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Graphical abstract 

Highlights 

 A ratiometric electrochemical biosensor based on thymine-Hg2+-thymine 
structure.  

 Hg2+ was sensitively detected by the developed electrochemical biosensor. 
 The ratiometric electrochemical biosensor shows excellent analytical 

performance. 
 

Abstract 

In this paper, a simple, selective and reusable electrochemical biosensor for the 

sensitive detection of mercury ions (Hg2+) has been developed based on thymine (T)-

rich stem-loop (hairpin) DNA probe and a dual-signaling electrochemical ratiometric 

strategy. The assay strategy includes both “signal-on” and “signal-off” elements. The 

thiolated methylene blue (MB)-modified T-rich hairpin DNA capture probe (MB-P) 

firstly self-assembled on the gold electrode surface via Au-S bond. In the presence of 

Hg2+, the ferrocene (Fc)-labeled T-rich DNA probe (Fc-P) hybridized with MB-P via 

the Hg2+ -mediated coordination of T-Hg2+-T base pairs. As a result, the hairpin MB-P 

was opened, the MB tags were away from the gold electrode surface and the Fc tags 

closed to the gold electrode surface. These conformation changes led to the decrease 
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of the oxidation peak current of MB (IMB), accompanied with the increase of that of 

Fc (IFc). The logarithmic value of IFc/IMB is linear with the logarithm of Hg2+ 

concentration in the range from 0.5 nM to 5000 nM, and the detection limit of 0.08 

nM is much lower than 10 nM (the U.S. Environmental Protection Agency (EPA) 

limit of Hg2+ in drinking water). What’s more, the developed DNA-based 

electrochemical biosensor could be regenerated by adding cysteine and Mg2+. This 

strategy provides a simple and rapid approach for the detection of Hg2+, and has 

promising application in the detection of Hg2+ in real environmental samples.  

Keywords: Electrochemistry; Ratiometric biosensor; Methylene blue; Ferrocene; 

Mercury ion 

 

1. Introduction 

As we all know, Hg2+ is the most stable modality of inorganic mercury [1]. It is a 

highly toxic heavy metal ion due to its accumulative character and toxic properties in 

the environment and biota [2,3]. Long-term exposure to high level of mercury ion can 

lead to a lot of severe health problems, such as brain damage, kidney failure and other 

chronic diseases [4]. Therefore, the sensitive, rapid, selective and cost-effective 

analysis of Hg2+ in the environment and food industry is very important. Till now, 

many kinds of analytical techniques for the detection of Hg2+ were reported, such as 

cold-vapor atomic fluorescence spectroscopy (CV-AFS) [5-7], cold-vapor atomic 

absorption spectrometry (CV-AAS) [5,8,9], inductively coupled plasma-mass 

spectrometry (ICP-MS) [10-12], inductively coupled plasma-atomic emission 

spectrometry (ICP-AES) [13,14]. However, these methods require either expensive 

instrument or complicated sample preparation processes.  
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Electrochemical method is a general and classic technique in analytical 

chemistry because of its advantages of simplicity, high sensitivity, good selectivity 

and low cost [15-17]. It has been proved that Hg2+ ion can selectively bind between 

two DNA thymine (T) bases and promotes these T-T mismatches to form stable T-

Hg2+-T base pairs [18,19], and the binding constant (Kb) of T-Hg2+-T is about 

4.14×106 L mol-1, higher than that of A (adenine)-T [20,21]. Based on this principle, 

many DNA-based electrochemical biosensors have been developed for the detection 

of Hg2+. These electrochemical biosensors could be divided into “signal off” and 

“signal on” subgroups. In the past years, the DNA-based electrochemical biosensors 

with “signal off” architecture have gained substantial development. Yu’s group [22,23] 

reported the electrochemical Hg2+ biosensors based on the decrease of the 

electrochemical signal resulting from target-induced conformational changes. 

However, such “signal-off” sensors suffer from the limited signaling capacity, in 

which only a maximum of 100% signal suppression can be attained under any 

experimental conditions [24]. To circumvent this limitation, several “signal on” 

electrochemical Hg2+ biosensors have been reported in recent years. Kim’s group [25] 

and Yang’s group [26] developed the “signal on” electrochemical Hg2+ biosensors 

based on the increase of the electrochemical signal resulting from the structural 

switching of Fc-tagged aptamers immobilized on the electrode surface in the presence 

of the target analyte. Nevertheless, these electrochemical biosensors were based on 

the single signal response mechanism. It is no doubt that combination of “signal off” 

and “signal on” strategies in one DNA-based electrochemical biosensor would have 

obvious advantages, such as high sensitivity, good selectivity and diversification of 

data analysis. Up to now, only a few works were reported for the detection of ATP 

[27], sequence of H5N1 virus [28], protein [29], approximate target mismatch location 
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[30] based on this strategy. To the best of our knowledge, there are no works to 

address the Hg2+ detection based on the combination of “signal off” and “signal on” 

strategies. 

On the other hand, ratiometric detection has been applied in fluorescence and 

electrochemiluminescence analysis of biomolecules extensively due to its good 

characteristics (such as self-calibration, low detection limit) [31-33]. In this work, a 

simple, selective and reusable electrochemical biosensor for the sensitive detection of 

mercury ions (Hg2+) has been developed for the first time based on T-rich stem-loop 

(hairpin) DNA probe and a dual-signaling electrochemical ratiometric strategy 

(Scheme 1). The thiolated methylene blue (MB)-modified T-rich DNA capture probe 

(MB-P) self-assembled onto the gold electrode surface via Au-S bond. In the presence 

of Hg2+, the ferrocene (Fc)-labeled T-rich DNA probe (Fc-P) hybridized with MB-P 

via the Hg2+-mediated coordination of T-Hg2+-T base pairs. As a result, the hairpin 

DNA probes (MB-P) were opened, the MB tags were away from the gold electrode 

surface and the Fc tags close to the gold electrode surface. These conformation 

changes led to a decrease of the oxidation peak current of MB (IMB) and an increase of 

that of Fc (IFc). Based on the logarithmic value of IFc/IMB, Hg2+ was detected 

sensitively and selectively. What’s more, the developed DNA-based electrochemical 

biosensor could be regenerated by adding cysteine and Mg2+ based on the strong 

binding effect between cysteine and Hg2+  [34-36].  

2. Experimental section  

2.1. Chemicals 

The thiolated MB-modified T-rich hairpin DNA capture probe and the Fc-

labeled T-rich DNA probe were designed and synthesized by Sangon Biotechnology 

Co., Ltd (Shanghai, China). The base sequences of MB-P and Fc-P are 5’-SH-(CH2)6-
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GGCGACGTTTTGTCGCC-(CH2)6-MB-3’ and 5’-GACTTTTCGTGCGG-(CH2)6-

Fc-3’, respectively. 6-mercaptohexanol (MCH), Tris-(2-carboxyethyl) phosphine 

hydrochloride (TCEP) and cysteine were purchased from Sigma-Aldrich. Metal salts 

(HgCl2, CaCl2, FeCl3, Ni(NO3)2, Zn(NO3)2, Pb(NO3)2, Co(NO3)2, AlCl3, CdCl2, CrCl3, 

MgCl2, NaCl, KCl, K2HPO4, KH2PO4, K3Fe[CN]6 , K4Fe[CN]6) were supplied by 

Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) and used without further 

purification. Aqueous solutions used throughout were prepared with ultra pure water 

(>18 MΩ cm) obtained from a Millipore system.  

2.2. Apparatus 

All electrochemical measurements, including differential pulse voltammetry 

(DPV), cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), 

were performed on a CHI660D Electrochemical Workstation (Chenhua Instrument 

Company of Shanghai, China) at room temperature. A conventional three-electrode 

cell was used with a planar gold electrode (2 mm in diameter) as the working 

electrode, a platinum wire as the counter electrode and a saturated calomel electrode 

(SCE) as the reference electrode. All the potentials were referred to SCE. 

2.3. Preparation of the MCH/MB-P/Au electrode 

Gold electrode was firstly polished to a mirror-like surface with 0.5 and 0.05 μm 

alumina slurries, followed by ultrasonication in ultra pure water and methanol. The 

electrodes were then pretreated by electrochemical oxidation and reduction in 0.5 M 

H2SO4 aqueous solution by potential cycling in the potential between -0.3 and 1.5 V 

with a scan rate of 100 mV s-1 until the cyclic voltammogram characteristic for a clean 

gold electrode was obtained. Then, the gold electrode was washed with copious 

amounts of ultra pure water and dried under nitrogen gas. 
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Before immobilization onto the gold electrode surface, the MB-P was dissolved 

in 100 mM Tris-HCl buffer solution (containing 0.5 M NaCl, 5 mM MgCl2, 10 mM 

TCEP, PH 7.4) and incubated in the dark for 1 h to reduce disulfide bunds. Then, 10 

μL of 1 μM MB-P solution was placed onto the cleaned gold electrode surface for 16 

h at room temperature to obtain the MB-P/Au electrode. The MB-P/Au electrode was 

further immersed into 2 mM MCH solution with 10 mM Tris-HCl buffer solution for 

1 h to block the uncovered gold electrode surface as well as to make the array of ss-

DNA on the electrode interface more regular. The obtained electrode was labeled as 

the MCH/MB-P/Au electrode. To monitor each immobilization step, the 

electrochemical impedance measurements were performed in 0.1 M KCl aqueous 

solution with 5 mM [Fe(CN)6]3−/4− as the probe in the frequency range from 0.1 Hz to 

100 kHz with 5 mV as the amplitude at a potential of 0.22 V (vs. SCE). 

2.4. Electrochemical detection of Hg2+ 

The MCH/MB-P/Au electrode was incubated in 10 mM phosphate buffer 

solution (PBS) containing 0.5 M NaCl (pH 7.4) with 1 μM Fc-P and different 

concentrations of Hg2+ at room temperature for 2 h, leading to the opening of hairpin 

(stem-loop) structure of MB-P and the formation of the double helix DNA structure 

through the specific T-Hg2+-T complexes. Then the electrochemical performance of 

the electrode was investigated by DPV in 4 mL of 10 mM PBS (pH 7.4) containing 

0.5 M NaCl, 5 mM MgCl2. Each measurement was repeated at least three times, and 

the control experiments for various metal ions were performed under the same 

conditions. After the detection of Hg2+, the biosensor was regenerated by immersing 

the electrode into 4 mL of 10 mM PBS (pH 7.4) containing 0.5 M NaCl, 5 mM MgCl2 

and 10 μM cysteine for 2 h. After washed with 10 mM PBS (pH 7.4), the regenerated 

electrode could be reused for another assay. 
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3. Results and discussion 

3.1. Characterization of the electrochemical Hg2+ biosensor 

As one of the electrochemical technologies, EIS has been proven as one of the 

most powerful tools for interfacial investigation [37]. In a typical electrochemical 

impedance spectrum, the semicircle portion observed at higher frequencies 

corresponds to the charge-transfer limited process and the increase of the diameter of 

the semicircle reflects the increase of the interfacial charge-transfer resistance (Rct) 

[38]. As shown in Fig. 1A, the bare gold electrode shows a very small semicircle 

domain (Rct = 100 Ω, curve a), indicating a very fast charge-transfer process. After 

the immobilization of MB-P on the gold electrode surface, the Rct of the electrode 

increases to 2700 Ω (curve b) due to the effective repulsion between the negatively 

charged MB-P and [Fe(CN)6]3/4 anions. Subsequent surface blocking with 6-

mercaptohexanol (MCH) also leads to an obvious increase in Rct (Rct = 4300 Ω, 

curve c). After hybridizing with Fc-P based on the T-Hg2+-T structure, the Rct 

increases significantly (Rct = 8200 Ω, curve d). For the regeneration of the developed 

electrochemical biosensor, the above electrode was immersed into 10 mM PBS 

containing 10 μM cysteine and 5 mM Mg2+. It is noted that the Rct decreases to 4400 

Ω (curve e) due to the dissociation of Fc-P from the double helix structure.  

The electrochemical biosensor was also characterized by CV. As shown in Fig. 

1B, compared with the bare gold electrode (curve a), the peak current of the MB-P 

modified electrode (curve b) decreases obviously and the peak-to-peak separation 

increases, which indicates that the MB-P strand is immobilized successfully on the 

gold electrode surface. After the surface of the MB-P/Au electrode is blocked by 

MCH, the peak current decreases correspondingly (curve c). In the presence of Hg2+, 

the peak current further decreases (curve d) due to the hybridization between MB-P 
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and Fc-P based on the T-Hg2+-T structure. However, when the above electrode was 

immersed into 10 mM PBS containing 10 μM cysteine and 5 mM Mg2+, the peak 

current increases and the peak-to-peak separation decreases markedly (curve e). These 

results are in accordance with that observed in EIS investigation (Fig. 1A)  and 

demonstrate that the electrochemical biosensor has been fabricated successfully 

according to Scheme 1. 

3.2. Feasibility of the electrochemical Hg2+ biosensor 

To demonstrate the feasibility of the developed electrochemical biosensor, DPV 

responses of the different modified electrodes were investigated. As shown in Fig. 2, 

the MCH/MB-P/Au electrode has only one large oxidation peak of MB at about -0.28 

V (curve a). When the MCH/MB-P/Au electrode was further incubated with Fc-P and 

without Hg2+, no obvious change of the oxidation peak current of MB is observed 

(curve b), indicating that the hybridization between MB-P and Fc-P does not happen 

in the absence of Hg2+. However, after incubating the MCH/MB-P/Au electrode in the 

solution with both Fc-P and Hg2+, the oxidation peak current of MB decreases 

obviously and another oxidation peak which should correspond to the oxidation of Fc 

can be observed at about 0.29 V (curve c). These should result from the opening of 

the hairpin structure of MB-P and the successful construction of the double helix 

DNA structure between Fc-P and MB-P according to Scheme 1 by the formation of T-

Hg2+-T. The above conformation changes result in that the MB tags are away from the 

gold electrode surface and the Fc tags close to the gold electrode surface. After the 

electrode was further incubated in 10 mM PBS containing 1 μM cysteine and 5 mM 

Mg2+, cysteine could bind Hg2+ more effectively and Mg2+ could induce the formation 

of the hairpin structure of MB-P via tailor-made complementary bases at both ends 

[39,40], resulting in the dissociation of Fc-P from the double helix structures. As the 
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result, the oxidation peak current of MB increases and that of Fc decreases (curve d). 

These results indicate clearly that the developed electrochemical biosensor can be 

used to detect Hg2+ and regenerated effectively. 

3.3. Electrochemical assay of Hg2+  

Keeping the concentration of Fc-P at 1 μM, the DPV responses of the MCH/MB-

P/Au electrode to the different concentrations of Hg2+ were shown in Fig. 3. From Fig. 

3A, it is noted that the oxidation peak current of MB decreases and the oxidation peak 

current of Fc increases with the increase of Hg2+ concentration. Based on the 

individual MB or Fc signal for Hg2+ detection, the dependence of the oxidation peak 

current of MB (or Fc) on the concentration of Hg2+ is shown in Fig. 3B. In the range 

of 0.5 nM to 1000 nM, both of them exhibit good linear relationship between the 

oxidation peak current and the logarithm of Hg2+ concentration, and the detection 

limits are 0.34 nM (based on MB signal) and 0.28 nM (based on Fc signal) (S/N = 3), 

respectively. The insert plot in Fig. 3A shows the calibration plot of the 

electrochemical ratiometric assay of Hg2+ using IFc/IMB as signal.  The logarithmic 

value of IFc/IMB is also linear with the logarithm of Hg2+ concentration in the range 

from 0.5 nM to 5000 nM with the detection limit of 0.08 nM (S/N = 3), and the linear 

regression equation is:  

                      lg(IFc/IMB)  = 0.5768lgC – 0.7497 (R2 = 0.9969)                      (1) 

It is noted that the obtained detection limit (0.08 nM) is 125 times lower than the 

limit of Hg2+ in drinking water (10 nM) by U.S. Environmental Protection Agency 

(EPA) [41-43]. On the other hand, it is worthy to note that the electrochemical 

ratiometry exhibits a wider linear range and lower detection limit than the typical 

electrochemical methods based on single signal response mechanism. The detection 
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limit of the proposed method is also lower than that of many electrochemical Hg2+ 

biosensors reported previously (Table 1). 

3.4. Regeneration, stability and selectivity of the electrochemical biosensor 

The regeneration of the electrochemical biosensor is very important in its 

practical application. As shown in Fig. 4, the biosensor can be readily regenerated 

after the Hg2+ assay by immersing the electrode into 10 mM PBS containing 10 μM 

cysteine and 5 mM Mg2+ for 2 h.  It is noted from Fig. 4 that after five cycles of 

regeneration process, both MB and Fc signals are almost recovered to the original 

values, indicating the developed electrochemical biosensor can be easily regenerated 

and reused.  

The reproducibility of the MCH/MB-P/Au electrode was also evaluated. Five 

modified electrodes were used to detect Hg2+ and the relative standard deviation is 

3.7%. Furthermore, the MCH/MB-P/Au electrode was stored in the refrigerator at 4 

oC for two weeks and no obvious change of the response current was observed. These 

indicate that the developed electrochemical biosensor has satisfactory reproducibility 

and stability. 

To investigate the selectivity of the developed electrochemical Hg2+ biosensor, 

various metal ions that exist in real samples commonly, such as Al3+, Ba2+, Cd2+, Co2+, 

Cr3+, Fe3+, Mn2+, Pb2+ and Zn2+, replaced Hg2+ in the hybridization buffer and the 

corresponding results are shown in Fig. 5. As shown in Fig. 5, the IFc/IMB value of the 

sensor in the presence of Hg2+ is at least 280 times larger than that in the presence of 

other metal ions. This indicates clearly that the developed electrochemical biosensor 

possesses excellent selectivity for Hg2+ detection. 
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4. Recovery test 

In order to evaluate the applicability and reliability of the developed 

electrochemical biosensor, the recovery experiments for different Hg2+ concentrations 

were carried out in real water samples that were collected from local river (Xiangjiang 

River) and local tap water. Prior to use, the local river water should be centrifugated 

to remove the impurities (such as sands). These water samples were diluted 10 times 

with 100 mM PBS, and then spiked with different concentrations of Hg2+. From Table 

2, it is noted that the recoveries for the added Hg2+ with 2.0 nM, 5.0 nM, 10.0 nM, 

50.0 nM are 103.0%, 98.4%, 97.1% and 98.5%, respectively. These results indicated 

that the recovery of the developed electrochemical Hg2+ biosensor is satisfactory and 

the proposed method may have great promising applications in monitoring of the 

mercury ion in real environmental samples. 

On the other hand, the analytical performance of the proposed method was 

further evaluated by the detection of Hg2+ in human serum samples which were 

obtained from healthy individuals. Hg2+ with different concentrations was added in 

10-fold diluted human serum sample solutions which diluted with 100 mM PBS. The 

biological exposure index for Hg2+ defined by American Conference of Governmental 

Industrial Hygienists (ACGIH) in blood samples is 1.5 μg/100 mL (75 nM) [49]. Thus, 

the concentrations of Hg2+ in human serum were chosen to be 10 nM, 30 nM and 50 

nM, which were below the stated level. As shown in Table 3, the recoveries for the 

added Hg2+ are 102.6%, 96.4% and 100.9%, respectively. These results indicate that 

the developed electrochemical biosensor has potential application for Hg2+ detection 

in complex biological samples. 
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5. Conclusions 

Based on the T-rich stem-loop (hairpin) DNA probe and a dual-signaling 

electrochemical ratiometric strategy, a new electrochemical Hg2+ biosensor has been 

developed. Compared with the typical single-signaling electrochemical sensor, the 

developed electrochemical biosensor has a wider linear response range (0.5 nM to 

5000 nM) and lower detection limit (0.08 nM, S/N = 3) for Hg2+ detection. What’s 

more, the developed DNA-based electrochemical biosensor has excellent selectivity 

and reproducibility, and could be easily regenerated by adding cysteine and Mg2+. We 

believe that our new analytical method will have great promising applications in 

monitoring of the mercury ion in real environmental samples. 
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Figure Captions 

Scheme 1. Schematic illustration of the ratiometric electrochemical biosensor for 

Hg2+ detection. 
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Fig. 1. (A) Electrochemical impedance spectra (Nyquist plots) of the different 

modified electrodes in 0.1 M KCl aqueous solution containing 5 mM (1:1) 

[Fe(CN)6]3−/4− in the frequency range from 0.1 Hz to 100 kHz with 5 mV as the 

amplitude at a potential of 0.22 V and (B) Cyclic voltammograms obtained in  0.1 M 

KCl aqueous solution containing 5 mM (1:1) [Fe(CN)6]3−/4− at a scan rate of  100 mV 

s-1. (a) bare Au electrode, (b) MB-P/Au electrode, (c) MCH/MB-P/Au electrode, (d) 

MCH/MB-P/Au electrode after incubated with Fc-P and Hg2+, (e) electrode of (d) 

after regenerated in 10 mM PBS containing 10 μM cysteine and 5 mM Mg2+. 
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Fig. 2. DPV curves of the different electrodes. (a) MCH/MB-P/Au electrode, (b) 

MCH/MB-P/Au electrode with Fc-P in the absence of Hg2+, (c) MCH/MB-P/Au 

electrode with Fc-P in the presence of Hg2+, and (d) electrode of (c) further incubated 

with 10 mM PBS containing 1 μM cysteine and 5 mM Mg2+. 
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Fig. 3. (A) DPV curves for the detection of different concentrations of Hg2+. The 

concentrations are (from a to k) 0 nM, 0.5 nM, 1 nM, 5 nM, 10 nM, 50 nM, 100 nM, 

200 nM, 500 nM, 1 μM and 5 μM. Inset: logarithmic dependence of IFc/IMB on Hg2+ 

concentration. (B) The linear fit plots of the MB and Fc peak currents as function of 

the logarithm of Hg2+ concentration. Error bar represents the standard deviation of 

three parallel experiments. 
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 Fig. 4. Regeneration of the electrochemical Hg2+ biosensor with the stepwise 

interaction with Hg2+ and then cysteine. N represents the regeneration times of the 

sensor. 

 

 

Fig. 5. Selectivity of the electrochemical Hg2+ biosensor. Concentration of Hg2+ is 5 

μM and the others are 10 μM. Error bar represents the standard deviation of three 

parallel experiments. 
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Table 1. Comparison of some electrochemical biosensors for Hg2+ detectiona 

Method Probe Detection limit Linear range Reference 

CV HRP 0.3 nM 0.5 nM~1 μM [44] 

CV Fc 0.6 nM 1 nM~10 μM [45] 

EIS label-free 0.1 nM 1 nM~1 mM [46] 

SWV Fc 2.5 nM 5 nM~1 μM [26] 

SWV Au NPs 0.5 nM 0.5 nM~100 nM [21] 

DPV MB 0.5 nM 1 nM~0.1 μM [47] 

DPV Fc 0.5 nM 1 nM~2 μM [22] 

DPV Fc 100 nM 0.1 μM~2 μM [25] 

DPV Hemin 50 nM 0~2 μM [48] 

DPV MB and Fc 0.08 nM 0.5 nM~5 μM present work 

aAbbreviation: cyclic voltammetry (CV), electrochemical impedance spectroscopy 

(EIS), square wave voltammetry (SWV), differential pulse voltammetry (DPV), horse 

radish peroxidase (HRP), ferrocene (Fc), methylene blue (MB) 

ACCEPTED M
ANUSCRIP

T



24 

 

Table 2. Recovery assays of Hg2+ in real environmental samples with the proposed 

method. 

 

 

Table 3. Recovery assays of Hg2+ in 10-fold diluted human serum samples. 

Sample (No.) Added [Hg2+] / nM Found (nM) Recovery (%) 

1 10 10.26±0.13 102.6 

2 30 28.93±0.34 96.4 

3 50 50.47±0.22 100.9 

 

 

Sample Added [Hg2+] / nM Found (nM) Recovery (%) 

Tap Water 1 

Tap Water 2 

River Water 1 

River Water 2 

2.0 

5.0 

10.0 

50.0 

2.06±0.15 

4.92±0.28 

9.71±0.33 

49.27±0.59 

103.0 

98.4 

97.1 

98.5 
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