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Abstract The detection scheme for Hg(II) ions described
here is based on the finding that nanoparticles (NPs) prepared
from silica and chitosan, and doped with the ruthenium(II)
bipyridyl complex [Ru(bpy)3

2+] display large differences in
their affinity for T-rich oligomers and Hg(II)-loaded T-rich
oligomers. The effect was exploited to design a sensitive
electrochemiluminescence (ECL) based assay for Hg(II). In
the absence of Hg(II), the oligomers (with 40 bases) strongly
bind to the surface of the NPs. Such oligomer-loaded NPs do
not bind to a glass carbon electrode (GCE) modified with
carbon nanotubes (CNT) in a nafion host matrix. If, however,
Hg(II) is present, it will cause the formation of Hg(II)-loaded
double-stranded oligomers via T-Hg-T duplexes which are not
easily adsorbed on the doped silica NPs. Such NPs are readily
assembled on the GCE and this will result in strong ECL. The
increase in ECL intensity is a viable parameter for detection of
Hg(II) with a detection limit as low as 0.3 pM. Such as sensi-
tivity has not been accomplished in previously reported ECL
based methods for detecting Hg(II). In our perception, the
method based on differential adsorption presented here is not
limited to the detection of Hg(II) but represents a method of
wider scope in that other analytes may be detected by this
method if respective oligomer probes are available.
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Introduction

Mercury ions, the most stable form of inorganic mercury, are
highly toxic environmental pollutants and can cause serious
human health problems, even at a low concentration level [1].
Therefore, it is highly desirable to develop sensitive methods
for the detection of Hg(II). Indeed, many traditional methods
including atomic absorption spectroscopy (AAS) [2], cold va-
por atomic fluorescence spectrometry (CV-AFS) [3], and in-
ductively coupled plasma-mass spectroscopy (ICP-MS) [4],
etc., have been successfully used to detect Hg(II) in different
samples. Although showing high sensitivity, these methods
generally involve extensive sample pretreatment processes
and bulky instrumentation. These significantly limit their ap-
plications in routine monitoring.

The coordinative interaction between Hg(II) and bis-
thymine demonstrated by Ono and Togashi [5] has attracted
significant interest and been widely applied in sensing and
molecular nano-architectures. Previous work [6, 7] demon-
strated Hg(II) can specifically bind to such a DNA to form a
T-Hg(II)-Tcomplex. A large number of sensors were designed
for Hg2+ based on T-Hg2+-T coordination chemistry [8–11].
Up to now, many signal readout methods such as
electrochemiluminescence [12–14], fluorescence [15–17],
colorimetric [18–20] and electrochemical [21–25] method,
etc., have been designed to sensitively detect Hg2+. Of these
methods, the ECL signal readout method is promising since it
owns the simple equipment, high detection sensitivity,
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versatility and robustness. Furthermore, the application of
ECL biosensor for Hg2+ combines the advantages of the se-
lectivity of the T-rich DNA probe recognition Hg2+ reactions
and the high sensitivity of ECL technique. For example, Yin et
al. developed an ECL sensor for Hg2+ by immobilizing T-rich
DNA probe on electrode and using the DNA/Ru(phen)3

2+

(phen = phenanthroline) conjugate as multiple ECL labels
[26]. This ECL sensor not only showed higher selectivity
but also presented a 20 pM detection limit for Hg2+.
Thereafter, Xu’s group reported a label-free supersandwich
ECL method for the detecting sub-nanomolar Hg2+ by
immobilizing T-rich capture DNA probe on electrode [27].
Although more ECL signal molecules were bound to elec-
trode by intercalation in DNA, no further improvement on
detection limit was achieved because of the interstitial space
from ECL signal reporter to electrode surface. In addition, Ma
et al. developed an extremely sensitive ECL sensor for Hg2+

and a 2.4 pM detection limit for Hg2+ was obtained [28]. This
method required labeling Ru(bpy)3

2+/G4 PAMAM dendrimer
conjugates on T-rich DNA probe and further immobilizing
this ECL active DNA probes on electrode. However, all of
these reported ECL sensors need to either label or immobilize
T-rich DNA probe procedures. These operations not only were
complicated, time-consuming and expensive, but also affected
the performances of the DNA probe binding to Hg2+.
Therefore, it is desirable to develop a simple, label-free,
immobilization-free ECL method for detecting Hg(II).

Herein, the two differential adsorption effects of the doped
silica NPs with T-rich oligomers (DNA) or Hg(II)-loaded T-
rich oligomers (DNA/Hg) and with Nafion/CNT modified
GCE were explored to design a ECL scheme for Hg.
Compared to the previously ECL schemes for Hg, on one hand,
the scheme is simple and rapid because the DNA probe was
label-free, immobilization-free and the reaction of DNA probe
with Hg was proceeded in homogeneous solution. On the other
hand, due to the pre-concentrating effect of ECL active NPs on
modified GCE, the method is also sensitive. The increase in
ECL intensity was proportion to the Hg(II) ion concentration.
Based on this ECL signal difference, the ECL method was
successfully used to detect Hg(II) in simple sample.

Experimental

Materials and reagents

Cyclohexane, ammonia solution (25–28 wt %), acetone,
silver nitrate and ethanol were purchased from Xian
Chemical Reagent Factory (http://weinan0827.11467.
com); n-hexanol was provided by Tianjin Chemical
Reagent Factory. Tetraethoxysilane (TEOS, 99 %), chito-
san, Tris-(2,2′-bipyridyl)-dichlororuthenium (II) hexahy-
drate, Triton X-100 and Nafion 117 (~5 % in a mixture

of lower aliphatic alcohols and water) were purchased
from Sigma-Aldrich (http://www.sigmaaldrich.com). The
sequence of mercury ion aptamer (DNA) was 5′-GTT
GTT CTT CCT TTG TTT CCC CTT TCT TTG GTT
GTT CTT C-3′ and was obtained from Shenggong
Bioengineering Ltd. (Shanghai, China, http://www.
sangon.com). Phosphate buffer (10 mM) was prepared
by mixing an appropriate content of 200 mM Na2HPO4

and 200 mM NaH2PO4. The composition of DNA stock
solution buffer was 10 mM phosphate buffer (pH 7.4).
The work solution of the oligonucleotide was obtained
by diluting the stock solution with a 10 mM phosphate
buffer (pH 7.4). Ammonium persulphate (APS), 29:1
acrylamide/bis-acrylamide 30 % gel stock solution,
5 × TBE (Tris-borate-EDTA) buffer, and N,N,N’,N’-
tetramethylethylenediamine (TEMED) were provided by
Shenggong Bioengineering Ltd. (Shanghai, China, http://
www.sangon.com). Formaldehyde solution was obtained
f rom Tianl i Chemica l Reagent Fac tory (h t tp : / /
tjdongli05315.11467.com). Sodium hydroxide and acetic
acid were purchased from Sinopharm Chemical Reagent
Co., Ltd (http://www.reagent.com.cn). Mercury(II) nitrate
(Hg(NO3)2) was purchased from Shanghai Reagent
Factory (China). Other metal ion solutions were
prepared from nitrate salts. In addition to these, all other
reagents were of analytical grade, and the aqueous
solutions were prepared with ultrapure water (Milli-Q
water, 18.2 MΩ).

Apparatus

Cyclic voltammetric measurements were recorded by using a
CHI420b electrochemical workstation (Shanghai Chenhua
CHI Instruments Inc., China, http://www.chinstr.com). All
electrochemical measurements were performed with a
conventional three-electrode system consisting of modified
glassy carbon working electrode, Pt wire counter electrode
and Ag/AgCl (saturated KCl) reference electrode. The ECL
signals were conducted by a chemiluminescence analyzer
(IFFM-D, Xi’an Remax Electronic Science and Technology
Co., Ltd. China, http://remax.testmart.cn). Transmission
Electron Microscopy (TEM) image of the SRCNPs was car-
ried out by using a JEM-2100 (Japan, http://www.jeol.co.jp/
en). A JASCO J-815 spectrometer (Applied Photophysics Ltd.
, England) was utilized to record CD spectra of the solution
consisting of 1 μMDNA in the absence or presence of 1 mM
Hg2+ in the wavelength range from 320 to 220 nm at room
temperature. A multiposition magnetic stirrer (IKA, Germany,
http://www.ika.cn) and high-speed centrifuge (5804 R,
Germany, http://www.eppendorf.cn) were used for stirring
the synthesis of SRCNPs and separating nanoparticles,
respectively. Atomic fluorescence measurements were
performed on an atomic fluorescence spectrometer (AFS-
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2202E) (Beijing, China). Gel electrophoresis experiments
were carried out by using a gel electrophoresis apparatus
(Beijing, China, http://www.ly.com.cn).

Synthesis of silica nanoparticles doped with Ru(bpy)3
2+

and chitosan

Silica nanoparticles doped with Ru(bpy)3
2+ and chitosan

(SRCNPs) were synthesized according to previously pub-
lished water-in-oil (W/O) microemulsion method with minor
modifications [29]. A mixture of 1.80 mL of Triton X-100,
1.80 mL of 1-hexanol, and 7.50 mL of cyclohexane was vig-
orously stirred in a multiposition magnetic stirrer. Then,
300 μL of distilled water was added to form a transparent
W/O microemulsion system. Next, 100 μL of 0.1 % chitosan
in 1.0 % v/v acetic acid was added to the microemulsion. After
vigorous shaking of the mixture for 30 min to promote a
uniform mixing, 50 μL 0.01 M Ru(bpy)3

2+ aqueous solution
was added into the mixture. Afterward, the mixed solution
was stirred for 1 h, followed by adding 34 μL 0.1 M NaOH
into the system to obtain neutral ambient conditions. Next,
90 μL of tetraethylorthosilicate (TEOS) was added gradually
under stirring into the solution, followed by the addition of
60 μL of NH4OH to initiate the polymerization reaction. The
resulting mixture was allowed to proceed for 24 h with mag-
netic stirring to form the SRCNPs. To separate SRCNPs from
the microemulsion, acetone was added into the synthesized
solution. After washing with ethanol and water three times,
respectively, the obtained SRCNPs were centrifuged at 2057
rcf for 10 min to eliminate bigger particles from the solution.
Next, the supernatant obtained was further centrifuged at 7200
rcf to get the resulting NPs. The prepared SRCNPs were dis-
persed into 2 mL of ultrapure water by vortex and stored in the
4 °C refrigerator before use.

Preparation of modified GCE

The GCE with 3 mm in diameter was treated with alumina
slurry (0.3 and 0.05 μmAl2O3) to obtain a mirror smoothness,
followed by sonication in ethanol and ultrapure water in turn
for 5 min. Coating the well-polished electrode with a Nafion/
CNT film was achieved by dropping 10 μL of Nafion/CNT
solution onto the surface of the pretreated GCE and evaporat-
ed at ambient temperature.

Polyacrylamide gel electrophoresis

To obtain a 15 % hydrogel, 5 mL 30 % gel solution (29:1),
1 mLTBE buffer (5×), 100 μL APS (10 %), 10 μLTEMED,
and 3.89 mL deionized water were mixed. The gel was
allowed to polymerize for 3 h at ambient temperature and then
soaked in 1×TBE buffer (pH 8.0) for use. 10 μL of each
sample was mixed with 2 μL of loading buffer (6×) and

loaded into 15 % native polyacrylamide gel electrophoresis
(PAGE). The PAGE was carried out in 1×TBE buffer at a
constant voltage of 120 V for about 52 min at room tempera-
ture. After silver staining for 15 min, the gels were imaged
with a gel imaging system.

Procedures for Hg2+ detection

Prior to the experiment, all the DNA oligonucleotides were
heated to 90 °C for 5 min in dry block heater and then allowed
to cool slowly to room temperature. 30 μL aliquot of 10 nM
DNAwas mixed uniformly with 30 μL various levels of con-
centration of target Hg(II) solution in 10mM phosphate buffer
(pH 7.4) by vortex, which was incubated for 30 min. Next,
60 μL of the synthesized SRCNPs solution was added into
60 μL of the mixture solution and carried out for 35 min.
Subsequently, the modified GCE was dipped into the above-
mentioned reaction solution, followed by thoroughly rinsing
for the follow-up ECL characterization.

ECL measurement procedure

The resulting electrode was inserted in phosphate buffer
(pH 7.4) containing 5 μmol ·L−1 TPA. The ECL responses
related to Hg(II) concentrations were recorded when the scan
potential was applied from 0.5 to 1.3 V with a scan rate of
100 mV· s−1. The voltage of the pMTwas set at −800 V in the
process of detection.

Results and discussion

The differential adsorption of silica nanoparticles doped
with Ru(bpy)3

2+ and chitosan for free T-rich oligomers
and Hg(II) loaded T-rich oligomers

The formation of T–Hg–T duplex complex was firstly mea-
sured by CD spectra and the result was shown in Fig. S1 of the
Supporting Information (SI). Secondly, the morphology and
optical characteristics of the synthesized SRCNPs were char-
acterized by TEM, UV–vis and fluorescence spectra methods
(as shown in Fig. S2 and Fig. S3 of SI). Lastly, the interaction
of DNA probes or DNA/Hg complexes with SRCNPs was
studied using gel-electrophoresis. As can be seen in the exper-
imental results (shown in Fig. 1), the bands in lanes 1 and 2
corresponded to DNA probes and the mixture of DNA probes
with SRCNPs, respectively. Compared with the lane 1, there
was no band appeared in lane 2. This result indicated that most
of DNA probes were adsorbed onto the surface of SRCNPs
through the super-molecular interaction between chitosan in
SRCNPs and DNA probe bases. In contrast, the bands in lanes
3 and 4 corresponded to the DNA/Hg complex and the mix-
ture of this duplex complex with SRCNPs, respectively. The
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bands in lane 3 and lane 4 appeared at the same position. This
showed that the SRCNPs did not change the gel electropho-
resis behavior of DNA/Hg complex and obviously suggested
that the DNA/Hg complexes were not adsorbed on the surface
of SRCNPs. All of these results mentioned above indicated
that there was large adsorption difference for DNA probes
from DNA/Hg complexes on SRCNPs surface.

These phenomena can be explained as followings: the
ssDNA probes contained un-paired bases, so they easily
interacted with the amino and hydroxy groups of SRCNPs
to form SRCNPs/DNA nanocomposites via hydrogen bond,
electrostatic, and hydrophobic. On the contrary, upon addition
of Hg(II) to ssDNA solution, it reacted with ssDNA to form
very stable double-strand T-Hg-T complex. DNA/Hg duplex
interacted with SRCNPs through exposed backbone phos-
phates of dsDNA and the amino and hydroxy groups of
SRCNPs. In comparison with un-paired bases of ssDNA, this
intermolecular force was much weaker, resulting in most of
SRCNPs existing in their free state.

So the possible interaction procedure of ssDNA probes or
ssDNA/Hg complexes with SRCNPs can be described with
the scheme 1.

The differential adsorption of two different silica
nanoparticles doped with Ru(bpy)3

2+ and chitosan
at modified GCE

In our test, after ssDNA or ssDNA/Hg(II) interacted with suit-
able amount of SRCNPs, the modified GCE was dipped into
this solution to achieve the adsorption of SRCNPs on elec-
trode surface. Thereafter, the resulting electrode was charac-
terized by ECL in phosphate buffer (pH 7.4) containing
5 μmol ·L−1 TPA. The interaction of two different nanoparti-
cles (SRCNPs and SRCNPs/DNA) with modified GCE was
explored by ECL (as shown in Fig. 2).

As can be seen in Fig. 2a, a weak ECL signal was observed.
This result indicated that very little SRCNPswere adsorbed on

the modified electrode. In contrast, in the same experimental
procedure but 10 nM ssDNA probes firstly reacted with Hg(II)
ions to form the ssDNA/Hg complexes, the resulting electrode
presented much stronger ECL signal (as shown in Fig. 2b).
These results suggested that, in this case, there were lots of
SRCNPs adsorbed on the modified electrode surface.

This can be explained by the multi-negative charge of
DNAwhich renders the SRCNPs/DNA nanocomposites also
negatively charged. Thus, the electrostatic repulsive force be-
tween Nafion film and SRCNPs/DNA nanocomposites re-
duced the adsorption of nanocomposites onto the surface of
modified electrode and produced the weak ECL signal. On the
contrary, upon addition of Hg(II) to ssDNA solution, the free
state SRCNPswere easily adsorbed on the surface of modified
GCE [30], causing the increase of ECL signal.

Fig. 1 PAGE analysis of the recognition process after the introduction of
DNA or DNA/Hg duplex into SRCNPs solution. 1:DNA; 2:DNA+
SRCNPs; 3:DNA+Hg2+; 4:DNA+Hg2++SRCNPs. DNA concentration:
2 μM, Hg(II) concentration: 200 μM

Scheme 1 Representation of the interaction of ssDNA probes or ssDNA/
Hg complexes with SRCNPs

Fig. 2 ECL response performance of different modified electrodes: (a)
the modified electrode with the mixture of SRCNPs and ssDNA
probes, (b) the modified electrode with the mixture of SRCNPs and
ssDNA/Hg complexes
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On the basis of this great difference in ECL signals in the
absence and presence of Hg(II), we can develop a label-free,
immobilization-free ECL sensing scheme for the detection of
mercury ion. Scheme 2 described here the sensing mechanism
for mercury ion.

Optimization of method

The following parameters were optimized: (a) Concentration of
SRCNPs; (b) Effect of incubation time of ssDNA and Hg(II);
(c) Effect of the interaction time between SRCNPs and ssDNA
probes or ssDNA/Hg complexes; (d) The assembled time of the
mixture solution of ssDNA probe or ssDNA/Hg2+ duplex with
SRCNPs on the modified GCE; (e) Effect of the concentration
of chitosan. Respective data and Figures were given in Fig. S4,
Fig. S5, Fig. S6, Fig. S7 and Fig. S8 of SI. The following
experimental conditions were found to give best results: (a)
An SRCNPs concentration of 0.56 mg ·mL−1; (b) Incubation
time (between ssDNA and Hg(II)) of 30 min; (c) Interaction
time (between SRCNPs and ssDNA probes or ssDNA/Hg
complexes) of 35 min; (d) The assembled time of 45 min; (e)
An chitosan concentration of 0.1 %.

Analytical performances

Under optimal assay conditions, the relationship between the
ECL intensity and the concentration of target Hg(II) was
investigated. It was found that the ECL difference (△IECL
= I - I0) of the two events (before and after the DNA
interacted with Hg(II)) was linear with the concentration of
Hg(II) in the range from 1.0 to 9.0 and 10 to 90 pM
(Fig. 3a). The ΔIECL-C calibration curve was built to realize
quantitative determination for Hg(II). The relationships be-
tween ΔIECL and concentration of Hg(II) were shown in
Table 1. A detection limit of 0.3 pM (S/N=3) for Hg(II)
was obtained. The analytical properties of our method were

compared with previously reported other methods
(Table S1). Apparently, the detection limit of our method
was comparable with those of other Hg detection methods.

Moreover, for testing the stabilization of this ECL sensing
method, eleven ECL measurements of the SRCNPs modified
GCE upon continuous cyclic scans showed constant signals
(Fig. 3b). The results clearly indicated that the approach pos-
sessed good stability.

Scheme 2 The ECL sensing scheme

Fig. 3 a ECL responses of the modified electrode to 10 nM DNA probe
in the presence of different concentration of target Hg(II): (a) 0 pM, (b)
1.0 pM, (c) 3.0 pM, (d) 5.0 pM, (e) 7.0 pM, (f) 9.0 pM, (g) 10 pM, (h)
30 pM, (i) 50 pM, (j) 70 pM, (k) 90 pM in phosphate buffer (pH 7.4)
containing 5 μmol · L−1 TPA. Scan rate: 100 mV · s−1. The resulting
calibration plot of insert was △IECL-C. b Successively cyclic ECL
curves of SRCNPs modified GCE in phosphate buffer (pH 7.4)
containing 5 μmol · L−1 TPA

Table 1 Linear equations between ΔIECL and concentration of Hg(II)

concn range of Hg2+ /pM Linear equation R

1.0 to 9.0 ΔIECL =−90.20+ 132.71 C 0.9910

10 to 90 ΔIECL = 827.28+ 53.53 C 0.9975
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Finally, to assess the selectivity of the presented method for
Hg(II) detection, a mixed solution (5.0 pM Hg(II) coexisted
with 500 pMother metal ions including Pb2+, Ba2+, Ni2+, Ag+,
Cu2+, Ca2+, Mg2+, Cd2+, Co2+, Fe3+, Mn2+, Zn2+, respective-
ly) were tested using the same process as described before. It
was worthwhile to notice that very little potential interference
from other metal ions was observed, which showed the meth-
od displayed good selectivity against other relevant metal ions
(Fig. 4). These results indicate that this approach can be ap-
plied to real environmental samples.

Determination of Hg(II) in water samples

To further evaluate the practical application of the method in
actual samples analysis, freshwater sample (tap water) was
used to analyze. Firstly, the tap water sample was collected
after discharging tap water for about 20 min and boiled for
5 min to remove chlorine [18]. Secondly, the sample collected
was filtered through a 0.22 μmmembrane (Millipore) before-
hand to remove impurities. These samples spiked with Hg2+,
with concentration of 0 and 80.0 pM, were detected and made
a comparison between the method and AFS (atomic fluores-
cence spectrometer). The results deriving from the average of
three determinations were shown in Table 2. Based on the

comparison, the results obtained by the method showed good
agreement with the found values measured by AFS.

Conclusion

In summary, by taking advantage of differential adsorption
effect and the T-richDNAprobe recognition Hg2+ as themodel
system, we developed a label-free, immobilization-free and
sensitive ECL scheme to detect Hg(II). This scheme does not
involve any chemical labeling and immobilization of DNA
probe and therefore is much more convenient and low-cost.
In addition, this scheme presented here also may in principle
pave the way for detecting other analytes. However, the ECL
method can be used to detect targets in simple sample, which
may not be suitable for the determination of complex samples.
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