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Abstract  

A new electrogenerated chemiluminescence (ECL) biosensor is fabricated for the 

determination of mental ion incorporating DNA three-way junction structure 

(DNA-TWJ). As a model system, Hg
2+

 was chosen as an analyte. The ECL biosensor 

was fabricated by covalently coupling Hg
2+ 

special DNA-TWJ tagged with ruthenium 

(II) complex (Ru) (named TW/Ru-J1) to the surface of glassy carbon electrode that 

had been covalently modified with 4-aminobenzoic acid via electrochemical 

oxidations. Upon binding of Hg
2+

 to the TW/Ru-J1, the confirmation of TW/Ru-J1 

changed and induced Ru away from surface of electrode and thus led to a low ECL 

signal. The signal linearly decreases with the concentration of Hg
2+

 in the range from 

0.1 pM to 10 pM with a detection limit of 0.04 pM. This study could be easily 

extended to various analytical platforms for the detection of many kinds of analytes or 

their interactions such as DNA/RNA, DNAzyme/target, aptamer/target, and 

antibody/antigen. 

Keywords: Electrogenerated chemiluminescence; Biosensor, DNA three-way 

junction; Mercury (II) ion 
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1. Introduction 

DNA has attracted great interest as a promising component of nanoscale 

architectures because of its well-ordered structures and highly programmable nature 

[1]. Of the various nucleic acid structures, DNA branching structures in general offer 

a unique window into DNA nanotechnology because more sophisticated structures 

can be assembled, as opposed to the sole use of one-dimensional DNA objects [2]. 

Among these DNA branching structures, DNA three-way junction (DNA-TWJ) is a 

unique branched structure and consists of three double helical arms connected at the 

junction point [3], [4]. Target-responsive DNA-TWJs can also be designed into DNA 

devices for molecular diagnostic, sensing, and imaging applications. One strategy of 

the target-responsive DNA-TWJ has involved attachment of a target-responsive 

domain as one of the three arms that form the junction, where conformational change 

in the domain upon binding to its target induces reorientation of the junction arms 

relative to one another [5]. In recent years, Wang group provided a DNA-TWJ-Based 

biosensing platform for detection of DNA, thrombin and ATP [6]. Le group developed 

binding-induced TWJ technique for prostate-specific antigen [5]. Wang and Liu 
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reported a catalytic hairpin assembly programmed DNA-TWJ strategy for the 

enzyme-free and amplified electrochemical detection of target DNA [7]. Ou yang 

group fabricated a label- and enzyme-free fluorescent sensor for the detection of 

single nucleotide polymorphisms [8]. Sen group and Yu group explored a series of 

unique DNA-TWJs biosensing principles [9], [10], [11], [12]. For example, Huang et 

al designed a new kind of DNA-TWJs for determination of thrombin [9]. The sensing 

principle of a new kind of DNA-TWJs is based on the incorporation of an 

anti-thrombin aptamer as the receptor, whose altered conformation upon thrombin 

binding switches on the conductivity of an adjacent helical conduction path, leading to 

an increase in the measured electrical signal through the sensor with a detection limit 

of 5 pM. Thomas et al reported the development of a made-to-order electronic sensor 

for determination of biomarker of lung cancer (CTAP III/NAP2) [11].  

Hg
2+

 is one of the highly toxic environmental pollutants [13], [14] and microbial 

biomethylation of Hg
2+

 yields methyl mercury that could be accumulated in the body 

through the food chain and cause health problems such as brain damage and other 

chronic diseases [15]. Determination of Hg
2+

 can be achieved with a numbers of 

traditional analytical approaches, which include atomic absorption or emission 

spectroscopy [16] and selective cold vapor atomic fluorescence spectrometry [17]. 

These methods are sensitive but generally involve tedious sample preparation, 

expensive and sophisticated instrumentation which significantly limit their portability. 

It has been demonstrated that the Hg
2+ 

can selectively bind between two DNA 

thymine (T) and form the stable T–Hg
2+

–T pair [18]. Many alternative designs based 

on the highly specific interaction of Hg
2+

 with T for sensitive Hg
2+

 detection using, 

e.g., optical [19], [20], electrochemical [21], [22] and electrogenerated 

chemiluminescence biosensors [23], [24] were reported. We found that few works 
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designed biosensing devices to detect Hg
2+

 on basis of DNA-TWJ. For example, Ma 

group constructed a reversible molecular device in the nanoscale based on a 

DNA-TWJ fueled by Hg
2+

 [25]. Ju group designed a “signal-on” electrochemical 

sensing strategy for highly sensitive and selective detection of mercury (II) via its 

induction to DNA-TWJ [26]. The two DNA-TWJs molecular devices for Hg
2+

 were 

designed by the two groups based on hybridization of three ss-DNA, which possibly 

suffered non-specifically absorption and result in false positive signal.  

Electrogenerated chemiluminescence (ECL) biosensors combine the advantages 

of both electrochemical and chemiluminescent biosensors, and are highly sensitive, 

easy to control and operate with inexpensive equipment, and exceedingly selective 

due to the use of the biological recognition elements in conjunction with specific ECL 

label and coreactant [27]. Up to now, few ECL biosensors were fabricated based on 

DNA-TWJs for molecular diagnostic, sensing, and imaging applications.  

In this study, we first fabricated ECL biosensor on basis of DNA-TWJ for the 

determination of metal ion. Scheme 1 illustrated the working principle of the 

biosensor. The Hg
2+

 specific DNA-TWJ (named TW/Ru-J1 in this work) was 

constructed by 5′-amino-ss-DNA (TW) hybridazied with its complementary ss-DNA 

(J1) tagged with ruthenium complex at 5 terminal (Ru-J1), one arm of which is 

Hg
2+

-binding domain containing  thymine (T) bases. The ECL biosensor was 

fabricated by covalently coupling TW/Ru-J1 onto the surface of glass carbon 

electrode modified with 4-aminobenzoic acid. In the absence of Hg
2+

, the biosensor 

adopts an open, unstacked conformation, which could allows efficient electron 

transfer from Ru complex to the electrode surface due to the tag close to the electrode 

surface and generate a strong ECL signal. And then, the binding of Hg
2+

 to T-T 

mismatches induces the adaptive folding and compaction of the TW/Ru-J1 because of 
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formation of T-Hg
2+

-T base-pairs [18], resulting in a small the ECL signal due to the 

tag away from the electrode surface. The characteristics of the ECL biosensor and the 

analytical performance are investigated.  

2. Experimental section  

2.1. Reagents  

4-aminobenzoic acid (4-ABA), N-(3-dimsethylaminopropyl)-N-ethyl 

carbodiimide hydrochloride (EDC) and N-hydrosuccinimide (NHS) were purchased 

from Sigma-Aldrich (USA). Tripropylamine and Tris (hydroxymethyl) amiomenthane 

were obtained from Shanghai Macklin Biochemical Co., Ltd (China). Mercury (Ⅱ)  

nitrate monohydrate was obtained from Sinopharm Chemical Reagent Co., Ltd 

(China). Magnesium chloride was obtained from Aladdin (China). Sodiun nitrite was 

obtained from Tianjin Shengao Chemical Reagent Co,. Ltd (China). All reagents were 

of analytical grade. 

DNA-TWJ of TW/Ru-J1 containing the Hg
2+

-specific thymine (T) bases were 

designed to be TW, 5′-amino-(CH2)6-O- TCT CCA GCG TCG TTT GTT TGC GGG 

AGC TTT CTT AAA TCT CGA GCT AAA-3', their complementary strand J1 

(H2N-(CH2)6-O-5'-TTT AGC TCG AGA CGA CGC TGG AGA-3'), the J1 was 

subjected to covalent coupling with Ru(bpy)2(mcbpy-O-Su-ester)(PF6)2 (Ru) at 5 

terminal and formed Ru-J1, all the sequences were designed according to the 

reference [12] and synthesized by Shanghai Sangon Biological Engineering 

Technology & Services Co., Ltd (China).  

ECL measurements were done on MPI-EⅡ ECL detector (Xi’an Remax Analysis 

Instruments Co., Ltd (China), in which a photomultiplier tube (PMT) is biased on 900 

V. A three-electrode system composed of a biosensor or a glass carbon electrode (GC

≈3mm) as working electrode, a platinum plate as counter electrode, and a Ag/AgCl 
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(saturated KCl) as reference electrode, was used. All potentials in this work were 

referred to the reference electrode. 

2.2. Fabrication of ECL biosensor  

2.0 μM of freshly prepared TW was hybridized with the 3.0 μM Ru-J1 in 

deoxygenated DNA immobilization buffer at 80 °C for 5 min to form the hybridized 

TW/Ru-J1, followed by slow cooling to room temperature in order to fold into the 

proper secondary structures. The electrochemical modification of 4-ABA on the 

surface of a clean GC was carried out in 0.5 M HCl solution containing 10mM 4-ABA 

and 8mM NaNO2 by cyclic scanning between +0.5 and +2.0V for 4 cycles with a scan 

rate of 20mVs
−1

. The activation of the 4-ABA modified GC (4-ABA/GC) was 

performed by immersing 4-ABA/GC in 10mM tris-HCl buffer (pH 8.0) containing 

5mM EDC and 8mM NHS for 0.5 h and then rinsed with 10mM tris-HCl buffer (pH 

8.0). In second step, the ECL probe of TW/Ru-J1 was immobilized on the surface of 

the activated 4-ABA/GC. The activated electrode was immersed in prepared 

TW/Ru-J1 solution, allowing to stay for 1 h in a water-saturated atmosphere. The 

resulting electrode was thoroughly rinsed with DNA buffer. 30μL of 10mM tris-HCl 

(pH 8.0) buffer containing 1mM ethanolamine was dropped onto the surface of 

TW/Ru-J1, allowing to stay for 15 min to deactivate the remaining succinimide 

groups and to block unreacted active sites on the surface of the electrode. The 

obtained electrode was rinsed thoroughly with DNA buffer and then used as the ECL 

biosensor and stored in air at room temperature in the dark. 

2.3. ECL measurement  

The ECL biosensor fabricated was immersed in a solution containing 50mM 

tris-HCl buffer (pH 8.0) and a fixed concentration of Hg
2+

 for 30min in water bath of 

room temperature and then washed with DNA buffer. The ECL measurement was 
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performed using the ECL biosensor which had interacted with Hg
2+

 as working 

electrode at a constant potential of +1.20V in 3.0 mL of 50 mM tris-HCl buffer 

containing 50 mM TPA (pH 8.0).  

3. Results and Discussions  

3.1.Characteristics of the ECL biosensor 

Fig. 1 shows the electrochemical impedance spectra of the electrodes in each step 

of the fabrication of the ECL biosensor. From Fig. 1, the electrochemical impedance 

spectra of the bare GC (line a) exhibits a very small semicircle domain, suggesting a 

very low electron-transfer resistance (Ret, 0.04 KΩ). When the 4-ABA was 

electrochemically modified on the GC (line b), the Ret increased from 0.04 KΩ to 3.93 

KΩ. Electrochemical modification of 4-ABA on GC electrode generates 4-ABA layer 

covered on the GC surface. And the surface coverage could be estimated from 

integration of the charge passed under the oxidation peak on the first scan (as shown 

in Fig. S1, See supporting information), reach 3.80×10
-8 

mol/cm
2 
[28]. The carboxyl 

group of the 4-ABA will be deprotonated when EIS measurements were performed in 

50 mM tris-HCl buffer (pH 8.0) containing 10 mM Fe(CN)6
3−/4−

 and 1 M KCl, since 

the pH 8.0 of tris-HCl buffer is higher than the acidity coefficient (pKa) of 4.21 

inferred from benzoic acid when 4-ABA covalently modified on glassy carbon 

electrode. Therefore, it can be deduced that 4-ABA modified on the GC surface 

blocks the electrode surface and the full deprotonation of carboxyl group of the 

4-ABA makes an electrostatic repulsive force to [Fe(CN)6]
3−/4− 

[29]. As the TW/Ru-J1 

designed was covalently coupled to carboxyl group of the 4-ABA (line c), the Ret 

decreased from 3.93 KΩ to 2.77 KΩ. This is attributed to two facts. Firstly, 4-ABA 

possibly desorbed from the surface of GC. The other one is [Fe(CN)6]
3−/4−

 was 

wrapped in the layer of 4-ABA on the surface of GC. After ethanolamine was dropped 
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onto the surface of TW/Ru-J1 modified electrode to (line d), the Ret increased from 

2.77 KΩ to 3.41 KΩ. This indicates that the ethanolamine deactivate the remaining 

succinimide groups and to block unreacted active sites on the surface of the electrode. 

The biosensor was also characterized by cyclic voltammetry (CV) (as shown in Fig. 

S2 in supporting information), confirming that the biosensor was successfully 

fabricated.  

Fig. 2 shows ECL kinetic profiles of the ECL biosensor before (line a) and after 

interaction with 0.1 pM Hg
2+

 (line b) and 0.5 pM Hg
2+

 (line c). Compared line a with 

line b, the ECL biosensor with interaction of 0.1 pM Hg
2+

 displayed a decreased 

signal. This indicates that the ECL biosensor has a response to analyte Hg
2+

. 

Compared line b with line c, it can be clearly observed that the ECL intensity 

continued to decrease from 810 to 208 as the Hg
2+

 concentration is elevated. From the 

result, it can be deduced that the ECL biosensor displays signal off trend with 

increasing Hg
2+

 concentration. Prior study on DNA switch reported by Thomas et al 

have studyed the changed conformation of the Hg
2+

-specific DNA-TWJ based on 

footprinting analysis and FRET measurements [12]. They found that Hg
2+

 addition 

leads to decreased acceptor emission and increased donor emission, which indicates 

decreased FRET energy transfer due to increased separation of the fluorophores. And 

they calculated change in the average angle between the stems of DNA-TWJs from 

∼101° to ∼143° upon Hg
2+

 binding. The TW/Ru-J1 used in our work was derived 

from Thomas’s study. Therefore, the possible reason of the signal off ECL biosensor 

designed in our work is that Hg
2+

 binding to TW/Ru-J1 resulted in the conformation 

of TW/Ru-J1 on the surface of electrode and made the Ru tag away from the electrode 

surface. In conclusion, the ECL sensor fabricated can be used to detect Hg
2+

 because 

changed concentrations of Hg
2+

 induced changed ECL signals.  
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3.2.Optimization of test conditions   

The surface coverage of the ECL probe on 4-ABA/GC is expected to affect the 

ECL intensity of the biosensor towards Hg
2+

 detection, because a low surface 

coverage corresponds to a limited number of Ru complexes available for ECL 

generation, whereas a highly condensed surface coverage could sterically hinder the 

conformation change of the TW/Ru-J1 structure. Since the concentration of TW 

employed during DNA biosensor fabrication directly influence the surface coverage 

of the ECL probe on 4-ABA/GC, the concentration of TW for fabrication of the 

biosensor is optimized. The dependence of the ECL intensity of the biosensor on the 

concentration of the TW was investigated. The maximum IECL was occurred at the 

concentration of 2.0 M TW after interaction of Hg
2+

, which was consistent with our 

earlier prediction. That was, the obtained surface coverage of the ECL probe on 

4-ABA/GC surface was high enough but not crowded under present experimental 

conditions. Therefore, the concentration of 2.0 M TW was used in the following 

experiments. 

To maximize the ECL performance of the biosensor for Hg
2+

 detection, the 

applied potential of the biosensor with Hg
2+

 was examined. The ECL intensity of the 

Hg
2+

 bound biosensor is a function of the potential, in which a peak ECL is located at 

the applied potential of 1.20 V (Fig. 3). With the further increase of the applied 

potential, however, IECL decreases. This could be related to the oxidation of water 

that produces extra amounts of oxygen, resulting in the consumption of TPrA
•
 free 

radicals needed for the generation of the excited state Ru1* species [24].   

3.3.Performance of ECL biosensors 

Fig. 4 shows the ECL profiles of the ECL biosensors after interaction with 

different concentrations of Hg
2+

 under the optimized conditions. From inset of Fig. 4, 
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it can be seen that ECL intensity decreased with an increase of the concentration of 

Hg
2+

 in the range from 0.1 pM to 10 pM. The linear regression equation was S = 

-1523.4 C + 920.2 (S is the ECL intensity, unit of C is pM) with a correlation 

coefficient value (R
2
) of 0.981. The obtained detection limit of 0.04 pM is much lower 

than that from other latest reported methods based on T–Hg
2+

–T interactions as shown 

in Table 1, which includes fluorescent probes based on evanescent wave fluorescence 

excitation [19], electrochemical biosensors [22], and Fluorescence biosensors [30], 

electrochemiluminescence biosensors [31]. The lower detection limit obtained in this 

work is attributed to the fact that the Hg
2+

 manipulation of DNA-TWJ of TW/Ru-J1 

and the C–N covalently coupling method are used for the design of the ECL biosensor. 

This greatly benefits super-trace analysis of Hg
2+

. 

The selectivity of the biosensor was evaluated by challenging it with several 

metal ions. The ECL intensity of the biosensor fabricated was measured after it was 

interacted with each cation individually. The result is showed in Fig. 5. From Fig. 5, it 

can be seen that the changed ECL intensity of the biosensor with interaction of Cu
2+

, 

or Zn
2+

, Pb
2+

, Mn
2+

, Ca
2+

, Fe
3+

 in the concentration of 10 pM is nearly same as that in 

the absence of Hg
2+

 (blank) and is much lower than that with interaction of 1 pM Hg
2+

. 

Additionally, the ECL responses from 20 nM of the above common co-existing metal 

ions (Cu
2+

, or Zn
2+

, Pb
2+

, Mn
2+

, Ca
2+

, Fe
3+

) were in the similar range of the blank. 

And the changed ECL intensities are less than 8% of that from 1 pM Hg
2+

. This 

indicates that the ECL biosensor has a good selectivity for discriminating Hg
2+

 from 

other metal ions tested.  

Fig. 6 shows the ECL response of the ECL biosensor fabricated after interaction 

with 0.7 pM Hg
2+ 

at a constant potential of +1.20 V for 12 cycles. The relative 

standard deviation of the ECL intensity of the ECL biosensor for 12 cycles was 5.0%. 
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The result indicates that the ECL biosensor fabricated using C-N covalently coupling 

method in this work showed a good stability.  

The application of the ECL biosensor was evaluated via the determination of 

Hg
2+

 in water samples collected from three water pipes (Northwest University, China). 

As listed in Table 2, the results determined by the ECL biosensor are in good 

agreement with those obtained from the cold vapor atomic fluorescence spectrometry 

(CVAFS) method. The relative deviations were 7.7 %, 6.0% and 3.1 %, which were 

obtained by dividing the difference between the results obtained using the CVAFS 

method and the ECL biosensor by the values obtained using the CVAFS method. F 

test and t test were used to evaluate the application of ECL biosensor. As shown in 

Table 2, all the calculated values of F and t calculated are smaller than the values of 

standard F and t (95% of confidence level), which indicated that there is no significant 

difference between the ECL biosensor and CVAFS method. The results demonstrated 

that the designed ECL biosensor can be used to real samples determination. 

4. Conclusion 

A novel ECL biosensor for highly sensitive determination of Hg
2+

 has been 

developed on the basis of the DNA-TWJs of TW/Ru-J1 as an ECL probe. The ECL 

biosensor fabricated has the lowest detection limit of Hg
2+ 

(0.04 pM) so far, good 

stability and selectivity. The strategy can open a new door toward the development of 

the detection method for metal ions or biomarkers on biochips. 
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Figures and Captions 

 

Scheme 1 Schematic diagram of the fabrication of DNA-TWJ-based ECL biosensor 

for the detection of Hg
2+

. 
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Fig. 1 Electrochemical impedance spectra of the electrodes in each step of the 

fabrication of the ECL biosensor. (a) Bare GC; (b) 4-ABA/GC; (c) 

TW/Ru-J1/4-ABA/GC; (d) ethanolamine/ TW/Ru-J1/4-ABA/GC. All measurements 

were performed in 5 mM K3Fe(CN)6–5 mM K4Fe(CN)6–50 mM tris-HCl–0.1M KCl 

(pH 8.0). Bias potential, 0.232 V; frequency, 100 kHz to 1.0 Hz; amplitude, 5.0 mV. 
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Fig. 2 ECL responses of ECL biosensors at +1.2V in 50 mM tris-Hcl buffer (pH 8.0) 

containing 50 mM TPA (a) without interaction of Hg
2+

, (b) with interaction of 0.1 pM 

Hg
2+

, (c) with interaction of 0.5 pM Hg
2+

. 
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Fig. 3  Dependence of the changed ECL peak intensity (△I) of the ECL biosensor on 

applied potential after the interaction with 1pM Hg
2+

, obtained in 50mM Tris-HCl 

buffer (pH 8.0) containing 50mM TPA. △I = I0–I, where I0 and I were the ECL peak 

intensity before and after the ECL biosensor was interacted with Hg
2+

, respectively. 
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Fig. 4 ECL responses of the ECL biosensors with interaction of Hg
2+

 in different 

concentrations. 0 pM, 0.1 pM, 0.2 pM, 0.3 pM, 0.4 pM, 0.5 pM, 0.7 pM, 1 pM, 3 pM, 

10 pM. The ECL measurement condition is same as Figure 1. 
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Table 1. Comparison between the biosensor in the work and latest reported methods  

Method Detection range 
Detection 

limit 
References 

 
Evanescent wave fluorescence 

excitation  
75 nM to 1 mM 1.06 nM 19 

Fluorescence 10 pM to 100 nM 4.5 pM 30 

Electrochemical  2.5 mM to 1 mM 0.5 mM 22 

Electrochemiluminescence 10 pM to 100 nM 3.1 pM 31 

Electrochemiluminescence 0.1pM to 10 pM 0.04 pM this work 
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Table 2. Determination of Hg
2+

 in water samples using the ECL biosensor and the 

CVAFS method.
a 

Water 

sample 

ECL 

biosensor 
CVAFS

a
 F test        t test 

detected detected Fcalculated 
b
F tcalculated 

b
t 

(pM) n=3 (pM) n=3 

Water pipe 1 0.48±0.07 0.52±0.07 1.00 

19.00 

0.70 

2.13 Water pipe 2 0.47±0.03 0.50±0.03 1.00 1.22 

Water pipe 3 0.53±0.03 0.58±0.03 1.00 2.04 

a
 All values were obtained as an average of three repetitive measurements plus the 

standard deviation. 
b
confidence level is 95%. 
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Fig. 5 The changed ECL intensity (△I) of the ECL biosensors after individual 

interaction with 1 pM Hg
2+

 or 10 pM metal ion (Cu
2+

, Zn
2+

, Mn
2+

, Co
2+

, Ca
2+

, Fe
3+

) or 

20 nM of mixture metal ions (Cu
2+

, Zn
2+

, Mn
2+

, Co
2+

, Ca
2+

, Fe
3+

). The ECL 

measurement condition is same as Fig. 1. △I = I0–I, where I0 and I were the ECL peak 

intensity before and after the ECL biosensor was interacted with Hg
2+

, respectively. 
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Fig. 6 ECL continual response of the ECL biosensor obtained at +1.2 V in 50 mM 

TPA-50 mM tris-HCl buffer (pH 8.0) after the sensor was interacted with 0.7 pM 

Hg
2+

. 
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Highlights 

 DNA three-way junction (DNA-TWJ) is a unique branched structure and consists 

of three double helical arms connected at the junction point.  

 Electrogenerated chemiluminescence (ECL) biosensors combine the advantages of 

both electrochemical and chemiluminescent biosensors, and are highly sensitive, 

easy to control and operate with inexpensive equipment, and exceedingly selective.  

 First designed ECL biosensor on basis of DNA-TWJ for the determination of 

mercury ion is fabricated.  

 The obtained detection limit of 0.04 pM is much lower than that from other latest 

reported methods based on T–Hg
2+

–T interactions. 

 The strategy can open a new door toward the development of the detection method 

for metal ions or biomarkers on biochips. 

 

 




