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Abstract 

Sensor-based detection methods have inspired the idea that chemical or physical 

signals could be converted to nucleic acid signals to be quantitatively detected using a 

combination of appropriate detection tools. To achieve ultra-sensitive and absolute 

quantitative detection of mercury ion (Hg
2+

), we have combined a mispairing 

biosensor for Hg
2+

 and emulsion PCR. The parameters that might influence the 

biosensor step, such as the duration of isothermal amplification and the concentration 

of the sensor oligonucleotide, have been firstly optimized in our study to achieve the 

most efficient biosensor detection. The evaluation results of secondary structures 

between the biosensors with different number of T-Hg-T structures achieved by 

Circular Dichroism have indicated that the secondary hairpin structure would be 

varied according to the change of number of T-Hg-T structures, which could influence 

the quantitative detection results. Further optimization of number of T-Hg-T within 

the biosensor sequences showed that 5 T-Hg-T structures could generate the most 

efficient amplification. After the above optimizations, the emulsion PCR has been 

employed to achieve the absolute quantitation of nucleic acid signals. The final results 

have shown that the limit of quantitation (LOQ) in our study was as low as 40 fmol, 

and the limit of detection (LOD) was 10 fmol. The practical detection tests showed 



that the quantitative results were stable and accurate for all substrates. In conclusion, 

by combining a mispairing biosensor with emulsion PCR, we developed a flexible 

and stable quantitative “turn-on” detection method with ultra-sensitivity that can 

detect trace amounts Hg
2+

 within different substrates. 
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1. Introduction 

Of all the heavy metals that are soluble in water, Hg
2+

 is regarded as one of the 

greatest risks to the human body [1]. Even at very low concentrations, Hg
2+

 solutions 

can cause brain damage, kidney failure and various disorders of motion and cognition 

[2]. Therefore, various detection methodologies have been developed to detect trace 

amounts of mercury ions. Traditional detection methods such as atomic absorption 

spectroscopy, electron capture devices, inductively coupled plasma optical emission 

and mass spectrometry with or without chromatographic techniques all require 

complicated facilities or expensive and time-consuming sample preparation [3–5]. 

Recently, the detection methods based on biosensors have been developed rapidly due 

to their relative simplicity and low cost [6–8]. Most sensors are based on the 

conversion of chemical or physical signals to nucleic signals[9,10]. Thus, this 

transmission has provided a thought that the detection of the Hg
2+

 could be instead by 

the detection of the nucleic signal [6,8,11–14]. There are two main types of biosensor-

based detection methods: “turn-on” biosensors and “turn-off” biosensors [15,16]. For 

“turn-off” sensors, the cleavage of the substrate sequence usually decreases the 

original nucleic acid signal. However, “turn-off” sensors are mostly not suitable for 

analytical proposes. First, the decrease of the targeted signals is usually 1-fold. This 

indicates that changes in lower signals could not be accurately captured. Second, 

“turn-off” sensors can be easily influenced by quencher groups in natural samples, 

causing false positive or false negative results. Recently, a type of “turn-on” biosensor 



for the specific detection of Hg
2+

 based on the mispairing of thymine-Hg
2+

-thymine 

(T-Hg-T) has been developed to achieve the sensitive and selective detection of Hg
2+ 

[6–8,11–14,17–21]. With this “turn-on” biosensor, the signal of Hg
2+ 

can be converted 

to a nucleic acid signal with a quantitative relationship, which is the key to achieve 

quantitative detection. Different studies have used this type of biosensor by 

combining different nucleic acid signal detection methods, including fluorescent 

detection[22], isothermal amplification [17], hemin/G-quadruplex DNAzyme 

structure [19], microarray chips [21], electrochemical[23,24] and carbon dots or 

graphene [20]. All of the above methodologies have achieved relatively sensitive 

detection of Hg
2+

. However, for amplification or optical methods, the side effects 

caused by PCR[25–27] or fluorescence inhibitors[28–30] cannot be easily avoided, 

which can cause the unspecific amplification or the change of fluorescence emission. 

Moreover, for the aforementioned methods, standard curves are always used as part of 

the quantitative measurements, and this introduces complications in the calculations.  

To achieve the absolute quantitative detection of the Hg
2+

 ion, two key elements are 

required. First, there must be linear signal conversion from the non-nucleic acid signal 

to the nucleic acid signal. Because Hg
2+

 biosensors based on the specific structure of 

T-Hg-T have a specific binding model between the biosensor and Hg
2+

, the signal 

conversion would follow a certain pattern. Second, nucleic acid signal detection 

methods should achieve absolute quantitative detection. For normal PCR-based 

technologies, such as real-time PCR or isothermal amplification methods, quantitative 

detection is always based on standard curves.  

Emulsion PCR is regarded as an improved version of original PCR. It uses a large 

number of droplets to separate the reaction into many small volumes [31–36]. By 

separating the original amplification volume and producing a W/O (water-in-oil) 

structure, this method balances amplification efficiency with the avoidance of 

substrate effects caused by the PCR tubes [33]. Thus, emulsion PCR is more suitable 

for the amplification of samples with low-abundance targets or complex 



substrates[37]. Moreover, because of the generation of a W/O structure, the 

amplification mixture and templates are also divided. The distribution of materials 

follows a Poisson distribution [38]. By combining a flow instrument with 

fluorescence detection, the fluorescence of each droplet can be detected. After the 

droplet reading step, positive and negative droplets can be recognized in a final 

heatmap. The copy number of the target sequence can be calculated using the Poisson 

distribution by considering the ratio of positive and negative droplets. Emulsion PCR 

has developed rapidly since it was first introduced. Different applications, such as 

amplification of gene libraries [33,34,39] and single-molecule detection [32,40], have 

been devised to take advantage of the balanced amplification efficiency of the 

droplets. Because the division of targets follows the Poisson distribution, quantitative 

detection can be achieved using fluorescence detection in flow instruments. This 

quantitative detection method can be regarded as an important alternative way to the 

quantify targets by real-time PCR with standard curves.  

Considering the demand for quantitative detection of Hg
2+

, we have achieved the 

absolute quantitative detection of Hg
2+

 by combining a mispairing biosensor and 

emulsion PCR. Our detection system has the advantages of “turn-on” signal 

transmission in the sensor step and absolute quantitation by emulsion PCR combined 

with flow fluorescence detection instruments. According to the results of our study, 

the limit of quantitation of our detection system is 40 fmol, which was determined by 

evaluating different samples in parallel. The limit of detection (LOD) was 10 fmol, 

which was regarded as the lowest Hg
2+

 concentration that could be differentiated from 

the negative group.  

2. Materials and methods 

2.1. Oligonucleotides and reagents 

The sequences of all oligonucleotides and probes are listed in Table S1. All primers 



and probes were synthesized by Invitrogen (Life Technologies, CA, US). The 

chemical reagents used in our study, including the standard Hg(NO3)2 solution, were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). All reagents related to the 

emulsion PCR were purchased from Bio-Rad (Pleasanton, CA, USA). 

2.2. Preparation of practical detection sample 

For the evaluation of practical samples in our study, polluted water and serum were 

used as test materials. The water was collected directly from a populated area of 

Beijing, China. The serum samples were collected by centrifuging mouse blood 

samples at 3000 rpm for 15 min. After samples were collected, different 

concentrations of Hg
2+

 solutions were added manually. All samples with additional 

Hg
2+

 were then placed on the Dynamic CM-200 mixer and shaken overnight to 

achieve an equal distribution.  

2.3. Isothermal amplification of biosensor 

The isothermal amplification of the biosensor sequence could occur after the 

formation of a hairpin structure with the synthesis of T-Hg-T mispairings. After the 

mixing of biosensor oligonucleotides and Hg
2+

, the temperature of the solution was 

raised to 95 ºC to achieve complete denaturation. Then, the temperature was slowly 

reduced to room temperature to generate the T-Hg-T mispairings. The dNTP mixture 

(Takara, Dalian), as well as the buffer and enzyme for Klenow Fragment (3'→5' exo-), 

were added to the above mixture to achieve isothermal amplification. The duration of 

isothermal amplification and final concentration of biosensor oligonucleotides were 

optimized in our study.  

2.4. Emulsion PCR assay 

Serial dilutions of the product of the isothermal amplification were performed before 

the emulsion PCR step to ensure the proper copy number range. The final emulsion 



PCR volume contained 1× PCR Master Mix (Bio-Rad), reverse and forward primers 

at a final concentration of 0.24 μmol L
-1

 and a TaqMan probe at a final concentration 

of 0.12 μmol L
-1

. The final concentrations of added templates varied for different 

assays, while the added volume was 2 μL of the total 20 μL volume. The droplets of 

the reaction volume for emulsion PCR were generated by using a disposable eight-

channel droplet generator cartridge (Bio-Rad). The prepared reaction volume was then 

used for PCR amplification. After thermal cycling, each droplet of the reaction 

volume was passed through the flow instrument for fluorescence detection (Bio-Rad). 

The fluorescence of each droplet was measured. For the detection of the fluorescence 

signal, the FAM group was regarded as the reading target, which has an excitation 

wavelength of 492 nm and emission wavelength at 518 nm.  

The PCR amplification procedure consisted of pre-denaturation at 95℃ for 5 min, 50 

cycles of two-step thermal cycling involving 10 s at 95℃ for denaturation and 60 s at 

60 °C. 

2.5. Real-time PCR assay 

The real-time PCR assay in our study was performed by the Bio-Rad C1000 PCR 

facility. The reaction volume of the real-time PCR was as same as the emulsion PCR. 

The fluorescence of each tube was collected automatically to generate amplification 

curves. The results were analyzed according to the standard or amplification curves. 

2.6. Secondary structure determined by circular dichroism (CD) 

The Chirascan™-plus CD Spectrometer (Applied Photophysics, UK) was used to 

collect CD measurements in our study. To compare the different secondary structures 

produced by different T-Hg-T sites within the biosensor sequence, CD measurements 

were used to evaluate the differences between the secondary structures. A total 200 μL 

reaction volume was collected for these measurements. The final concentration of 

DNA was suggested to be at least 10 μmol L
-1

 according to the official guidelines. For 



the final 200 μL volume, 10 μmol L
-1

 of biosensor oligonucleotide was included, as 

well as 1×isothermal amplification buffer and the appropriate concentration of Hg
2+

 to 

form the complete hairpin structure.  

2.7. Data analysis 

The absolute copy number of the volume of emulsion PCR was determined based on 

the ratio of positive droplets to total droplets. The copy number of target sequence 

was calculated according to the Poisson distribution:  

𝐴(𝑠𝑎𝑚𝑝𝑙𝑒𝑠) = −𝑙𝑛⁡[(𝑁 − 𝑋) 𝑁⁄ ] × 𝑁……… (1) 

For the above equation, A (samples) was defined as the absolute copy number of the 

target sequence in the emulsion PCR reaction volume. N and X were defined as the 

total and positive droplets of each reaction volume, respectively.  

For the convenience of data analysis in our study, we have manually defined a 

parameter, the Elongation Rate (ER), that can be used to evaluate the biosensor 

elongation step. In our study, the ER was calculated as follows:  

𝐸𝑅(𝑠𝑎𝑚𝑝𝑙𝑒) =
𝑛

4816
× 𝐴(𝑠𝑎𝑚𝑝𝑙𝑒)………(2) 

A (sample) defined as in equation (1). The variable n is defined as the number of T-

Hg-T structures within the biosensor sequence. The number 4816 is based on the 

combination of the serial dilutions and the Avogadro constant.  

3. Results 

3.1. Principle of our detection system 

A diagram of our detection system is shown in Figure 1. It has three main steps: the 

isothermal sensor elongation step, the emulsion PCR step and the droplet reading step. 

For the first step, the signal of Hg
2+

 was converted to nucleic acid signal with linear 

relationship within a certain range. As the structure of T-Hg-T was reported to be 



stable at lower temperature, we have chosen the Klenow Fragment (3'→5' exo-) as the 

isothermal amplification enzyme in our study, which has the best enzyme activity at 

37℃. The T-Hg-T structure was generated after denaturation and slowly cooling to 

37℃. Then, the isothermal enzyme was used to generate blunt ends. During the 

emulsion PCR step, droplets containing positive or negative sequences were 

generated. During the droplet reading step, only the droplets containing blunt terminal 

sequences could generate positive signals. The final heatmap was generated based on 

the analysis of each droplet. A unique threshold was set to largely distinguish the 

negative and positive droplets. The absolute copy number of the target sequence could 

be calculated using the ratio of positive droplets to total droplets according to the 

Poisson distribution.  

3.2. Different secondary structures caused by the number of T-Hg-T structures 

The biosensor step in our study depends on the formation of hairpin structures within 

the biosensor sequence, which interact with Hg
2+

 by generating T-Hg-T mispairing 

structures. In theory, biosensors with different numbers of T-Hg-T structures would 

generate different hairpin structures that might have effect on the quantitative 

measurements. To make sure that the effects on absolute quantitative detection were 

caused by different hairpin structures within the biosensor, we evaluated different 

secondary structures of the biosensor with various T-Hg-T structures using CD 

measurements. According to the CD measurements (Figure 2), different characteristic 

peaks in the final curves indicate that the biosensors with different numbers of T-Hg-

T structures produce various different secondary structures. Therefore, the absolute 

quantitative detection in our study would be influenced by the T-Hg-T structures 

within the sequence of the biosensor through the signal transmission of T-Hg-T 

mispairing. For later experiments, the effects caused by the number of T-Hg-T 

structures were evaluated to achieve better quantitation. 



3.3. Effect of the number of T-Hg-T structures 

The Hg
2+

 detection system described in our study was based the specific structure of 

T-Hg-T, which is regarded as a more stable type of binding compared with normal A-

T. The number of T-Hg-T structures within the biosensor would be expected to affect 

the annealing step between the biosensor and the primers of the emulsion PCR. On 

the other hand, different number of T-Hg-T could affect signal transmission of the 

biosensor step by directly causing different transfer ratios between the non-nucleic 

acid signal and the nucleic acid signal. According to our results, for the group that 

contained 2 T-Hg-T structures, extremely low amplification signal was detected, 

possibly because it was impossible to form a complete hairpin structure. Thus, 

elongation of the biosensor sequence could not take place. We also examined 

sequences containing 5 and 7 T-Hg-T structures. To make appropriate judgments 

about the differences between the sequences, we examined the amplification signals 

of groups of serially diluted Hg
2+

 samples. The amplification curves for these groups 

are shown in Figure S1. The results show that the biosensor with 5 T-Hg-T structures 

had better dynamic range than the biosensor with 7 T-Hg-Ts. Therefore, in our study, 

to achieve better amplification of signal and a larger dynamic range, the biosensor 

containing 5 T-Hg-T structures was used for further testing.  

3.4. Optimization of biosensor step 

The biosensor step in our study was based on elongation using an isothermal 

amplification enzyme. Thus, the factors that potentially effect the isothermal 

amplification could also have side effects in our detection system. In our study, the 

final concentration of biosensor oligonucleotide and the elongation duration were 

optimized to achieve better performance. The evaluation results for elongation 

duration showed that longer elongation times had positive effects on the final 

biosensor performance. However, little difference was observed when the elongation 



time was raised above 2 h (Figure S2). Thus, to simplify our detection system, the 

elongation time was set to 2 h. Additionally, based on our tests of different final 

concentrations of the biosensor sequence, we found that adding more biosensor 

sequences had a positive effect on the final signal amplification. However, we also 

found that the signal increased very little when the final concentration of the 

biosensor was raised above 0.6 μmol L
-1

. Therefore, the optimized final concentration 

of the biosensor sequence was set to 0.6 μmol L
-1

.  

3.5. Quantitative measurement 

Based on the experiments described in the previous sections, absolute quantitation 

could be achieved by combining biosensor and flow reader instruments. For the 

biosensor step in our detection system, the ion signal could be transferred to the 

nucleic acid signal within a certain range of Hg
2+

 concentrations. This range was 

regarded as the dynamic range in our study because Hg
2+

 concentrations could be 

stably quantified. To determine the dynamic range of our study, we have examined 

serial dilutions of the original Hg
2+

 solution with a wide range of concentrations, 

which varied from 0.1 mol L
-1

 to 0.01 pmol L
-1

. The amplification heatmaps of 

different groups were listed in the Figure S3. The scatter diagram and standard curve 

describing the relationship between the concentration of Hg
2+

 and the elongation rate 

were plotted (Figure 3a and 3b). The two figures showed that the detection system in 

our study could achieve stable quantitation within a wide dynamic range, from 40 

pmol to 40 fmol. The wide dynamic range, which covered over 4 logarithms, 

indicated that our detection system based on mispairing biosensor and emulsion PCR 

could meet the quantitative needs of all types of practical samples.  

The limit of quantitation (LOQ) in our study was defined as the lowest concentration 

of Hg
2+

 that could be stably quantified. The LOQ value was determined by analyzing 

the scatter plot and the standard curve describing the relationship between the ER and 

the concentration of Hg
2+

. As shown in the scatter plot (Figure 3b), we found that the 



relationship between the ER and the concentration of Hg
2+

 was not linear when the 

concentration of Hg
2+

 was below 40 fmol or above 40 pmol. Therefore, the LOQ in 

our study was determined to be 40 fmol of Hg
2+

. This extremely low LOQ suggests 

that the biosensor detection system used in our study could achieve stable quantitative 

detection for samples with extremely low Hg
2+

 concentrations. 

3.6. Specificity evaluation 

In our study, specificity was achieved if no signal was detected when other interfering 

ions were used as samples. To cover most types of ions, ions with different valences 

were tested. Ions that are harmful to humans and usually found in labs, such as Ag
+
, 

Ni
2+

, Co
2+

, Cd
2+

, Fe
2+

, Cu
2+

, Zn
2+

, Pb
2+

, Fe
3+

, and Cr
6+

, were evaluated in these tests. 

The final results (Figure 4) showed that other ions could be easily distinguished from 

positive samples. This indicated that the detection system in our study had a good 

specificity for Hg
2+

 in the presence of different types of ions. 

3.7. Evaluation of interference caused by other ions 

Interference caused by other ions was defined as side effects arising from other ions 

being present in the reaction volume along with the target ion. Specificity was 

evaluated in the previous section, so we used only Cu
2+

 as a representative interfering 

factor for these experiments. We kept the final concentration of the target ion 

constant, and the concentrations of the interfering ion were varied from 100 to 0.5 

times that of the target ion. A reaction volume with no interfering ion was set up as 

positive control. The final concentration of Hg
2+

 was measured by our detection 

system together with the interfering ion. As shown in the final detection results 

(Figure S4), the interfering groups showed no significant differences from the positive 

control group. This indicates that our detection system could specifically detect Hg
2+

 

even in the presence of other interfering ions.  



3.8. Sensitivity determination 

The sensitivity of our Hg
2+ 

detection system was defined as the lowest concentration 

that could be stably detected. The sensitivity was evaluated using serial dilutions of 

the original Hg
2+

 solution. The ER difference between the experimental and negative 

control group was used to determine the sensitivity in our study. The results are shown 

in Table 1. As shown in this table, the ER of the 10 fmol group showed obvious 

differences compared with the negative control group, and the lower group showed 

little difference. Thus, according to these results and the signal from the negative 

group, the sensitivity of the detection system was determined to be 10 fmol. 

3.9. Evaluation of practical samples 

To evaluate the practicality of our detection system, the Hg
2+

 concentrations of 

different samples, such as natural drinkable water and serum samples, were 

determined using our Hg
2+ 

detection system. As shown in Table 2, our Hg
2+

 detection 

system showed good stability for different experimental samples. In the collected 

water samples and serum samples, there was little or no Hg
2+

 present; thus, we added 

additional Hg
2+

 manually to both types of samples to evaluate the stability of our Hg
2+

 

detection system. The final results show that our Hg
2+

 detection system based on a 

biosensor and emulsion PCR is practical to use for different types of samples. 

4. Discussion 

An ultra-sensitive absolute Hg
2+

 detection system based on a mispairing biosensor 

and emulsion PCR has been developed in our study. Taking advantage of the signal 

transmission of the turn-on mispairing biosensor and the sensitive and quantitative 

detection of emulsion PCR, we have achieved ultra-sensitive quantitative detection 

with extremely low LOQ and LOD for the reaction duration within 5 hours.  



The “turn-on” mispairing Hg
2+

 biosensor was based on the formation of T-Hg-T 

structures that could generate hairpin structures within the biosensor. In this manner, 

the target product would increase as the increase of the detection objective, Hg
2+ 

in 

our study. After generation of the hairpin structures, amplification could occur to 

generate blunt ends within the biosensor sequences. During this step, the generation of 

the hairpin structure and the ratio of nucleic acid signal transmission were essential to 

later isothermal amplification. Therefore, the number of T-Hg-T structures affected 

the final results by influencing the stability of the hairpin structures and the ratio of 

signal transmission. We evaluated the secondary structures of biosensors with 

different T-Hg-T structures using CD measurements. The results of the CD 

measurements showed that biosensors with different numbers of T-Hg-T structures 

lead to different secondary structures. Moreover, according to the characteristic peaks 

of different biosensors, we concluded that increasing the number of T-Hg-T structures 

within the biosensor could cause a red shift in the characteristic peaks. For biosensors 

with 2, 5, or 7 T-Hg-T structures, the curves of those with 5 or 7 T-Hg-T structures 

were clearly smoother and higher than the curve of biosensors with 2 T-Hg-T 

structures. This indicates that the stability of the hairpin structure within the biosensor 

sequence could be affected by the number of T-Hg-T structures. Hairpins with 2 T-

Hg-T structures or fewer would be less stable in the isothermal amplification step. 

This conclusion, based on CD measurements, could be perfectly proven by the real-

time PCR results for the optimization of the number of T-Hg-T structures within the 

biosensor structure. The number of T-Hg-T structures also had an obvious influence 

on quantitative detection after the biosensor steps. According to the results achieved 

using real-time PCR, we concluded that a higher number of T-Hg-T structures could 

have a side effect on the dynamic range of absolute quantitative detection in our study. 

A lower number of T-Hg-T structures would have side effects on the formation of 

hairpin structures, whereas a high number of T-Hg-T structures would adversely 

affect the dynamic range. Therefore, according to the optimized results in our study, 5 



T-Hg-T structures was considered to be the optimum amount within the biosensor 

sequence, which provides the best conditions for both the dynamic range and the 

formation of hairpin structures.  

Emulsion PCR was used to amplify the nucleic acid signal in our study. Compared 

with traditional amplification, emulsion PCR has many advantages. In traditional 

amplification methods, the PCR efficiency varies in different locations within the 

amplification tube. The heterogeneous amplification efficiency causes inaccurate 

amplification results. Emulsion PCR is more appropriate for measuring low-

abundance samples. Because emulsion PCR is based on the generation of extremely 

small droplets with W/O structure (water-in-oil structure), enhanced tolerance to 

amplification inhibitors is expected. The separation of the amplification volume 

reduces the effect of inhibitors compared with traditional amplification. Additionally, 

emulsion PCR divides the original reaction volume into a large number of droplets. 

Thus, absolute quantitation can be achieved by counting the positive droplets and 

negative droplets and making calculations based on the Poisson distribution. This 

quantitation method represents an improvement compared to traditional real-time 

amplification. Therefore, by considering the above three parameters, emulsion PCR 

combined with a flow instrument for fluorescence detection can be regarded as an 

absolute quantitative detection method in our study. Since the commercialization of 

emulsion PCR, different platforms have been developed to make the generation of 

droplets more convenient. Although different platforms use different methods to 

generate the droplets, the basic principle and the procedures of data analysis are very 

similar. In our study, droplets were generated with the Bio-Rad platform. This 

indicates the stability of combining biosensor methods and emulsion PCR. Because 

the basic principle is similar in all emulsion platforms, we expect that this stability 

should extend to all emulsion PCR platforms.  

According to the final results, the combination of mispairing biosensor and emulsion 

amplification results in ultra-sensitive absolute quantitative measurement of Hg
2+

. 



After the detailed optimization, the LOQ and LOD were set up to 40 fmol and 10 

fmol for the content of mercury ion, which regarded as 2 nmol L
-1

 and 0.5nM for the 

original concentration of mercury solutions. Compared with other detection methods 

based on biosensor amplification, although the previous could also achieve the 

detection limit of nmol L
-1

 level, the quantitative limit of most methodologies were 

lower than the LOQ in our study. Moreover, evaluations of the specificity and the 

addition of interfering ions indicate that the detection system has a good specificity; it 

only recognizes the Hg
2+

 signal, even in solutions that have other ions present. 

Additionally, our testing of environmental and clinical samples indicated that our 

detection system could meet the practical needs of researchers for the detection of 

Hg
2+

 in different substrates. In conclusion, according to the results from all the 

components of our study, we believe that our Hg
2+

 detection system based on a 

biosensor and emulsion PCR can be regarded as an ultra-sensitive detection method 

for the measurement of Hg
2+

 in different experimental substrates. 

5. Conclusion 

The sensor system based on the T-Hg-T structures and emulsion PCR was developed 

in our study to achieve the absolute quantitation detection of mercury ion. Our sensor 

system has taken advantage of linear signal conversion of mercury sensor based on T-

Hg-T structures and the absolute quantitation of nucleic signal of emulsion PCR. The 

elements that might have the potential effect to the final results have been detailed 

optimized, including the numbers of T-Hg-T structures within the sensor 

oligonucleotide, the duration of isothermal amplification and the final concentration 

of oligonucleotide in the isothermal amplification volume. Based on the above 

optimizations, the final results have shown that the LOQ in our study was as low as 

40 fmol, and the limit of detection LOD was 10 fmol. The practical detection tests 

showed that the quantitative results were stable and accurate for all substrates. 



Therefore, we consider that the sensor system in our study could meet all the demands 

of the detection of mercury ion within different substrates.  
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Table 1 Elongation rates obtained using serial dilutions of the original Hg
2+

 solution 

Final 

concentration 

of Hg2+/ 

μmol L-1 

Amount of 

Hg2+/ pmol 
Elongation rate Mean value 

RSD of inner-

group 

5 100 39.565 41.284 38.603 39.817  2.785% 

2.5 50 40.669 39.736 38.951 39.785  1.765% 

2 40 38.726 40.782 35.505 38.338  5.665% 

1 20 18.961 22.821 17.871 19.884  10.680% 

0.5 10 10.187 11.421 8.920 10.176  10.034% 

0.1 2 1.899 2.182 1.703 1.928  10.198% 



0.05 1 1.275 0.904 1.020 1.066  14.532% 

0.02 0.4 0.226 0.499 0.433 0.386  30.130% 

0.005 0.1 0.074 0.072 0.156 0.101  38.876% 

0.002 0.04 0.050 0.071 0.031 0.051  32.244% 

0.0005 0.01 0.003 0.005 0.006 0.005  26.726% 

0.00025 0.005 0.001 0.000 0.003 0.001   

Negative Negative 0.000 0.001 0.000 0.000  

Table 2 Measurements of environmental and clinical samples.  

Sample 

type
1
 

Hg
2+

 addition (molar 

amount added) / pmol 

Qualitative 

results 

Quantitative results/ 

pmol 

1 2 3 1 2 3 

Natural 

water 

Negative
2
 - - -    

2 + + + 2.201 2.121 1.913 

20 + + + 21.034 18.221 20.061 

Serum 

Negative - - -    

2 + + + 2.450 2.131 1.795 

20 + + + 21.081 19.421 20.909 

1. The above table shows the quantitative and qualitative measurement results for the 

environmental and clinical samples. In this part of the experiment, both the 

negative sample and experimental sample with added Hg
2+

 were tested 

simultaneously. 

2. The ICP-MS was taken to evaluate the content of Hg
2+

 within the original natural 

water. The final evaluation results were 0.05 ppb and 0.31 ppb for distilled water 

and natural water, respectively.  

   Figure Captions:  

Figure 1 The mechanism of Hg
2+

 detection system based on mispairing biosensor and 

emulsion PCR 

Figure 2 The secondary structure difference between biosensors with different T-Hg-T 

structures measured by circular dichroism. 

Figure 3 The standard curve (a) and scatter diagram (b) between the content of Hg
2+

 

and elongation rate 



The equation and R
2
 coefficient of the standard curve were listed in Figure 3a. The 

scatter diagram between the content and elongation rate was shown in Figure 3b, 

while the points of dynamic range were presented by triangle shape.  

Figure 4 The evaluation of specificity of our Hg
2+

detection system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 



 

 

 

 

 

 

 



 

 

Highlights 

 Hg
2+

 detection system was revealed based on mispairing biosensor and emulsion 

PCR. 

 It had a wide dynamic range from 40 pmol to 40 fmol over 4 logarithms. 

 LOQ and LOD were set up as 40 and 10 fmol that could meet all detection 

demands. 
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