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Abstract: We report herein a T-T mismatch-driven biosensor using triple functional 7 

DNA-protein conjugates for facile detection of mercury ions (Hg
2+

) based on 8 

evanescent wave fluorescence excitation. Fluorescein-labeled DNA strands and 9 

streptavidin molecules were conjugated using heterobifunctional crosslinkers， and the 10 

obtained conjugates were named as “Hg
2+

 dependent conjugates, HDCs”. Initially 11 

hybridized with quencher-labeled DNA (Q-DNA) strands, HDCs showed low 12 

evanescent wave-induced fluorescence emission signals; However, in the presence of 13 

Hg
2+

, the DNA moieties of HDCs tended to form hairpin structures stabilized by T-T 14 

mismatches, releasing Q-DNA strands, which was accompanied by increases in the 15 

fluorescent signals. The novel detection strategy enables the fluorescent detection of 16 

mercury ions with high specificity and a low detection limit of 1.06 nM in a facile 17 

way. 18 
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1 INTRODUCTION 21 

Mercury is a highly toxic metal that can cause adverse damage in brain, kidney, 22 

immune system and many other body parts from long exposure (Liu and Lu 2007). 23 

Sources of mercury emissions include both natural and anthropogenic activities. The 24 

annual global release of mercury into the environment was estimated to be 25 

5,000-8,000 metric tons (UNEP 2013). Based on the fact that the majority of these 26 

human releases of mercury have associated with coal-burning based industrial sites, 27 

and the most common state of toxic mercury is Hg
2+

 ion in aqueous solution, it is 28 

especially useful to develop highly sensitive and selective sensors for Hg
2+

 ions. 29 

Recently, DNA-based Hg
2+ 

biosensing techniques have become a hot topic in 30 

environmental and analytical science. Compared with antibody, the traditional 31 

immune recognition element, DNA is easier to produce, more stable and 32 

cost-effective. 33 

In 2004, Ono and Togashi first reported that mercury ions can bind in between two 34 

T-bases, promoting T-T mismatch (Ono and Togashi 2004) (Sebera et al. 2013; 35 

Torigoe et al. 2010, Uchiyama et al. 2012). They applied this discovery to design a 36 

fluorescent Hg
2+

 sensor. In their design, a dual-labeled T-rich DNA strand would fold 37 

into a hairpin structure in the presence of Hg
2+

 ions, leading to a decrease in 38 

fluorescence intensity. Being smartly designed, their sensor reached a detection limit 39 

of 40 nM, but was still some distance away from the toxic level regulated by EPA, i.e. 40 

10 nM Hg
2+

 ions in drinking water. To further improve the sensitivity of this 41 



mismatch-driven mercury sensing strategy, intensive studies applying auxiliary 42 

materials were developed, using photo-induced electron transfer (Zhang et al. 2015), 43 

graphene oxide (Qiu et al. 2015), molecular beacons (Hui Boon et al. 2014; Xu et al. 44 

2011), Sybr Green I (Wang and Liu 2008), and long lifetime fluorescence quantum 45 

dots with gold nanoparticles (Huang et al. 2013). Though more sensitive and selective, 46 

most of these reported sensors are limited to homogeneous detections, which, to a 47 

certain extent, are still controversial to be called as true biosensors due to lack of solid 48 

phases (Wang and Wolfbeis 2013). With less conceptual dispute, surface-based 49 

biosensors have been highlighted in practical uses because they are able to work as 50 

independent portable devices for pollutants detection when compared with traditional 51 

large-scale instrument like fluorescence spectrometer and HPLC, etc. (Ligler 2009). 52 

Besides, integrated surface-based biosensors usually contain regenerable sensing 53 

regions, which are beneficial to achieve cheap, automatic, on-line and facile detection. 54 

Within such biosensors, functional DNAs have also become powerful tools in 55 

detecting small molecules and metal ions in water (Lan and Lu 2012; Liu et al. 2015; 56 

Roh et al. 2011; Toh et al. 2015; Torabi and Lu 2014). 57 

When designing a surface-based biosensor, it is important to keep a subtle balance 58 

between its increasing regenerable ability and the decreasing activities of interfacial 59 

materials. To meet this challenge, we reported the use of DNA-protein conjugates as 60 

triple functional signal probes in both aptamer- and DNAzyme-based detections using 61 

an optical-fiber based evanescent wave biosensor (Wang et al. 2015a; Wang et al. 62 



2015b). As the name suggests, the synthesized DNA-protein conjugates undertake 63 

three roles, acting simultaneously as signal conversion, recognition and report 64 

elements, and exhibit advantages of both protein and DNA moiety. Specifically, the 65 

conjugates consisted of a streptavidin (SA ) moiety and functional DNA strands, and 66 

were hybridized to DNA modified magnetic beads (MBs). Upon the addition of targets, 67 

conjugates were released from MBs due to structure-switching processes or the 68 

existence of other competitive DNAs, and were further captured by a 69 

desthiobiotin-modified optical-fiber. By replacing direct DNA-target separation with 70 

the gentler SA-desthiobiotin separation, the sensing fiber could be reused for more 71 

than 250 times. Although with reasonable designs, MBs can be powerful tools in a 72 

large number of biosensing applications (Palecek and Fojta 2007; Tekin and Gijs 73 

2013), in our previous work, the whole work depended on chemical modifications of 74 

MBs with amino-DNAs, which may lead to sensing deviations due to batch-to-batch 75 

variations, and may suffer from nonspecific adsorption at different levels if not well 76 

handled (Fuentes et al. 2006; Lermo et al. 2007; Lund et al. 1988). Also, the earlier 77 

reported detection relied on two structure-switching processes, which were 78 

complicated and time-consuming when compared with those one-step detection 79 

strategies. More importantly, the introduction of MBs into the biosensing strategy 80 

would hinder the on-line use of the evanescent wave biosensor system, thus largely 81 

limiting its application to long-term and unattended fields. 82 



These drawbacks motivate us to find an alternative method with comparable sensing 83 

performances but without the introduction of MBs. In the original systems, MBs were 84 

used to separate released and unreleased conjugates, i.e., only released conjugates 85 

could trigger evanescent wave induced emission (EWIE) signals, the interrupting 86 

background signals were naturally suppressed due to magnetic separation. To remove 87 

MBs, a solution must be provided to keep background relatively low. Considering that 88 

the nature of our EWIE signals belongs to fluorescence, we assume that the use of 89 

quenchers will be a suitable choice. Herein, we intend to use fluorescein-labeled 90 

T-rich DNA strands and quencher-labeled complementary DNA strands to explore a 91 

more concise way for Hg
2+

 ions detection with SA-DNA conjugates (we name them 92 

“Hg
2+

-dependent conjugates”, HDCs, in the following context). In addition to having 93 

specific binding sites for Hg
2+

, we choose HDCs as sensing elements for the following 94 

reasons: First, conjugating DNA strands to protein molecules like SA is a 95 

well-developed technique. Unlike other linking strategies (Au-SH, click chemistry, 96 

etc.), no specific nanomaterial or metal catalyst is needed for such conjugations 97 

(Niemeyer 2010). Second, one SA molecule may attract more than one DNA strands, 98 

leading to amplified signals. Finally, the SA-dethiobiotin recognition kinetics are fast 99 

and reversible (Hirsch et al. 2002; Tominaga et al. 2008). To sum up, the major 100 

concern of this work is to develop a simplified T-T mismatch-driven surface-based 101 

Hg
2+

 sensing system using DNA-protein conjugates as signal probes. The generated 102 

evanescent wave fluorescence excitation signals were collected on an optical fiber 103 



based platform. Detection performances including detection limits, selectivity, 104 

reusability and applications in real water samples were fully evaluated. 105 

2 EXPERIMENTAL SECTION 106 

2.1 Materials 107 

See supplementary information for chemicals, DNA sequences, buffers and the 108 

schematic diagram of the optical fiber based EWIE biosensing platform used in this 109 

work (Page S2-S4). The preparations of the desthiobiotin-modified optical-fiber and 110 

the HDCs are also listed in the supplementary information (Page S4-S6). 111 

2.2 Sensing mechanism 112 

Fig. 1a depicts the design of this T-T mismatch-driven mercury sensor using HDCs. A 113 

HDC consists of a streptavidin moiety and several fluorescein-labeled DNA strands 114 

(strands A) that are designed to hybridize with excess strands B (quencher-labeled, 115 

Q-DNA), ensuring low background signals in the absence of Hg
2+

. Strand A contains 116 

five self-complementary base pairs (bps) separated by seven T–T mismatches (in blue). 117 

In the presence of Hg
2+

, strand A is bound to form a hairpin structure stabilized by the 118 

T–T mismatch, releasing Q-DNA strands, which is accompanied by an increase in the 119 

fluorescent intensity. This will be reflected by a signal increase when detected in the 120 

EWIE platform (Fig.1b). Normally the more Hg
2+ 

ions exist, the higher signal will 121 

appear, exhibiting a typical "turn-on" sensing mode. 122 



Since the reported T-rich DNA strands exhibit high mercury-binding affinities and 123 

structure-switching activities in the presence of competitive strands (Wang et al. 2008), 124 

we hypothesized that when conjugated with SA, they may maintain sensing properties 125 

because of structural flexibility. To test this hypothesis, the EWIE platform was 126 

utilized to reveal the hybridization-induced quenching and the mismatch-stabilized 127 

structure switching (Fig. 2). Before tests, HDCs were synthesized based on earlier 128 

reported strategies (Wang et al. 2015b; Xiang and Lu 2012), and a 129 

desthiobiotin-modified tapered optical-fiber was set inside the flow cell of the EWIE 130 

sensing platform. 2 μL of HDC standard solution and 2 μL of 100 μM Q-DNA were 131 

added to 450 μL of MOPS buffer (10 mM MOPS, 0.75 M NaNO3, pH 7.5), then the 132 

obtained mixture were rotated for hybridization at room temperature. 1 h later, small 133 

volume of concentrated Hg
2+

 solution was added to the mixture, making its final 134 

mercury concentration at 500 nM, then the obtained mixture was rotated for another 1 135 

h at room temperature. The EWIE signal traces recorded automatically before and 136 

after the Q-DNA/Hg
2+

 addition are shown in Fig 2a. As expected, the fluorescent 137 

intensity significantly decreased after the addition of Q-DNA. Quantitatively, about 138 

9.5X increase of the integrated peak area was observed after Hg
2+

 addition (Fig. 2b). 139 

In contrast, no such increase was observed without adding mercury ions. Such results 140 

suggested that the used DNA strands exhibited mismatch activity had ability to bind 141 

Hg
2+

. This allowed us to further utilize HDC to construct a facile mercury biosensor. 142 



3 RESULTS AND DISCUSSION 143 

3.1  Detection 144 

After a series of optimization procedures (supplementary information, Page S7), 2 μL 145 

of HDC standard solution and 2 μL of 100 μM Q-DNA were added to 450 μL MOPS 146 

buffer and the obtained mixture were kept at room temperature for 1 h for 147 

hybridization. After that, a small volume of concentrated Hg
2+

 solution was added. 148 

After vortexing, the mixture was rotated at room temperature for 0.5 h. Then the 149 

sensor solution prepared above was transferred to the fiber-based evanescent wave 150 

platform to continue the EWIE measurement. Fig. S1b shows a typical EWIE signal 151 

recorded by the inset computer software. After the sensor solutions were treated with 152 

Hg
2+

 of various concentrations, net peak areas of the EWIE signals were calculated. 153 

As shown in Fig.3, higher concentrations of Hg
2+

 resulted in larger peak areas. To 154 

quantify targets, net peak area values were related to targets’ concentrations, resulting 155 

in a logistic-fitted calibration curve. Based on the 3αblank/slope rule, the limit of 156 

detection (LOD) toward Hg
2+ 

is 1.06 nM, which is lower than US EPA defined 157 

mercury toxicity level in drinking water (10 nM). A linear relationship 158 

(y=2160.94x-3866.07, R=0.996) between the net peak areas and mercury 159 

concentrations is observed in the range of 75-1000 nM (Fig. 3a, inset). Theoretically, 160 

the detection can also be conducted using a regular fluorescence spectrometer instead 161 

of the EWIE platform, of which the detection limit is 20 nM, nearly 20-fold higher 162 

than the LOD obtained using the EWIE platform (Fig. S6). The comparison between 163 



two obtained LODs proves the superiority of the current established EWIE biosensor, 164 

i.e. the exponential decay of evanescent field strength confines excited signals to a 165 

narrow distance from the fiber’s surface (usually one half of the excitation 166 

wavelength), which shields possible background interferences from other components 167 

in bulk phase and increases the sensitivity (Golden et al. 1992; Taitt et al. 2005; Zhou 168 

et al. 2014). 169 

Besides, the selectivity and sensitivity of Hg
2+

 detection between the biosensor with 170 

and without MBs have been compared, please see section 8 of the supplementary 171 

information (Page S9-S11). The LOD obtained using MBs based method is 2.1 nM, 172 

about 2-fold higher than that of this MBs-free EWIE based strategy (1.06 nM). The 173 

latter also exhibited a slightly broader linear range. Taking the preparation work into 174 

consideration, the modification of MBs was time-consuming, requiring a five-hour 175 

room-temperature coupling and an overnight incubation at low temperature. 176 

3.2 Selectivity 177 

To determine the selectivity of the sensor, 500 nM of mercury ions and its competitive 178 

metal ions were individually added to the test sample. After the identical standard 179 

detection progress (as described in section 3.1), the EWIE signals were monitored and 180 

analyzed. As shown in Fig. 3b, among the tested ions, only Hg
2+ 

resulted in significant 181 

signal increase, suggesting excellent selectivity of the proposed mercury biosensor. 182 

This selectivity is comparable with other fluorescence-based method using Ag/SiO2 183 



nanoparticles (Pang et al. 2015) and small organic molecules (Huo et al. 2010; Zhang 184 

et al. 2014). 185 

3.3 Determination of Hg
2+

 in real water samples 186 

To verify the applicability of this method, we further tested this T-T mismatch-driven 187 

mercury biosensor with bottled water from the local supermarket (C’estbon purified 188 

drinking water, 350 mL), tap water from our laboratory and pond water collected in 189 

Tsinghua University campus. First, mercury-spiked water samples were preliminary 190 

purified with 0.22 μm syringe-driven filters, then they were mixed with 10X MOPS 191 

buffer (v/v =9/1). For each test, 2 μL of HDC standard solution and 2 μL of 100 μM 192 

Q-DNA were added to 450 μL prepared water sample, the obtained mixtures were 193 

rotated for 0.5 h at room temperature. Then the mixtures were injected successively 194 

into the flow cell of the optical fiber-based evanescent wave biosensor for EWIE 195 

detection. As shown in Table 1, Hg
2+ 

concentrations calculated from the working 196 

curve are close to the original spiked values in three water samples with satisfactory 197 

recovery rates ranged from 85% to 95%, indicating that the established biosensor is 198 

able to detect mercury in real water samples with a simple pre-treatment. 199 

3.4 Regeneration 200 

Compared with disposable sensing probes, reusable biosensors need fewer preparation 201 

steps and shorter operating time. Large quantities of samples could be continuously 202 

detected, which paves the way toward automatic on-line monitoring of pollutants.  203 



In the light of easily reversible binding between desthiobiotin and streptavidin, the 204 

sensing surface of the desthiobiotin-modified fiber could be regenerated using acid 205 

washing buffer. We took one standard EWIE test about every 50 times to test the 206 

regeneration ability of this sensing surface, and four representative signal traces were 207 

shown in Fig. 3(c). During the whole test procedure, the fiber was reused for at least 208 

200 times, and the signal recoveries ranged from 94.3 % to 99.0 %. This result 209 

suggests that this proposed biosensor is applicable for Hg
2+

 detection with enough 210 

accuracy and reusability. 211 

4 CONCLUSIONS 212 

In conclusion, we have developed a facile method for sensitive detection of Hg
2+

 using 213 

triple functional DNA-SA conjugates as sensing elements. Under optimized conditions, 214 

the addition of Hg
2+

 promotes fluorescein-labeled DNA strands folding into hairpin 215 

structures, thus turning on the fluorescent signal by separating the fluorescein and its 216 

quencher. This gives rise to the amount of fluorescent molecules, reflected by an 217 

increase in EWIE signals. Through this approach, Hg
2+

 can be detected at the LOD of 218 

1.06 nM with high selectivity and good applicability in real water samples. No other 219 

accessory materials were introduced to the system, this T-T mismatch-driven Hg
2+ 

220 

biosensor is facile and effective with high regeneration cycles. 221 
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 326 

Fig. 1 (a) Scheme of the T-T mismatch-driven biosensor using triple functional DNA-protein 327 

conjugates for Hg
2+

detection. (b) Schematic diagram of the sensing surface. Briefly, the surface of 328 

the optical fiber (in blue) is functionalized with receptor molecules (yellow triangles), to which the 329 

fluorescein-labeled DNA-SA conjugates could be captured via affinity reactions, thus exposing the 330 

fluorophores in the evanescent field (in light blue). See support information for details about the 331 

optical fiber based evanescent wave induced emission (EWIE) biosensing platform. 332 

 333 

 334 

Fig. 2 (a) Original EWIE signal traces. (b) EWIE signal peak areas of the sensor in the absence of 335 

and after the addition of 500 nM Hg
2+

 for 60 min. 336 

 337 

 338 

Fig. 3 (a) Variations of net peak areas with different Hg
2+

 concentration and logarithmic fitted 339 

calibration plots (Net peak area equals to integrated peak area minus relative background area). Inset: 340 

the linear range (75 nM-1000 nM). (b) Selective detection of Hg
2+

 against other five competitive 341 

metal ions. Each data is the average of at least three independent experimental results. (c) 342 

Regeneration signal traces of the sensing surface. Recoveries was labeled in red. 343 

 344 

 345 
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 348 

Table 1 Determination of Hg
2+

 in three different water samples (n=3)  349 

Sample 

Hg
2+

 (nM) 

Recovery (%)
 c
 

Spiked 
Detected 

Mean
a
 ± SD

b
 

Bottled water 

0 

100 

150 

＜1 

94.53 ± 2.16 

142.62 ± 4.85 

- 

95 

95 

Tap water 

0 

100 

150 

＜1 

89.92 ± 2.80 

127.03 ± 2.11 

- 

90 

85 

Pond water 

0 

150 

200 

＜1 

140.14 ± 1.44 

176.66 ± 1.18 

- 

93 

88 

a
 Mean value of three individual determinations 350 

b
 Standard deviation 351 

c
 Note that all the calculated recoveries were below 100%, the probable reason might be the 352 

existence of chloride ions (Cl
-
) in tap water and pond water from chlorination. Since Ksp (Hg2Cl2) = 353 

1.10 10
−18

, the calculated results might be lower than spiked values. 354 
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 356 

Highlights 357 

1. An evanescent wave-induced emission sensing system was applied to Hg
2+

 358 

detection using synthesized DNA-protein conjugates as triple functional probes. 359 

2. One facile structure-switching process driven by T-T mismatch separated 360 

quencher-labeled DNA from the fluorescent conjugates. 361 

3. Advantages featured by T–Hg
2+

–T mismatch enable the system attractive. 362 

4. A low detection limit of 1.06 nM for Hg
2+

 and applications in detecting real water 363 

samples with high recoveries were reported. 364 

5. Fiber probe surface can be reused for over 200 times. 365 




