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Highly Effective Target Converting Strategy for Ultrasensitive 
Electrochemical Assay of Hg2+ 

Jin Lv,a,b Shunbi Xie,a,* Wei Cai, a,b Jin Zhang,a,b Dianyong Tanga and Ying Tanga,* 

An electrochemical sensing system based on highly effective mercuric ion (Hg2+) converting strategy and rolling circle 

amplification (RCA) has been developed for Hg2+ ultrasensitive detection. The Hg2+ converting strategy was implemented 

on the basis of Hg2+ specific recognition thymine-Hg2+-thymine (T-Hg2+-T)-induced DNA strand displacement. The 

polystyrene magnetic microspheres coated by AuNPs (Au@PSC) as magnetic separator was labeled with ssDNA D1 

(thymine-rich) and S1/D2 DNA duplex (guanine-rich S1) firstly. In the presence of Hg2+ and a long ssDNA D3 (thymine-rich 

at 5’ end), the formation of stable T-Hg2+-T structure between D2 and D3 could push S1 out from the S1/D2 DNA duplex, 

realizing the conversion of input target Hg2+ into output S1. Thus, the total amount of output S1 was proportional to the 

amount of input Hg2+. Thereafter, the output S1 was served as the primer to perform the RCA for obtaining a long guanine-

rich ssDNA, which could be further hybridized with the capture DNA on the electrode surface. And then, methyleneblue 

(MB) as electron mediator interacts with the ssDNA polymers via electrostatic binding to produce a detection signal. The 

electrochemical biosensor exhibited a wide linear range of 1 pM to 1 μM with low detection limit of 0.684 pM. Importantly, 

this sensor could be successfully applied in water samples with good accuracy and excellent recovery, which provided the 

potential for Hg2+ detection in environment. 

Introduction 

Mercury, a widespread global pollutant, is one of the most 

hazardous elements.
1
 Typically, the bioaccumulation, 

bioavailability and toxicity are dependent on its chemical form 

in living organisms. And Hg
2+

, is one of the most stable and 

common forms due to its good water solubility. Hence, Hg
2+ 

will be absorbed and then accumulated in living organisms 

through food chain. Terribly, long-term absorption of Hg
2+

 will 

result in memory deficit, kidney damage and other health 

problems.
2-4

 Thus, developing reliable, facile, and sensitive 

methods for efficient routine detection of Hg
2+

 is very 

necessary. Up to now, many methods have been widely used 

for Hg
2+

 detection in water samples, including atomic 

absorption/emission spectroscopy,
5, 6

 inductively coupled 

plasma mass spectrometry,
7, 8

 ion chromatography,
9
 high-

performance liquid chromatography,
10, 11

 fluorescence 

spectrometry,
12, 13

 and electrochemical sensing strategy.
14-19

 

Among them, the Hg
2+

 sensors based on electrochemical 

method has caused wide concern and be widely applied, 

because it eliminates the trouble of sophisticated 

instrumentation, skilled personnel and time consuming sample 

preparation process. 

Protein proximity assay is a DNA-assisted assembly 

strategy. The key concept in proximity assay is the “proximity 

effect”: a pair of DNA-conjugated affinity probes (antibody) 

can simultaneously recognize the target protein, subsequently 

induce the approach and hybridization of DNA labels.
20-22

 Thus, 

the affinity recognition event can be encoded into a 

convenient DNA “signal” for readout. A few electrochemical 

proximity immunoassays have been developed for the 

detection of protein, enzyme, DNA/RNA by combining the 

proximity hybridization with DNA sensor.
23-31

 To the best of 

our knowledge, however, there is no report focus on proximity 

hybridization for electrochemical detection of Hg
2+

. Mercury-

sensing strategies based on T-Hg
2+

-T coordination chemistry 

have been widely established.
14, 32-39

 Inspiringly, it will be 

significative if the T-Hg
2+

-T coordination can be taken as 

antigen/antibody specific recognition to carry out 

electrochemical proximity hybridization. We can build a high-

efficiency converting system to realize the conversion of target 

Hg
2+

 to ssDNA by proximity hybridization, which can induce 

further DNA assembly more simply and specifically in view of 

the steric effect. To improve the sensitivity, a biochemical 

technique, RCA, has been employed for signal amplification. 

RCA, a newly developed thermostatic nucleic acid 

amplification method, is actuated by DNA polymerase and 

circularized oligonucleotide template with either linear or 

geometric kinetics through a short DNA primer.
40-44

 The 

products of RCA (ssDNA) can be hundreds or thousands of fold  
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Scheme 1. Schematic illustration of the electrochemical biosensor based on Hg2+ converting strategy and rolling circle amplification for Hg2+ detection. 

 
longer than the primer，which powerfully increased the 
detection signals of nucleic acid target sequence.

39, 45, 46
 

In this work, we presented a high-efficiency Hg
2+

 
converting strategy for ultrasensitive detection of Hg

2+
 based 

on specific recognition driven DNA strand displacement and 
the improved rolling circle amplification. The construction and 
detection principle of the biosensor is illustrated in Scheme 1. 
First, two single-stranded oligonucleotides D1 and D3 were 
designed to be thymine-rich for preparation of two affinity 
probes. In order to realize Hg

2+
 conversion, S1/D2 DNA duplex 

and D1 were initially immobilized on the surface of Au@PSC 
via the Au-S bond.

47
 In the presence of Hg

2+
 and D3, T-Hg

2+
-T 

specific recognition would bring D3 close to the S1/D2 duplex. 
And then, D3 served as competing DNA to displace S1 from 
S1/D2 duplex by formation of D2/D3 duplex. As a result, with 
more Hg

2+
 added, more S1 products would be released. The 

output S1 was obtained through a magnetic separation 
process and then used as a primer in the following RCA 
amplification. At the acceleration of DNA polymerase and 
circularized template, enormous ssDNA (RCA products) has 
been generated. The obtained RCA products has been further 
immobilized on the electrode surface by hybridizing with the 
capture DNA which assembled on electrode surface. Afterward, 
a large amount of MB as electron mediator could be interacted 
with the ssDNA via electrostatic binding for achieving a 
remarkable detection signal. Therefore, the sensitivity of the 
proposed method could be significantly enhanced by using T-
Hg

2+
-T induced DNA strand displacement and RCA for signal 

amplification. 

Experimental 

Materials and apparatus  

Standard solution of mercury (GSB04-1729-2004, 1000 μg/mL) 
was provided by National Center of Analysis and Testing for 
Nonferrous Metals and Electronic Materials (Beijing, China). 6-

mercapto-1-hexanol (MCH), hydrochloroauric acid, tris(2-
carboxyethyl)phosphine (TCEP), from Sigma (St. Louis, MO, 
USA). Amine-modified polystyrene magnetic microspheres 
(PSC-NH2) were provided by Tianjin BaseLine ChromTech 
Research Centre (Tianjin, China). The Bovine serum albumin 
Fraction V (BSA) was purchased from GenView Sci. Inc. (USA). 
A phosphate buffer saline (PBS, 100 mM, pH 7.0, containing 
100 mM Na2HPO4, 100 mM NaH2PO4, and 2 mM MgCl2) was 
used as working buffer solution. The T4 DNA ligase and T4 DNA 
ligase buffer were purchased from Sangon Biotech. Co., Ltd. 

(Shanghai, China). The phi29 DNA polymerase and 1 mL 10× 
reaction buffer (330 mM Tris-acetate (pH 7.9 at 37 °C), 100 
mM Mg-acetate, 660 mM K-acetate, 1% (v/v) Tween 20, 10 
mM DTT) were prepared by thermo fisher scientific Inc. (USA). 
All synthesized oligonucleotides were ordered from Sangon 
Biotech. Co., Ltd. (Shanghai, China). They were kept at -20 °C 
for further use. And oligonucleotides sequences were listed in 
Table 1. Other chemicals were of analytical grade and were 
used without further purification. 

Table 1 Synthetic oligonucleotide sequences 
 

Name Sequences*(5′→3′) 

D1 T TTT TTT TTT TTT TTC GAG TC-(CH2)6-SH 

D2 
SH-(CH2)6-TAG TCA GTT AAC CCT CCA CCC CCT CCC 

ATC 

D3 
T TTT TTT TTT TTT TTA ATG ACC TAT GAA GGA GGG 

GGT GGA GG 

S1 AGT ACT TCG ATG GGA GGG GGT GGA GG 

circular DNA phosphate-CCACCTCCTAGATGCAACCCTCCC  

capture DNA TCG AAG TAC T-(CH2)6-SH 
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Figure 1. The CV (A) and EIS (B): (a) bare GCE, (b) Au/GCE, (c) capture DNA-Au/GCE, (d)MCH-capture DNA-Au/GCE, and (e) RCA products/MCH-capture 

DNA-Au/GCE. 

Electrochemical measurements were carried out on a 
CHI660E electrochemistry system (Chenhua Instrument, 
Shanghai, China). The morphology of Au@Fe3O4 was 
characterized by scanning electron microscope (SEM, S-4800, 
Hitachi, Japan). The transmission electron micrograph (TEM) 
was performed on a Tecnai G2 F20 microscope (FEI Co, U.S.A). 
The image of the electrophoresis was recorded by Tanon 5200 
Multi Chemiluminescent/Fluorescence Image System. The 
conventional three-electrode system consisted of a glassy 
carbon electrode (GCE, 4 mm in diameter) as working 
electrode, an saturated calomel electrode as reference 
electrode, and a Pt wire as auxiliary electrode. A TGL-185M 
medical centrifuge (Pingfan Instrument, Changsha, China) was 
used in the assay. All experiments were performed at room 
temperature unless otherwise mentioned. 

The Synthesis of the S1/D2-Au@PSC-D1 biocomplex 

All glassware used in the following procedures was cleaned in 

a bath of freshly prepared nitrohydrochloric acid (3:1 HCl-

HNO3). Firstly, gold nanoparticles (AuNPs) were prepared by 

adding 120 μL of 1% (w/w) sodium citrate solution into 10 mL 

of 0.01% (w/w) HAuCl4 boiling solution according to the 

literature.
48

 And the prepared AuNPs suspension was stored in 

a refrigerator in a dark-colored glass bottle for further use. 

Thereafter, 1 mL (5 mg/mL) of PSC (surface groups: -NH2) 

solution was isolated by magnet and washed with ultrapure 

water three times. And then, 2 mL synthesized AuNPs were 

transferred into 1 mL PSC solution, and the mixture was 

continuously stirred at room temperature for 30 min, the PSC 

would be coated with a AuNPs layer owing to stable Au-N 

bond. Subsequently, the magnetic Au@PSC were collected 

from the solution with a magnet and dispersed again in 1 mL 

PBS (pH 7.4) to obtain a homogeneous solution. The 

characterization of AuNPs and Au@PSC were displayed in 

Electronic Supplementary Information. 

After that, 80 μL of PBS containing 40 μL Au@PSC, 20 μL 4 

μM thiol-modified single-stranded D1, and 20 μL 4 μM 

thiolated single-stranded D2 was reacted at room temperature 

for 12 h. The supernatant was removed by magnetic force, 

followed by adding 2 mM MCH to block nonspecific binding 

sites. After a magnetic separation and washing with PBS (pH 

7.4), the D1-Au@PSC-D2 could be formed. Then the 

complementary single-stranded S1 (80 μL, 2 μM) was added 

into the D1-Au@PSC-D2 solution and incubated for 120 min at 

37 °C. the nonhybridized S1 was removed by a magnetic 

separation. And thus, the S1/D2-Au@PSC-D1 biocomplex has 

been synthesized 

 
 

Figure 2. DPV of the different modified electrodes in 10 mL of PBS (pH 7.0) 

after incubated with 5 μL 1.0 mM MB solution: (a) bare Au/GCE, (b) 

MCH/capture DNA-Au/GCE, (c) The S1 products/MCH/capture DNA-Au/GCE, 

(d) The RCA products/MCH/capture DNA-Au/GCE by using 1 μM Hg2+ as an 

example. 

The Hg
2+

 conversion and RCA process 

First, the S1/D2-Au@PSC-D1 biocomplex was incubated with 

10 μL of 8 μM D3 and 10 μL of Hg
2+

 solution with various 

concentrations at 37 °C for 150 min. Then, 20 μL solutions 

containing various concentrations of S1 products has been 

collected with a magnetic field and further used for the RCA. 

The typical RCA process was as follows: first, the padlock 

RCA template were prepared by ligation reaction in 20 μL of 

buffer containing 1× T4 ligase buffer (6.6 mM MgCl2, 10 mM 

DTT, 0.1 mM ATP, 66 mM Tris-HCl (pH 7.6)), 1 μM primer 

(above output S1), 1 μM linear circular DNA, and 50 U T4 ligase 

at 16 °C overnight after initial denaturation at 95 °C for 5 min. 

After heating at 60 °C for 20 min to inactivate T4 DNA ligase, 

the above padlock RCA template were added to 4 μL dNTPs 

(2.5 mM, dTTP, dATP, dGTP, dCTP), 4 μL phi29 DNA 

polymerase (10 U/μL in 1× phi29 DNA polymerase buffer, 1 μL 

bovine serum albumin (BSA, 1×) and 1 μL phi29 DNA 

polymerase buffer (10×). The mixture was then incubated at 

37 °C for 80 min to initiate a RCA process. Finally, the resulting 

mixture was incubated at 65 °C for 5 min to inactivate the 

polymerase. 

Sensor fabrication and electrochemical measurements 
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Prior to use, the GCE was polished to obtain a mirror surface 

on a polishing cloth with 0.3, 0.05 μm alumina slurry 

respectively, followed by successive sonication in ultrapure 

water, ethanol for 5 min and dried in air. Subsequently, AuNPs 

was electrodeposited on the clean GCE in 1% (w/w) HAuCl4 

solution containing 0.5 M perchloric acid at a potential of -0.20 

V for 30 s. To reduce the formation of the disulfides, the 

capture DNA was immersed into 10 mM TCEP for 1 h before 

use. Thereafter, 1 μM of capture DNA was assembled on the 

Au/GCE for 12 h, then the electrode was treated with 2 mM of 

MCH for 40 min. The 10 μL guanine-rich RCA products was 

dropped on the above modified GCE and incubate at 37 °C for 

2 h and rinsed with ultrapure water. Finally, MB solution (5 μL, 

1.0 mM) was dropped on the RCA products modified GCE and 

incubate for 1 h at room temperature. Through this process, 

the MB moleculars could embed into the RCA products via 

electrostatic adsorption. 

Ultimately, differential pulse voltammetry (DPV) was 

conducted in 10 mL of PBS (pH 7.0). The DPV was carried out 

between -0.6 V and 0.1 V under pulse amplitude of 25 mV, 

with a step potential of 4 mV. Optimization of detection 

conditions, reproducibility, stability and selectivity 

experiments were performed next. In addition, 1 μM Hg
2+

 was 

used in all optimization experiments and selectivity 

measurements. 

Results and discussion  

Characterization of the biosensor 

To further provide information about the preparation of the 
biosensor, the CV and EIS were used to investigate the 
stepwise of the electrode modification process. Figure 1A 
showed the CV of the stepwise modification processes in 5.0 
mM [Fe(CN)6]

3-/4-
. In curve a, the bare GCE exhibited a couple 

of reversible redox peaks. Then, the peak current increased 
after AuNPs has been deposited on the bare electrode (curve 
b). Because the conductivity of AuNPs promoted the electron 
transfer. Next, the capture DNA has been immobilized on the 
Au/GCE, the peak current decreased (curve c). Subsequently, 
MCH was immobilized to block the remaining active sites, and 
a further decreased peak current was obtained (curve d). 
Finally, when RCA products were dropped on the modified 
electrode, the complementary sequence of RCA products 
hybridized with the capture DNA, the formation of dsDNA 
polymers could hindered the transmission of electrons 

towards the electrode surface, therefore, a decrease peak 
current could be observed (curve e). In order to further prove 
the sensor assembly process, EIS was used to investigate the 
interfacial properties of the modified electrode in 5.0 mM 

[Fe(CN)6]
3-/4-

. The EIS results （Figure 1B）were consistent 
with CV results, which testified the successful construction of 
the sensor. 

The Signal Amplification Strategy 

To investigate the effects of signal amplification strategy, 

different signal probes and detection protocols were used to 

test the same samples and the results were shown in Figure 2. 

As could be seen from curve a, no redox peak could be 

observed at the ungroomed Au/GCE. When the Au/GCE was 

just modified with capture DNA and MCH, the weak signal 

peaks (curve b) were observed due to the limited guanine in 

capture DNA; When the MCH/capture DNA-Au/GCE incubated 

with the outputted S1 products, the current response 

increased slightly(curve c), because the S1/capture DNA 

heteroduplex can immobilize more MB; More significantly, the 

largest current response was obtained from curve d when the 

MCH/capture DNA-Au/GCE incubated with the RCA products, 

and the peak value of curve d had remarkable enhance 

compared to curve c. These results demonstrate the formation 

of  RCA products/capture DNA on the Au/GCE and the 

successful implementation of RCA signal amplification function. 

Optimization of experimental conditions 

Before testifying the utility of the sensor for Hg
2+ 

detection, 

relevant experimental parameters were optimized to maximize 

the performance of the sensor. The output of S1 products 

refers to the coinstantaneous development about specific 

binding of D1/D3 and the hybridization of D2/D3. Thus, the 

incubation time for target Hg
2+

 converting system was 

optimized in this study. It could be obviously observed that the 

current intensity enhanced over time and then tended to level 

off after 150 min, demonstrating that 150 min was enough for 

the incubation for target Hg
2+ 

converting system (Figure 3A). 

Because RCA process is required to ensure the signal 

amplification, the effect of the RCA reaction time was also 

investigated in this experiment. As shown in Figure 3B, the 

detection signal increased from 20 to 80 min and then reached 

a plateau, suggesting the reaction was completely finished at 

80 min. Thus, the optimal RCA reaction time was 80 min, which 

has been adopted in the following experiment. 
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 Figure 3. The effects of (A) the incubation time for target Hg2+ converting system, and (B) RCA reaction time on peak current of as-prepared sensor by 

using 1 μM Hg2+ as an example. 

 

Figure 4. (A) DPV responses of the electrochemical sensing platform toward different-concentration Hg2+ standards in pH 7.0 PBS; (B) The linear 
relationship between the current (I) and the logarithm of Hg2+ concentration. (C) Selectivity of the biosensor towards different metal ions; (D) 
Reproducibility of the proposed biosensor by using 1 μM Hg2+ as an example in the same batch. 

 

Table 2. The comparative features of different detection schemes about monitoring Hg2+ 

 

Detection method Linear range Detection limit Reference 

self-powered triboelectric nanosensor 100 nM - 5μM 30 nM 49 

mercury-specific oligonucleotide-based electrochemiluminescence biosensor 50 pM - 10 nM 5.1 pM 50 

gold nanoparticles-based hybrid microgel fluorescent sensor 160 nM - 1.60 μM 31 nM 51 

N-doped carbon nanodot-based photoluminescent sensor 0.25 μM - 6 μM 80 nM 52 

phenylamine oligothiophene derivative-based fluorescent sensor 0 μM - 10 μM 439 nM 53 

hybridization chain reaction-based fluorescent sensor 1.0 nM - 6.0 nM 0.36 nM 54 

Hg2+ converting strategy-based electrochemical biosensor 1.0 pM - 1 μM 0.684 pM Our work 

 

Detecability of electrochemical sensor 

The current response of the sensing method to different 
concentrations of Hg

2+
 was examined under optimized 

experimental conditions, and the results were displayed in 
Figure 4A. The DPV peak current gradually increased with the 
increasing Hg

2+
 concentration from 1 pM to 1 μM. A good 

linear relationship (Figure 4B) between the response signal and 
Hg

2+
 level was obtained, the linear regression equation was I 

(μA) = 2.060 log (cHg
2+

/pM) + 2.960, (R
2
 = 0.997). And the 

detection limit was evaluated to be 0.684 pM at a signal-to-
noise ratio of 3σ (where σ is the standard deviation of a blank 
sample, n = 11). To further evaluate the advantages of the 
developed assay, the analytical properties were compared 
with other reported models  (Table 2). Apparently, the limit of 
detection (LOD) of the proposed biosensor was comparable 
with those of other Hg

2+
 detection schemes. The proposed 

biosensor exhibited excellent analytical performance, which 
should be attributed to the highly effective target converting 
strategy and RCA signal amplification. 

Selectivity and reproducibility of electrochemical sensor 

The selectivity of the sensing system was determined by 

challenging it with other metal ions at 50 μM. As shown in 

Figure 4C, the DPV signals for other metal ions were as small as 

the background (in the absence of mercury ions), whereas a 

significantly higher electrochemical signal was obtained when 

the biosensor was incubated with 1 μM Hg
2+

. This excellent 

selectivity arises from the high specificity of the special Hg
2+

 

conversion. In order to estimate the reproducibility (Figure 4D), 

five independently prepared electrodes were used with the 

relative standard deviation (RSD) of 1.4%, illustrating the 

acceptable reproducibility of the electrochemical biosensor. 
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When stored at 4 °C for a week, the biosensor maintained 91.4% 

of the initial value. The experimental results indicated that the 

biosensor has admirable stability for Hg
2+

 detection. 

 

Table 3. Determination of Hg2+ in environmental tap water samples using the proposed method 

Sample Added (nM) Found (meana ± SDb) (nM) Recovery (%) 

tap water 1 0.05 0.048 ± 0.003 99.3% 

tap water 2 0.1 0.097 ± 0.002 99.0% 

tap water 3 5.0 5.02 ± 0.18 100.4% 

a Mean of three determinations; b SD, standard deviation; c No Hg2+ could be detected. 

Environmental samples analysis   

To evaluate the possible application of our strategy for real 

samples, the tap water samples spiked with different 

concentrations of Hg
2+

 were detected according to the 

foregoing procedure with three replicates. The results were 

summarized in Table 3. Satisfactory values between 99% and 

100.4% were obtained for the recovery experiments, which are 

in the acceptable ranges for real sample assay. The above 

results demonstrated that the developed biosensor has great 

application potential for Hg
2+

 detection in real water samples.  

Conclusions 

In summary, we successfully developed a electrochemical 

sensor for detection of Hg
2+

: (1) the sensor contains a target 

Hg
2+

 converting system based on T-Hg
2+

-T specific binding- 

driven DNA strand displacement. Therefore, Hg
2+

 detection 

could be converted to the DNA assay which extends the 

method for metal ions detection from the traditional 

immunoassay; (2) the sensor also contains a rolling circle 

amplification process to amplify the signal response. This RCA-

based sensing system does not require complicated thermal 

cycling steps or ligation steps, and shows a promising potential 

for on-site testing with ultra-low detection limit (0.684 pM) 

and wide linear range (1 pM-1 μM). Our strategy could meet 

the needs of EPA (United States Environment Protection 

Agency) guideline for Hg
2+

 detection in tap drinking water (≤10 

nM).
55-57

 Also, our system exhibited good selectivity against 

other metal ions. Importantly, this approach could be 

successfully applied in real samples, which provided the 

potential for Hg
2+

 detection in in real water samples. 
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