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A B S T R A C T   

As a significant environmental pollutant, Hg2+ has gained widespread concern around the world. In our work, a 
rapid and elegant fluorescence method based on SYBR GREEN I (SGI) and mercury-specific oligonucleotide 
(MSO) has been developed for detection of Hg2+. Utilizing the T-Hg2+-T mismatch principle, MSO forms a 
double-stranded hairpin structure, which can readily embed SGI and produce strong fluorescence. Under opti-
mized conditions including MSO concentration, dye/MSO base ratio, pH value, ionic strength, reaction time and 
incubation time, a wide linear range (10–100 nM) and a low limit of detection (0.68 nM) were demonstrated. 
Almost no statistically significant interference for Hg2+ detection was observed among the possible coexisting 
substances in the water samples, including 15 factors. The recoveries of the three environmental water samples 
were in the range of 82.8% to 101.8%, indicating that the method was only weakly affected by the environmental 
matrix and could be applied to the detection of Hg2+ in environmental water samples. This method features 
potentially low cost, rapid processing, and convenient operation, which indicates considerable promise in 
practical Hg2+ monitoring.   

1. Introduction 

With the rapid development of industrialization and expansion of 
urbanization, the extent of global water pollution is becoming increas-
ingly severe. Generally, heavy metal pollution is characterized by high 
toxicity, easy accumulation, difficult degradation and difficult treat-
ment. Although at low concentrations, heavy metals can still pose a 
serious threat to human health, including stunted growth, cancer, organ 
disease, nervous system disorders and even death [1]. Among them, 
cadmium, mercury, lead, and arsenic are the most common and toxic 
heavy metal pollutants [2]. Atomic Absorption Spectrophotometer 
(AAS), Inductively Coupled Plasma-Atomic Emission Spectrometer 
(ICP-AES), and Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) are the standard methods for the quantification of trace heavy 
metal ions in water environments and food industries. These methods 
possess the advantages of high precision and low limit of detection, but 
the complex pretreatments, time-consuming processes, high detection 
cost, and requirement of professional operators limit their versatile 

applications in practice [3]. In addition, these methods greatly rely on 
large-sized laboratory equipment, which makes it difficult to realize 
real-time and in-field measurements [4]. Recently, it is reported that 
electrochemical anodic stripping voltammetry can be used to determine 
the concentration of heavy metals, exhibiting high sensitivity and low 
detection cost. However, in addition to the need of professional opera-
tors, the employment of heavy metals as electrodes will introduce 
additional pollution to the natural environment [5, 6]. Therefore, many 
initiatives have been undertaken to rapidly detect heavy metals in field 
by colorimetric, optical and electrochemical sensors [7–13]. 

Mercury, is a highly toxic metal with global emissions of around 
19,000 tons per year. Long-term exposure to mercury can cause adverse 
effects on the brain, kidney, immune system, and other physiological 
organs. The vast majority of mercury emissions come from the 
manufacturing and processing activities of human beings, such as the 
burning of coal. The most common toxic mercury state in natural water 
sources is water-soluble divalent mercury ion (Hg2+) [14]. Therefore, 
the development of simple, rapid, highly sensitive, and highly specific 
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detection technologies for Hg2+ has important theoretical and practical 
value. A large number of studies have shown that at the molecular level, 
some heavy metal ions can interact with specific gene sequences to 
change their spatial structure [15]. The relationship between structure 
and performance provides a convenient way for rapid and specific 
identification of heavy metal ions. A class of nucleic acid molecules with 
specific biological functions, such as aptamer, DNAzyme, Aptazyme 
(complex of aptamer and DNAzyme), etc., screened in vitro by the Sys-
tematic Evolution of Ligands by Exponential Enrichment (SELEX) 
technique, were discovered and synthesized [16], and applied to the 
detection of heavy metal ions [17–20]. In 2004, Ono and Togashi 
discovered that Hg2+ could bind between two thymine (T) bases, 

causing T-Hg2+-T mismatch, and subsequently designed a fluorescent 
Hg2+ sensor based on this theory [17]. In this design, the T-rich DNA, 
labeled at both ends, was folded into a hairpin structure in the presence 
of Hg2+, resulting in the reduction of fluorescence intensity. Since then, 
Hg2+ biosensing technologies based on T-rich functional nucleic acids 
have gradually become a hot topic in environmental and analytical 
sciences. Compared with antibodies, the traditional affinity recognition 
material, functional nucleic acids can be synthesized artificially and 
screened in vitro without considering whether the target has immuno-
genicity, containing the advantages of low production cost and stable 
performance [21,22]. 

In order to further enhance the sensitivity of T-Hg2+-T mismatch 
sensing detection, methods based on photoinduced electron transfer 
[23], graphene oxide (GO) [24], molecular beacons [25], and DNA 
embedded dyes [26] have been demonstrated to show low background 
signals compared with other methods. SYBR Green I (SGI), whose 
sensitivity is 25–100 times higher than that of ethidium bromide, is an 
asymmetric cyanine dye used as a nucleic acid stain in molecular 
biology. SGI is a fluorescent dye that can be embedded into 
double-stranded DNA (dsDNA) and form high binding affinity. Under 
excitation light of 497 nm, the fluorescence intensity of SGI binding with 
dsDNA is a factor of 11 or higher than that of single-stranded DNA 
(ssDNA), which is weakly affected by acidity, volume, and time, making 
it possible for relating the fluorescence intensity of SGI to the amount of 
dsDNA. SGI has been successfully used in DNA qualitative and quanti-
tative techniques, such as gel electrophoresis and PCR technology [27]. 

In this work, we exploit the characteristic that Hg2+ can specifically 
bind thymine on a DNA sequence to form a T-Hg2+-T double chain, 
select T-rich ssDNA sequence as the recognition element, and use 
embedded dye SGI as the indicator. According to the changes of SGI 
fluorescence signal in response to the structural change of the mercury- 
specific oligonucleotide (MSO) before and after the addition of Hg2+, 
our rapid and practical fluorescence biosensor can pave the way for 
achieving high-sensitivity detection of Hg2+ in water. Although previous 
work reported the label-free fluorescence assay for one-step detection of 
Hg2+ via the T-rich ssDNA sequence and dye SGI [28], we systematically 
investigate the effects of the major aqueous matrix on the biosensor 
performance, including 15 common interference factors in the aqueous 
system and the corresponding tolerance level of this method. The sig-
nificant improvement of understanding the practicality of the rapid and 
elegant fluorescence method for Hg2+ detection in environmental sam-
ples will greatly promote and provide strong data for its down-stream 
applications of this method. 

2. Materials and methods 

2.1. Materials and apparatus 

Mercury-specific oligonucleotide (MSO): DNA sequence (5’-TTC TTT 
CTT CCCC TTG TTT GTT-3’), Shanghai Sangon Biotechnology Co., Ltd. 
(Shanghai, China). 

Compared chain (T33): DNA sequence (5’-TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT-3’), Shanghai Sangon Biotechnology Co., Ltd. 
(Shanghai, China). 

SYBR Green I (SGI): 10000 ×, Beijing Solarbio Science & Technology 
Co., Ltd. (Beijing, China). 

3-(N-Morpholino) propanesulfonic acid (MOPS): Mediatech Co., Ltd. 
(Shanghai, China). 

Interfering substance: Pb(NO3)2, Cu(NO3)2, Ni(NO3)2, Zn(NO3)2, Al 
(NO3)3•9H2O, Mn(NO3)2, AgNO3, NaNO3, Na2SO4, NaCl, NaF, Ca 
(NO3)2, Mg(NO3)2, NaClO, AR, Sinopharm Chemical Reagent Co., Ltd 
(Beijing, China). 

Hg2+ standard solution: Pb(NO3)2, AR, Sinopharm Chemical Reagent 
Co., Ltd (Beijing, China). 

Fluorescent emission spectra: F-7000 fluorescence spectrometer 
(Hitachi, Tokyo, Japan). 

Table 1 
Common interference factors with the concentrations under the majority of the 
most unfavorable conditions existed in environmental water  

Interference factors Concentrations 

Metal ions 1 Pb2+ 0.1 mg/L Pb2+ in Pb(NO3)2 

2 Cu2+ 1.0 mg/L Cu2+ in Cu(NO3)2 

3 Ni2+ 0.1 mg/L Ni2+ in Ni(NO3)2 

4 Zn2+ 2.0 mg/L Zn2+ in Zn(NO3)2 

5 Al3+ 0.2 mg/L Al3+ in Al(NO3)3 

6 Mn2+ 0.2 mg/L Mn2+ in Mn(NO3)2 

7 Ag+ 0.05mg/L Ag+ in AgNO3 

8 MIX All of above 
Anions 9 NO3

− 10 mg/L NO3
− in NaNO3 

10 SO4
2− 250 mg/L SO4

2− in Na2SO4 

11 Cl− 300 mg/L Cl− in NaCl 
12 F− 10 mg/L F− in NaF 

Hardness 13 Ca2+ 400 mg/L Ca2+ in Ca(NO3)2 

14 Mg2+ 240 mg/L Mg2+ in Mg(NO3)2 

Other 15 ClO− 4.0 mg/L NaClO  

Fig 1. Sensing schematic diagram of the turn-on fluorescence detection 
of Hg2+. 

Fig 2. Fluorescence spectra of solution of MSO and SGI at different concen-
tration of Hg2+. Curve 1: 1 × SGI; curve 2: 1 μM MSO + 1 × SGI; curve 3: 1 μM 
MSO + 1 × SGI + 100 nM Hg2+; curve 4: 1 μM MSO + 1 × SGI + 500 nM Hg2+. 
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2.2. Solution preparation 

Hg2+ solution: Hg2+ standard solution was step by step diluted to 5 
μM with ultrapure water, and kept at 4◦C for storage. 

MOPS buffer solution: 2.0926 g MOPS powder was dissolved in 100 
mL ultrapure water and mixed evenly. The prepared concentration was 
500 mM, and the solution was kept at 4◦C for storage. A certain amount 
of NaNO3 was added into MOPS buffer to keep ion strength. 

SGI solution: 10000 × SGI solution was diluted to 100 × SGI with 
dimethyl sulfoxide (DMSO) step by step as the reserve solution, which 
was kept away from light at -20◦C for storage. When using, the reserve 
solution was step by step diluted to 1 × SGI solution with ultrapure 
water. 

MSO pre-treatment: MSO was very light and attached to the tube 
wall in a dry film form. So before preparing the solution, it was centri-
fuged at 12000 rpm for 2 min. Then it was added to ultrapure water to 
form a 100 μM solution, mixed evenly and restored at -20◦C as the 

reserve solution. 

2.3. Feasibility for Hg2+ detection using MSO and SGI 

10 μL MSO (1 μM), 10 μL MOPS buffer (100 mM) and 80 μL appro-
priate concentration of Hg2þ (0, 1, 5, 7.5, 10, 20, 30, 40, 50, 75, 100, 
120, and 150 nM) were mixed and reacted at room temperature for 10 
min to form the T-Hg2+-T complex. Then 5 μL 1 × SGI was added into the 
mixture and incubated at room temperature for 2 min before the fluo-
rescence was measured. Finally, ultrapure water was added to keep the 
mixture volume of 800 μL. After adding, fluorescence was detected by a 
fluorescence spectrophotometer. Fluorescence (FL) intensity was 
recorded at 520 nm with an excitation wavelength of 494 nm. 

2.4. Optimization for Hg2+ detection conditions using MSO and SGI 

In initial experiments, the reaction conditions were set as follows: 

Fig 3. Effect of (a) MSO concentration; (b) dye/MSO base ratio (DBR); (c) pH value; (d) ionic strength; (e) reaction time; (f) incubation time on fluorescence intensity 
for Hg2+ detection. 
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CHg = 40 nM, CMSO = 1 μM, SGI = 1 ×, 100 mM MOPS buffer (including 
250 mM NaNO3), pH = 7.2, T-Hg2+-T reaction time of 5 min, and SGI 
and MSO-Hg2+ incubation time of 2 min. In subsequent experiments, the 
parameters were changed to find the optimal reaction conditions. 
Optimized conditions including: MSO concentration, dye/MSO base 
ratio, pH value, ionic strength, reaction time and incubation time. 
Fluorescence intensity with and without Hg2+ and its ratio F/F0 were 
used as dependent variable for detection. In order to minimum the 
sensitivity, reaction conditions stated above were optimized to 
maximum the F/F0 ratio. Notably, considering that adjusting the tem-
perature of the environmental samples higher or lower room tempera-
ture is not so easy, we suggested to keep the samples to room 
temperature before detection. 

2.5. Selectivity of Hg2+ detection using MSO and SGI 

The selectivity of the present system for Hg2+ detection was evalu-
ated by investigating the effects of common interference factors in the 
aqueous matrix. The interference factors include 15 items (Table 1) with 

the concentrations under the majority of the most unfavorable condi-
tions. To verify the selectivity of this method, response tests and coex-
istence interference tests were carried out, i.e., fluorescence intensity 
was recorded both in the presence and absence of Hg2+. 

2.6. Recovery of Hg2+ detection using MSO and SGI 

To test the performance of this method in a real measurement 
environment and the matrix effect in the natural water environment, 
this study selected three kinds of environmental water to carry out a 
spiked recovery experiment, including two types of surface water 
(Danjiangkou Reservoir and Hetang Lake at Tsinghua University), and 
groundwater with a hardness of 290–350mg/L calcium carbonate 
sampled from hundreds of meters below Tsinghua University grounds. 
Danjiangkou Reservoir is the water source of the middle route of the 
South-to-North Water Diversion Project. Hetang Lake is a small lake at 
Tsinghua University. 

A few pre-treatments were applied before the measurement, 
including boiling the water samples to precipitate the carbonate hard-
ness, cooling the samples to room temperature and filtering them 
through a filter with a 0.22 μm nylon membrane, and then diluting twice 
using ultra-pure water before the recovery experiments [29]. Within the 
linear range of detection, the spiked concentrations were 10, 50 and 100 
mg/L, respectively. Each sample was tested in parallel twice before and 
after spiking, and the recoveries were calculated, respectively. Besides, 
the spiked samples were analyzed by using the inductively coupled 
plasma mass spectrometry (ICP-MS) for comparison. 

3. Results and Discussion 

3.1. Detection mechanism 

In this study, T-rich DNA (MSO) was used as the recognition element 
and SGI as the fluorescence indicator. The SGI was reported to efficiently 
discriminate MSO and MSO/Hg2+ complex on the principle of mercury- 
driven T-T DNA mismatch, which was firstly reported in 2004 [17,30], 
therefore an unlabeled fluorescent aptamer sensor was designed for 
Hg2+ detection (Fig 1). Notably, the MSO sequence has been adopted by 
many researchers for Hg2+ specific recognition [17,30 32]. When there 
is no presence of Hg2+ in the system, SGI can only bind to the single 
chain aptamer through electrostatic interaction, which emits very weak 
fluorescence. After the addition of Hg2+, DNA can be folded into a stable 
intramolecular T-Hg2+-T double-stranded structure, due to the fact that 
Hg2+ can selectively bind to two thymine (T) bases. SGI can interact 
with T-Hg2+-T double chain and emit strong fluorescence through 

Fig 4. Calibration curve for detection of Hg2+ from 0–150 nM. (a) Typical fluorescent spectra and (b) the corresponding FL intensities (The inset shows a linear 
relationship between FL and Hg2+ concentration) under different Hg2+ concentration. 

Table 2 
Performance comparison of the developed biosensor with other reported 
technologies  

Method Sensing mode Quantification 
range 

LOD Refs. 

Sybr Green I and T- 
Hg2+-T 

Fluorescent 5-1000 nM 3 nM [28] 

Sybr Green I and T- 
Hg2+-T 

Fluorescent 0-66.4 nM 1.33 
nM 

[30] 

Fluorescein, AuNPs and 
T-Hg2+-T 

Fluorescent 20-1000 nM 16.0 
nM 

[31] 

Fluorescein, carbon 
nanotubes and T- 
Hg2+-T 

Fluorescent 50-8000 nM 14.5 
nM 

[32] 

AgNPs-tryptophan 
nanoconjugate and 
Hg2+

Colorimetric 20-100 nM 6.64 
nM 

[37] 

Fe@Ag-starch 
nanoparticle 

Surface plasmon 
resonance 

1-1000 nM 1.48 
nM 

[38] 

Copper nanoclusters and 
Hg-S bond 

Fluorescent 1-500 nM 0.3 
nM 

[39] 

Copper nanoparticles 
and Hg-S bond 

Fluorescent 0.5-100 nM 0.1 
nM 

[40] 

AuNPs functionalized 
with RhG and Hg-S 
bond 

Fluorescent 2-12 nM 2 nM [41] 

This work Fluorescent 10-100 nM 0.68 
nM   
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embedding and small groove bonding. Therefore, when MSO changes 
from single chain to double chain configuration similar to hairpin 
structure, SGI fluorescence can be enhanced, and its increased intensity 
is related to the concentration of Hg2+, thus realizing the quantitative 
detection of Hg2+. 

3.2. Feasibility of the method for Hg2+ detection 

Fig 2 shows the fluorescence change of SGI in the absence and 
presence of different conditions of Hg2+. In the absence of Hg2+, the 
solution of SGI only showed a very weak fluorescence (curve 1). Upon 
the addition of MSO, the fluorescence of mixture increased slightly 
(curve 2), illustrating that the randomly coiled MSO interacted weakly 
with SGI. However, in the presence of 100 nM and 500 nM Hg2+

respectively, the fluorescence of SGI/MSO complex increased continu-
ally (curve 3, 4), also with the increase of the concentration of Hg2+, the 
fluorescence of mixture increased consequently. The discrimination 
between SGI-MSO and SGI-Hg2+-MSO indicated that the MSO also had 
folded into a hairpin-like structure and interacted strongly with SGI, 
which made the method possible to achieve the detection of Hg2+. 

3.3. Optimization of experimental conditions 

3.3.1. Optimization of MSO concentration and dye/MSO base ratio 
The concentration of MSO had a large influence on the function of 

the sensing system SGI/MSO/Hg2+ [11]. The appropriate MSO con-
centration could maximize the function of the sensing system. Firstly, 
the concentration of MSO was optimized (Fig 3a), and other reaction 
conditions were set as follows: CHg = 40 nM, SGI = 1 ×, 100 mM MOPS 
buffer (including 250 mM NaNO3), pH = 7.2, T-Hg2+-T reaction time of 

5 min, and SGI and MSO-Hg2+ incubation time of 2 min. With the in-
crease of MSO concentration, the fluorescence intensity with and 
without Hg2+ both increased, but with Hg2+, the slope of fluorescence 
increase was steeper (higher gradient). Besides, with the increase of 
MSO concentration, the corresponding F/F0 ratio firstly increased. 
When MSO concentration exceeded 1μM, the ratio began to decrease. 
Therefore, 1μM MSO concentration was selected as the optimal 
concentration. 

SGI determines the fluorescent intensity of this system and hence its 
concentration affects the sensitivity of the system [11]. Since MSO 
concentration was set as 1μM, dye/base ratio (DBR) optimization was 
performed by changing SGI concentration (Fig 3b). Other reaction 
conditions were set as follows: CHg = 40 nM, 100 mM MOPS buffer 
(including 250 mM NaNO3), pH = 7.2, T-Hg2+-T reaction time of 5 min, 
and SGI and MSO-Hg2+ incubation time of 2 min. With the increase of 
DBR value, fluorescence intensity increased both in the groups with and 
without the addition of Hg2+, and the slope of fluorescence increase was 
larger with the addition of Hg2+, and the corresponding F/F0 ratio 
reached the maximum when DBR value was 0.22. Considering the 
sensitivity and signal noise ratio (SNR) of the system, SGI 1 × was finally 
selected, i.e., DBR 0.22 is the best experimental parameter. 

3.3.2. Optimization of pH value and ionic strength 
A suitable pH is essential for a fluorescence molecule due to pro-

tonation and deprotonation [33]. The effect of pH on Hg2+ detection 
was analyzed (Fig 3c). The reaction conditions were set as follows: CHg 
= 40 nM, SGI = 1 ×, 100 mM MOPS buffer (including 250 mM NaNO3), 
T-Hg2+-T reaction time of 5 min, and SGI and MSO-Hg2+ incubation 
time of 2 min. When pH increased from 6.6 to 7.6, the fluorescence of 
MSO-H2O system decreased slightly, while the fluorescence of 

Fig 5. Selectivity of the proposed bioassay against different interference ions. (a) metal ions without Hg2+; (b) metal ions with Hg2+; (c) anions without Hg2+; and (d) 
anions with Hg2+. 

Y. Xing et al.                                                                                                                                                                                                                                     



Sensors and Actuators Reports 4 (2022) 100101

6

MSO-Hg2+ system first increased and then decreased. When pH was 7.2, 
with F/F0 as the standard, the SNR was at its maximum value. Notably, 
SGI was reported to be the most sensitive when pH was in the range of 
7.5-8.0, however, considering that pH also affected the conformation of 
MSO, hence its recognition capability towards Hg2+ [34], the buffer 
with pH 7.2 was finally concluded as the best pH value. 

Ionic strength is one of the most important factors for a Hg2+

biosensor, because it not only determines the hybridization efficiency 
and stability of DNA double strands, but also affects the formation of T- 
Hg2+-T structure [35]. Therefore, in our study, the impact of different 
NaNO3 concentrations on Hg2+ detection was also investigated (Fig 3d). 
The reaction conditions were set as follows: CHg = 40 nM, SGI = 1 ×, 100 
mM MOPS buffer (with different concentrations of NaNO3), pH = 7.2, 
T-Hg2+-T reaction time of 5 min, and SGI and MSO-Hg2+ incubation 
time of 2 min. The fluorescence intensity of the two groups with and 

without the addition of Hg2+ both decreased significantly with 
increasing NaNO3 concentration. Previous work proved that ionic 
strength had impact on both the fluorescence of SGI and the confor-
mation of MSO sequence; and the optimal ionic strength was various for 
different nucleic acid affinity materials [34–36]. In terms of the fluo-
rescence intensity ratio F/F0 with and without the addition of Hg2+, the 
SNR was the best when the NaNO3 concentration was 250 mM. Thus, the 
experiment determined that the salt concentration of 250mM was the 
optimal concentration. 

3.3.3. Optimization of reaction time and incubation time 
The effect of T-Hg2+-T reaction time on Hg2+ detection was inves-

tigated (Fig 3e). CHg = 40 nM, SGI = 1 ×, 100 mM MOPS buffer 
(including 250 mM NaNO3), pH = 7.2, and SGI and MSO-Hg2+ incu-
bation time of 2 min. Fluorescence intensity of SGI no longer increased 

Fig 6. Tolerance level of this method for Hg2+ analysis at different dilution ratio of Ca2+, Mg2+ and ClO− . (a) Ca2+ without Hg2+; (b) Ca2+ with Hg2+; (c) Mg2+

without Hg2+; (d) Mg2+ with Hg2+; (e) ClO− without Hg2+; and (f) ClO− with Hg2+. 
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after reacting for 5min, indicating that the T-Hg2+-T base pair had been 
formed and SGI had been fully embedded in the hairpin type structure. 
Hence, 5min was chosen as the best reaction time. 

The incubation time of SGI and MSO has a significant influence on 
detection performance. Under the optimized reaction conditions, the 
incubation time was investigated (Fig 3f). The reaction conditions were 
set as follows: CHg = 40 nM, SGI = 1 ×, 100 mM MOPS buffer (including 
250 mM NaNO3), pH = 7.2, and T-Hg2+-T reaction time of 5 min. When 
the reaction time reached 2 min, the fluorescence intensity stopped 
increasing and was observed to be relatively stable. When the reaction 
time exceeded 6 min, the fluorescence intensity began to diminish. 
Therefore, 2 min was finally elected as the best reaction time for SGI and 
MSO. 

3.4. Detection of Hg2+ using MSO and SGI 

The method for the determination of Hg2+ was established based on 
the above principles and optimizations. Under optimized experimental 
conditions, the addition of Hg2+ gradually enhanced the fluorescence 
intensity of SGI, which was linearly correlated with the concentration of 
Hg2+ (Fig 4). The linear standard curve was FL = 1.307CHg + 47.17, R2 

= 0.994, and the linear range was 10-100 nM. A specific Hg2+ concen-
tration, which yielded the signal equal to three times of the standard 
deviation (3σ) of the biosensor response to the blank sample without 
Hg2+ addition, was defined as the limit of detection (LOD). Following 
the 3σ rule, LOD of this technology was calculated to be 0.68 nM, and 
the relative standard deviation was 2.33% for 11 parallel measurements 
of 10 nM Hg2+. The performance of the developed Hg2+ biosensor with 
other reported fluorescent Hg2+ sensors was listed in Table 2 for com-
parison. Compared to the previous studies, our technology achieved the 
comparable LOD and quantification range. Notably, when facing the 
high Hg2+-contaminated samples, it is suggested to dilute the samples 
using ultrapure water. 

3.5. Selectivity of Hg2+ detection 

Fig 5 corresponds to the response of metal ions and anions in Table 1 
and the typical fluorescent spectra under different conditions were 
demonstrated in Fig S1, accordingly. As shown in Fig 5a, the FL in-
tensity caused by other metal ions was lower than 10% of that 
responding to 100 nM Hg2+ except for Cu2+, which may be caused by 
the combination of Cu2+ and adenine (A) in MSO to interfere with the 
signal. In the coexistence interference test (Fig 5b), 100 nM Hg2+ was 

mixed with cations and it was found that Al3+, Ag+ and MIX had greater 
interference, which proved that the interference of different metal ions 
could produce mechanism of synergistic enhancement. The interference 
of anions was further explored (Fig 5c,d). The response test and coex-
istence interference test showed that, compared with the fluorescence 
intensity corresponding to 100 nM Hg2+, NO3

− , SO4
2− , Cl− and F− posed 

negligible interference on Hg2+ detection. Compared with the anions, 
the cations, including Ni2+, Al3+, Ag+ and MIX, showed more negative 
impacts on the sensing process, causing more than 30% lower than the 
original signal when coexisting with Hg2+ (Fig 5b). In other cases, the 
signal deviation caused by the interferences was less than 15%. As 
stated, the interfering ions with the concentrations under the majority of 
the most unfavorable conditions in environmental water were used for 
investigation. Therefore, it was concluded that the technology was 
applicable in the majority of the application scenarios of environmental 
monitoring, however, was not suggested to be used when the concen-
trations of Ni2+, Al3+, Ag+ and their mixture were as high as in Table 1. 

The interference of hardness (Ca2+ and Mg2+) and ClO− in water was 
also studied. The typical fluorescent spectra under different conditions 
were demonstrated in Fig S2, accordingly. Based on the concentrations 
in Table 1, these three ions were diluted to 1, 2, 3, 4, 5, and 6 multiples 
to investigate the response to the biosensor and the coexistence inter-
ference with Hg2+. As shown in Fig 6a,b, when Ca2+ was diluted 4 times 
or more, its interference with Hg2+ became negligible, thus the tolerance 
of Ca2+ was 100 mg/L. Similarly, the tolerance of Mg2+ was obtained to 
be 80 mg/L, i.e., its three-fold dilution (Fig 6c,d), while the tolerance of 
ClO− was obtained to be 1 mg/L, i.e., its four-fold dilution (Fig 6e,f). 
That was to say, the sample was suggested to be diluted three or four 
folds by using ultra-pure water to achieve the tolerant concentrations 
before detection if the environmental matrices were under the most 
unfavorable conditions of Ca2+, Mg2+ ClO− . 

3.6. Recovery of Hg2+ detection 

Similarly, in order to investigate the practical application perfor-
mance of the developed technology, the contents of Hg2+ in two types of 
environmental surface water (Danjiangkou Reservoir and Hetang Lake 
in Tsinghua University) and one kind of groundwater (groundwater in 
Tsinghua University) were investigated, and the standard recovery 
experiment was carried out. The spiked concentrations of Hg2+ were 10, 
50 and 100 nM. The spiked recoveries of Hg2+ were in the range of 
82.8% to 101.8% (Table 3), proving the reliability of the method. 
Notably, the recovery percentages in the groundwater at Tsinghua 
Campus were lower than the values in other two kinds of surface water. 
We attributed this phenomenon to the high hardness, i.e. in the range of 
290–350 mg/L in calcium carbonate, in groundwater matrix compared 
with the surface water matrix although the pretreatment was adopted to 
eliminate the effect of hardness, including boiling the water samples to 
precipitate the carbonate hardness, cooling the samples to room tem-
perature and filtering them through a filter with a 0.22 μm nylon 
membrane, and then diluting twice using ultra-pure water before the 
recovery experiments [29]. Besides, compared with the ICP-MS results 
with the spiked recoveries in the range of 95.7% to 105.5%, the 
biosensor technology showed less stability in applications, however was 
more feasible, low-cost and simple-to-use, hence with great potentials 
for in field detection than other instrumental analysis technologies. 

4. Conclusions 

In summary, we have successfully designed a selective and sensitive 
method for detection of Hg2+ by using SGI and MSO. In the presence of 
Hg2+, the randomly coiled MSO folds into a hairpin-like structure by T- 
Hg2+-T mismatch, which interacts strongly with SGI, thereby generating 
a fluorescence turn-on signal. Under optimized conditions, the linear 
range of Hg2+ detection is 10–100 nM and the LOD is 0.68 nM. Addi-
tionally, the sensing system features both high sensitivity and 

Table 3 
Recovery results of Hg2+ detection in environmental water samples by using the 
developed biosensor and ICP-MS  

Sample Added 
(nM) 

ICP-MS This work 

Measured 
(nM) 

Recoveries 
(%) 

Measured 
(nM) 

Recoveries 
(%) 

Danjiangkou 
Reservoir 

10 9.78 
±0.26 

97.8±2.60 10.18 
±0.54 

101.8 
±5.36 

50 51.33 
±0.46 

102.7 
±0.92 

48.35 
±3.01 

96.7±6.02 

100 97.62 
±0.92 

97.6±0.92 94.70 
±5.35 

94.7±5.35 

Hetang Lake 10 9.57 
±0.02 

95.7±0.20 9.26 
±0.20 

92.6±1.99 

50 50.32 
±0.75 

100.6 
±1.50 

46.01 
±1.21 

92.0±2.42 

100 105.46 
±1.05 

105.5 
±1.05 

90.81 
±14.10 

90.8±14.1 

Groundwater 
at Tsinghua 
Campus 

10 10.21 
±0.12 

102.1 
±1.20 

8.93 
±0.52 

89.3±5.16 

50 48.20 
±0.48 

96.4±0.96 45.85 
±3.82 

91.7±7.65 

100 104.33 
±0.74 

104.3 
±0.74 

82.83 
±5.71 

82.8±5.71  
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selectivity. The recoveries of Hg2+ in environmental samples were in the 
range of 82.8% to 101.8%, making it possible for in-field and real-time 
detection. Owing to its low cost and convenient operation, our method 
establishes the groundwork for the development of a highly competitive 
portable water-pollution detector. 
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