with a 3D
conguration can obtain a more sensitive signal response due
to its larger specic surface area and increased number of
reaction sites. Though gold nanoclusters have been used in
immunosensors,30 there are few reports about their application
in DNA sensors, and little attention has been paid to mercuric
ion sensors based on mercury-specic oligonucleotides.

In addition, the choice of signal agent is also important for
the construction of an electrochemical sensor. A proper signal
agent is as of much benet to the whole working of the sensor
and a stable signal response as the original design. For a DNA
sensor, it is believed that an electroactive intercalator, as a label-
free indicator, is an ideal candidate because it not only provides
enough electronic response, but also contributes to a more
exible, simple, and stable sensor strategy. From the viewpoint
of the control of false positive responses and background
signal, anionic intercalators show better effects than cationic
intercalators in DNA analysis.31 Therefore, an anionic inter-
calator was used for the proposed electrochemical sensor.

Herein, mercury-specic oligonucleotides, three dimen-
sional gold nanoclusters, and an anionic intercalator were used
to construct a highly sensitive sensor for mercury detection in
environmental samples, which has not been reported so far to
the best of our knowledge. This strategy for mercury detection is
relatively simple, operates with high accuracy, and exploits
strong environmental impact resistance. The gold nanoclusters
were electrodeposited on a gold electrode surface forming a 3D
structure, and then modied with single-stranded mercury-
specic oligonucleotide probes (P1). In the presence of Hg2+,
the P1 forms a double-stranded hairpin structure due to
18486 | RSC Adv., 2014, 4, 18485–18492
T–Hg2+–T mismatches. Meanwhile, the anionic intercalator,
disodium-anthraquinone-2,6-disulfonate (AQDS), was selected
as an electroactive signal indicator because of its low back-
ground noise and good electrochemical performance. Further-
more, mercury detection in environmental samples was
performed to investigate and demonstrate the application of the
proposed sensor.

Experimental
Apparatus

Electrochemical measurements were carried out on a CHI660B
electrochemistry system (Chenhua Instrument, Shanghai,
China). The three-electrode system used in this work consists of
a gold electrode (3 mm in diameter) as the working electrode, a
saturated calomel electrode (SCE) as a reference electrode and a
Pt foil auxiliary electrode. A track-etched polycarbonate (0.2 mm)
membrane was provided by Whatman (UK). Scanning electron
micrographs (SEM) of the morphology of the electrode surface
were obtained with a JSM-6700F eld emission scanning elec-
tron microscope (JEOL Ltd., Japan). A Sigma 4K15 laboratory
centrifuge, a Sigma 1-14 microcentrifuge (Sigma, Germany), an
AFS-9700 atomic uorescence spectrophotometer (Kechuang
Haiguang Instrument, Beijing, China) and a model CS501-SP
thermostat (Huida Instrument, Chongqing, China) were used in
the assay. All work was performed at room temperature (25 �C)
unless otherwise mentioned.

Reagents

Disodium-anthraquinone-2,6-disulfonate (AQDS) was
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). Hydrochloroauric acid was supplied by Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Ascorbic acid
(AA), 6-mercapto-1-hexanol (MCH) and mercury nitrate were
purchased from Sigma-Aldrich Chemical Co. All chemicals were
of analytical grade. This work used a Tris–HCl buffer (10 mM
Tris adjusted to pH 8.0 with 10 mM HCl) and phosphate buff-
ered saline (PBS, 0.07 M KH2PO4 and 0.07 M Na2HPO4). All
solutions were prepared in deionized water of 18 MU puried
using a Milli-Q purication system.

The synthesized oligonucleotides, all HPLC-puried and
lyophilized, were provided by Sangon Biotech. Co., Ltd.
(Shanghai, China). The sequences were as follows:

50-SH-(CH2)6-TCA TGT TTG TTT GTT GGC CCC CCT TCT TTC
TTA-30 (P1)

Probe 1 (P1) was dissolved in Tris–HCl buffer containing 1 M
NaCl and kept at �20 �C for further use. The 1 mM AQDS was
stored in PBS (pH 7.0) containing 0.2 M NaCl, in the dark.

Sensor fabrication

The gold working electrodes were polished thoroughly with
300 nm and 50 nm alumina slurry and sonicated in 1 : 1 (v/v)
HNO3, acetone, and water successively to remove the residues.
Then the gold electrodes were electrochemically cleaned in
0.5 M H2SO4 by cyclic voltammetry between �0.4 and 1.5 V
(vs. SCE) until a steady state redox wave was observed.
This journal is © The Royal Society of Chemistry 2014
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Aerwards, Au nanoprickle clusters were electrodeposited onto
the gold electrode.31 The polycarbonate membrane was carefully
attached onto the electrode surface and xed by a rubber O-ring.
Electrodeposition was performed using chronoamperometry in
1% (w/w) HAuCl4 solution containing 0.5 M perchloric acid at a
potential of 0.18 V for 120 s. Following immersion in chloro-
form to dissolve the polycarbonate template, the obtained
electrode was thoroughly rinsed with water. Next, an 8 mL
aliquot of the thiolated probe (P1, 4 mM) was pipetted onto the
electrode surface and underwent self-assembly through thiol–
gold bonding for 3 hours. Aer adsorption, the electrode was
copiously rinsed with Tris–HCl buffer containing 0.5 M NaCl
and water to remove any non-specic adsorbed materials.
Following adsorption of a MCH monolayer in 1 mM ethanolic
solution for 30 min, the prepared electrode was thoroughly
rinsed with Tris–HCl buffer containing 0.5 MNaCl. When not in
use, the electrode was stored in a moist state at 4 �C.
Detection strategy

A succinct strategy was designed to detect Hg2+ ions using the
prepared electrode (see Fig. 1). The electrode was directly
reacted with a Hg2+ sample for 60 minutes to form T–T mis-
matched dsDNA on the electrode surface and was then
immersed into AQDS solution for electrochemical detection.
AQDS has a unique anthracene ring structure, can intercalate
into the duplex structure of dsDNA, and exhibits a reversible
2-electron transfer process for its quinone/hydroquinone redox
couple in electrochemistry.31
Electrochemical detection

To investigate the performance of the Hg2+ sensor, cyclic vol-
tammetry (CV) and square wave voltammetry (SWV) were
executed in 20 mL of PBS containing 0.3 M NaCl. The CV was
performed between �0.4 and 0.4 V vs. SCE at 100 mV s�1, and
the SWV was carried out between�0.2 and�0.7 V under a pulse
amplitude of 25 mV and a frequency of 10 Hz, with a step
potential of 4 mV. The corresponding peak current was
recorded.
Fig. 2 SEM images of (a, b) the original electrode surface, and (c, d) the
Au nanoprickle modified electrode surface.
Analysis of environmental samples

Two kinds of typical environmental samples, municipal waste-
water and river water samples, were used in this study. The
Fig. 1 Schematic diagram of the detection strategies for mercuric ion d

This journal is © The Royal Society of Chemistry 2014
municipal wastewater was obtained from a municipal waste-
water treatment plant in Changsha, China. The river water was
from the Xiangjiang river in Changsha, China. They were
centrifuged at 10 000 rpm for 5 minutes and ltered to remove
any suspension and solid impurities. Following spiking with
different concentrations of mercuric ions, the resulting samples
were analyzed by the supposed sensor. Meanwhile, the same
samples were ltrated via a 0.2 mm polycarbonate lter and
analyzed by atomic uorescence spectrometry (AFS) for
comparison.
Results & discussion
Characteristics of the electrode

The white polycarbonate template turned yellow aer 120 s of
electro-deposition, and concomitant with the dissolving of the
template, the surface morphology of the electrode changed
from mirror-like to barbed-tongue-like by naked-eye observa-
tion, indicating that the successful electrodeposition of Au
nanoprickle clusters took place. Further characterization of the
electrode surface morphology was carried out by SEM. As shown
in Fig. 2, signicant variations in the surfacemorphology can be
etection.

RSC Adv., 2014, 4, 18485–18492 | 18487
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observed before and aer the electrode modication.
Compared with the relatively smooth surface of the original
electrode, that of the modied electrode becomes granular and
uneven. The Au nanoprickles were electrodeposited onto the
electrode surface, and protuberant clusters (bright points) grew
along the pores of the polycarbonate template. The mean
diameter of the Au nanoclusters was around 120 nm.

With the help of thiol–gold bonding and the effect of MCH,
the thiolated probes stretch over the gold medium like tenta-
cles. Unlike the 2D planar structure of a conventional electrode
surface, the Au nanoprickle clusters developed a 3D spatial
structure in the electrode surface microenvironment, and
formed a steric reaction eld with an increase in reaction space,
which is benecial for the shuttling of Hg2+ ions and indicating
capture by the DNA probes. This characteristic theoretically
improves the detecting sensitivity.

The electrochemical response capacity of the electrodes was
investigated via electrochemical methods. Under the same
experimental conditions and processes, the peak current
responses from square wave voltammetry are compared in
Fig. 3. It was found that the peak current response increased
signicantly from the original electrode to the modied elec-
trode. In view of this, the modied electrode is superior to the
conventional electrode due to the effect of the 3D nanoclusters.
Detectivity

The effect of the 3D nanoclusters can be further analyzed
according to the notion of detectivity. The detectivity 3 of a
sensor is dened as the quotient of the normalized signal
output Y over the normalized signal input X, i.e.32

3 ¼ S0

Si

¼
�
sXDY

sYDX

�2
(1)
Fig. 3 Square wave voltammograms of the modified electrode and
the original gold electrode between �0.2 and �0.7 V under a pulse
amplitude of 25 mV and a frequency of 10 Hz with a step potential of
4 mV in 20 mL of PBS containing 0.3 M NaCl (pH 7.0), after reacting
with 100 nM Hg2+ ion for 60 minutes and immersing into AQDS
solution containing 0.2 M NaCl for 360 minutes.
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where S0 is a true measure of the input signal to noise power
ratio; Si is a true measure of the output signal to noise power
ratio; sX

2 is the input variance per receptor; and sY
2 is the

output variance per receptor. According to

DY/DX ¼ be�bX/N (2)

b ¼ e�U/kT (3)

sX
2 ¼ xN ¼ X (4)

where N is the number of receptors covering the sensor surface;
U is the analyte–receptor interaction potential; k is the Boltz-
mann constant; and T is the absolute temperature, hence the
detectivity is

3 ¼ Xb2e�2bX=N

sY
2

(5)

Therefore, increasing the surface area and the number of
reaction sites, i.e. the number of receptors covering the sensor
surface N, can raise the detectivity.

The gold nanoclusters were electrodeposited onto the
proposed sensor surface. Due to forming a 3D structure on the
electrode surface, a larger surface area and more reaction sites
were obtained. The total surface area was estimated to be
5.0 times larger than that of the original electrode surface
(see the ESI†). Hence the detection performance was improved.
This result can also explain the aforementioned electrochemical
behaviors.
Choice of electroactive indicator

Electroactive indicators are frequently used in the detection of
hybridization or base mismatch of synthesized short-stranded
DNA, because they can intercalate into the duplex structure of
dsDNA but not into ssDNA, and express electrical activity. The
indicators are classied into cationic and anionic intercalators. It
should be noted that both dsDNA and ssDNA carry negative
charges and will attract the cationic intercalators due to electro-
static attraction. Indeed, the interaction between the cationic
intercalators and dsDNA is a synergistic action of electrostatic
attraction, intercalation, and perhaps physical adsorption.
Therefore, a big background signal is unavoidable. In particular,
when the electrostatic attraction becomes the predominant force
in the interaction, it is difficult to distinguish between dsDNA
and ssDNA. In fact, although cationic intercalators, e.g. methy-
lene blue, cobalt metal complexes [Co(bpy)3]

3+, rhodium metal
complexes [Rh(phi)dmb]3+, ruthenium metal complexes
[Ru(phen)2(dppz)]

2+, and others,33 have been applied more
commonly, the exhibition of large background signal and rela-
tively poor accuracy always prevented sensitivity enhancement in
DNA analysis. Alternatively, anionic intercalators can eliminate
false positive responses and reduce background signal, because
the effect of electrostatic attraction between the two types of DNA
and anionic intercalators does not exist. Gooding and co-
workers31 proved that anionic intercalators, e.g. AQDS, behaved
better than cationic ones. AQDS has a perfectly symmetric
This journal is © The Royal Society of Chemistry 2014
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anthraquinone ring structure, and exhibits a reversible 2-electron
transfer process for its quinone/hydroquinone redox couple in
electrochemistry. Inspired by this property, AQDS was chosen as
the electroactive indicator for the duplex structure of dsDNA
obtained from T–Hg2+–T mismatch.
Optimization of the detection strategy

A series of experiments was performed to optimize the condi-
tions to give acceptable signal response. The effects of pH value,
the amount of single stranded probe P1, the self-assembly time,
the reacting time with the Hg2+ ions, the intercalation time of
the AQDS and the ionic strength of the AQDS solution were
investigated. The effect of temperature was not considered,
because it is our intention that the Hg2+ sensor will be used at
room temperature, which is more suitable for application.

pH always plays an important role in chemical reactions,
especially in biochemical reactions. The working principle of
the sensor involved the bioactivity of the DNA probe, the process
of T–Hg2+–Tmismatch, and the AQDS intercalation, which were
affected by the pH. Considering that the pH conditions of some
links, e.g. the self-assembly of the DNA probe, the AQDS inter-
calation, and the electrochemical detection, were fully control-
lable, and only that of the real Hg2+ ion sample had a certain
unpredictability, samples with different pH values containing
10 nM of Hg2+ ions were used to investigate the pH effect.
Although acidic conditions were benecial to the freeness of the
Hg2+ ions, the DNA would be damaged once a certain limit was
exceeded. Under alkaline conditions, the bioactivity of the DNA
is maintained well in the appropriate range, but the freeness of
the Hg2+ ions reduces. It can be seen in Fig. 1S† that the current
responses were not only similar but also the maximum current
responses appeared in the pH range 6.0–7.8. This was a grati-
fying phenomenon that revealed that the sensor had a good
ability to resist the impact of pH change. Furthermore, the pHs
of river water (pH ¼ 6.0–6.9) and municipal wastewater (pH ¼
6.5–7.5) are generally within this range. The above indicated
that the sensor was quite suitable for real sample detection. In
order to ensure experimental consistency, the pH of the related
solutions is 7.0 unless otherwise mentioned.

With regard to the probes immobilizing on the surface of the
electrode, the ideal state is that they simultaneously occupy the
surface contact points as much as possible, and are evenly
distributed with enough space among them to maximize the
capture of the target, improving the sensitivity of the sensor.
Varying concentrations of P1 (1–6 mM) were used to self-
assemble for 60, 90, 120, 150, 180, 210, and 240 minutes and
compared to nd the desired result. As shown in Fig. 2S,† the
most efficient result was obtained when 4 mM of P1 self-
assembled in 180 minutes.

The reaction time between P1 and the Hg2+ ions can directly
affect the detecting result and the efficiency. Theoretically, if the
reaction is inadequate, the obtained product is not enough to
achieve the best result; but if the reaction is too extensive, much
time is wasted, reducing the detection efficiency. Aer testing,
60 minutes was chosen as the reacting time between P1 and the
Hg2+ ions for the next experiments (see Fig. 3S†).
This journal is © The Royal Society of Chemistry 2014
When AQDS is intercalated into the duplex structure of
dsDNA, there is a certain resistance from electrostatic repulsion
because both DNA and AQDS are negatively charged. Therefore,
the intercalation process of AQDS is relatively slow. But suitably
high salt concentration can speed up the intercalation by
screening the electrostatic repulsion between the two. When the
sensor is immersed in AQDS solution containing 0.2 M of NaCl
for 360 minutes, the current response reached a maximum
(see Fig. 4S†). However, from an efficiency point of view, an
intercalation time of 240 minutes with 89% of the maximum
current response was the optimal condition. Even so, the
intercalation time was still longer than that needed for cationic
intercalators. To meet the application requirements, therefore,
a method of speeding up the intercalation of the anionic
intercalators needs further study.
Response of the sensor to Hg2+ concentration

Under optimal detection conditions, Hg2+ would react with the
T–T of P1 to form the duplex structure of dsDNA, into which
AQDS would intercalate. As shown in Fig. 4, the peak current
response attributed to the T–Hg2+–Tmismatches increased with
increasing Hg2+ concentration. The peak current response was
linearly related to the logarithm of Hg2+ concentration C (nM) in
the range from 0.05 to 350 nM by the following regression
equation

Current ¼ (0.1163 � 0.0038) � log C + (1.6270 � 0.0062) (6)

The correlation coefficient was 0.9952. Each point of the
calibration was done in triplicate, and the average relative
standard deviation was 4.27%, which guaranteed the precision
of the proposed sensor. The detection limit, according to the
mean value of the background signal plus three times the
standard deviation of the background signal, was calculated to
be 0.00055 nM (n ¼ 3; the number of blank runs). However,
considering the actual detection results, the detection limit of
Hg2+ ions was 0.01 nM. The proposed sensor had better sensi-
tivity than previous electrochemical sensors (Table 1).17–19,34–36 It
is apparent that the sensor was competent as an analysis tool for
mercury detection in environmental media.
Specicity and stability

A qualied detection method for environmental samples,
having resistance to interference from irrelevant co-contami-
nants, is of importance and practical signicance. Some envi-
ronmentally relevant metal ions, including K+, Ba2+, Ca2+, Cd2+,
Co2+, Cr2+, Cu2+, Mg2+, Mn2+, Ni2+, Pb2+, Zn2+, Al3+, Fe3+, and a
mixture of these, were used to evaluate the performance of the
mercuric ion sensor (see Fig. 5). It is shown that the interference
of these environmentally relevant metal ions to the sensor is
negligible.

Good renewable capacity of the working electrode is bene-
cial to the performance stability of the sensor. As a regenerative
agent, it is assumed that AA34 can weaken the coordination with
T because it reduces Hg2+ to Hg+, and also EDTA37 can chelate
RSC Adv., 2014, 4, 18485–18492 | 18489



Fig. 4 (a) Square wave voltammograms of the mercuric ion sensor for various concentrations of Hg2+ ions in 20 mL of PBS containing 0.3 M
NaCl (pH 7.0) between�0.2 and�0.7 V under a pulse amplitude of 25 mV and a frequency of 10 Hz with a step potential of 4 mV. (b) The relative
response current vs.Hg2+ ion concentration between 0.01 and 350 nM. The vertical bars designate the standard deviation from themean of three
replicate tests. Inset: calibration plot of the response current vs. the logarithm of Hg2+ ion concentration between 0.05 and 350 nM.
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Hg2+. Using only 100 nM of AA solution or 0.5 M of EDTA
solution (pH ¼ 9.0) to wash the working electrode for 60
minutes, the obtained regeneration efficiencies were only 57%
and 65%, respectively. However, following treatment with EDTA
solution for 40 minutes, and washing the electrode in AA
solution for another 40 minutes, a regeneration efficiency of
93% was obtained. This effect obviously decreased aer
repeating the EDTA–AA regeneration 2–3 times. At this point,
the electrode was treated in Piranha solution (a mixture of
H2SO4 and H2O2 with a volume ratio of 3 : 2) at 60 �C for 30
minutes. The treated electrode reaches its original state and it is
easy to modify the surface with the DNA probes once again.
These regeneration operations canmaintain the sensor stability
and are suitable for practical applications.
Fig. 5 Interference test results using square wave voltammetry of the
mercuric ion sensor in 20 mL of PBS containing 0.3 M NaCl (pH 7.0).
Under optimal experimental conditions, 10 nM of Hg2+ with 500 nM of
K+, Ba2+, Ca2+, Cd2+, Co2+, Cr2+, Cu2+, Mg2+, Mn2+, Ni2+, Pb2+, Zn2+,
Al3+, Fe3+, and a mixture containing 10 nM of Hg2+ were tested. The
vertical bars designate the standard deviation from the mean of three
replicate tests. Table 1 gives a comparison of the sensitivity of different
electrochemical mercuric ion sensors based on mercury-specific
oligonucleotides.
Analysis of Hg2+ ions in samples

Municipal wastewater and river water samples spiked with Hg2+

ions were analyzed by the mercuric ion sensor. The pH of the
municipal wastewater and the river water samples were 7.16
and 6.83, respectively, which were in the optimal pH range of
the sensor (6.0–7.8). Therefore, the sensor was directly used to
analyze the water samples aer simple centrifugation and
ltration operations. Simultaneously, the same samples, aer
being ltrated via a 0.2 mm polycarbonate lter and addition of
Table 1 Comparison of the sensitivity of different electrochemical mercuric ion sensors based on mercury-specific oligonucleotides

Mercuric sensor
Range of detection
(nmol L�1)

Limit of detection
(nmol L�1)

Anodic stripping voltammetry of a switch conformation sensor17 1.0–250 0.5
Cyclic voltammetry of a nanoengineered electrically contacted enzyme based sensor18 0.1–1000 0.1
Square wave voltammetry of a supersandwich DNA based sensor19 0.1–1000 0.1
Differential pulse voltammetry of a target-induced structure-switching DNA based sensor34 0.1–5000 0.06
Differential pulse voltammetry of a Au NP functionalized DNA based sensor35 0.5–2000 0.5
Square wave voltammetry of a Au NP amplied DNA based sensor36 0.5–100 0.5
Present study 0.01–350 0.01

18490 | RSC Adv., 2014, 4, 18485–18492 This journal is © The Royal Society of Chemistry 2014



Table 2 Mercury concentration in environmental samples determined by the mercuric ion sensor and AFS

Samples

Mercury concentrationa (nmol L�1)
Relative concentration
deviation (%)Mercuric ion sensor AFS

Municipal wastewater 64.632 � 0.258 65.539 � 2.342 1.384
3.073 � 0.036 3.056 � 0.237 0.556
5.309 � 0.041 5.212 � 0.059 1.861

River water 7.428 � 0.104 7.468 � 0.073 0.536
134.872 � 0.322 135.401 � 0.419 0.391
20.663 � 0.067 20.412 � 0.848 1.230

a An average of three replicate measurements � standard deviation.

Paper RSC Advances
a corresponding proportion of hydrochloric acid, were analyzed
by AFS for comparison. The detection of Hg2+ ions from the
samples was satisfactory and more stable results were obtained
by the mercuric ion sensor, as presented in Table 2. Although
the total time of the proposed method was longer than AFS, the
actual machine detection time of the two methods was similar.
Furthermore, compared with the limitations of the AFS method
in application, e.g. tedious pretreatments, greater consumption
of reagents, and a large instrument, the current method
possessed certain advantages. The results indicated the poten-
tial of the sensor as a simple and reliable analysis method of
Hg2+ ions in environmental samples.
Conclusion

In conclusion, a biosensor consisting of mercury-specic DNA,
3D gold nanoclusters and an anionic intercalator was devel-
oped, which provided the potential to quantify trace levels of
mercuric ions in environmental water samples. 3D gold nano-
clusters and the anionic intercalator signicantly improved the
detection performance of the sensor and it exhibited satisfac-
tory results for Hg2+ ion detection in real environmental water
samples. This method has strong environmental adaptability,
high sensitivity, selectivity, appropriate renewable capacity and
other advantages which meet the modern demand for mercury
detection. We believe that the spatiality of the reaction eld in
the electrode surface microenvironment could be used for
developing novel sensors. However, methods to speed up the
intercalation of the anionic intercalator into the duplex struc-
ture of dsDNA need further investigation to improve the
detection efficiency.
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