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Abstract 

  

Herein, we report an optical sensing platform for mercury ions (Hg
2+

) in water based on the integration of Hg
2+

-

mediated thymine-thymine (T-T) stabilization, a biotinylated stem-loop DNA probe, and a streptavidin-modified 

retroreflective Janus particle (SA-RJP). Two oligonucleotide probes, including a stem-loop DNA probe and an 

assistant DNA probe, were utilized. In the absence of Hg
2+

, the assistant DNA probe does not hybridize with the 

stem-loop probe due to their T-T mismatch, so the surface-immobilized stem-loop DNA probe remains a closed 

hairpin structure. In the presence of Hg
2+

, the DNA forms a double-stranded structure with the loop region via 

Hg
2+

-mediated T-T stabilization. This DNA hybridization induces stretching of the stem-loop DNA probe, 

exposing biotin. To translate these Hg
2+

-mediated structural changes in DNA probe into measurable signal, SA-

RJP, an optical signaling label, is applied to recognize the exposed biotin. The number of biospecifically bound 

SA-RJPs is proportional to the concentration of Hg
2+

, so that the concentration of Hg
2+

 can be quantitatively 

analyzed by counting the number of RJPs. Using the system, a highly selective and sensitive measurement of 

Hg
2+

 was accomplished with a limit of detection of 0.027 nM. Considering the simplified optical 

instrumentation required for retroreflection-based RJP counting, RJP-assisted Hg
2+

 measurement can be 

accomplished in a much easier and inexpensive manner. Moreover, the detection of Hg
2+

 in real drinking water 

samples including tap and commercial bottled water was successfully carried out. 

 

 

Keywords: Mercury ion sensing, Retroreflective Janus particles, Optical biosensor, Hg
2+

-mediated thymine- 

thymine base pairing, Stem-loop DNA probe. 

  

  



1. Introduction 

 

 The development of industry has created various types of environmental pollution factors. A particularly 

dangerous type of pollutant, heavy metals, can enter the body through respiration or cultivated crops, and cause 

many problems. In particular, long-term exposure to mercury can lead to conditions such as kidney failure and 

brain damage (Liu and Lu, 2007; Zhang et al., 2013). Water-soluble mercury ions (Hg
2+

) are particularly capable 

of penetration into the body because they are the most stable form of mercury, and are widely distributed in soil, 

water, and the atmosphere (Miller et al., 1996). Therefore, it is very important to measure and analyze the Hg
2+

 

present in an environment such as soil and water quickly, sensitively, and selectively. To date, many analytical 

techniques have been reported for the detection of Hg
2+

, such as inductively coupled plasma mass spectrometry 

(ICP-MS) (Fong et al., 2007; Malinovsky et al., 2008), atomic absorption spectroscopy (AAS) (Bloom and 

Fitzgerald, 1988; Ferrua et al., 2007), and atomic fluorescence spectroscopy (AFS) (Li et al., 2009). Although 

these analytical techniques provide sensitive and precise measurements, they require expensive and 

sophisticated equipment with complicated sample preparation processes, making them unsuitable for simple use. 

To solve these problems, Hg
2+

 measurement methodologies using small organic molecules (Yang et al., 2005; 

Ros-Lis et al., 2005), functionalized polymer materials (Kim and Bunz, 2006), proteins (Wegner et al., 2007), 

and porphyrin compounds (Yang et al., 2009) have been studied. However, these sensing approaches also have 

limitations, such as low water solubility (Rurack et al., 2000), cross-sensitivity to other metal ions, and difficulty 

in the synthesis of probe materials. Therefore, there is an increasing need for the development of an efficient 

Hg
2+

 sensing system that is rapid, sensitive, selective, and simple to operate. 

 Recently, many Hg
2+

 measurement techniques using deoxyribonucleic acid (DNA) have been announced, in 

part because DNA is easy and inexpensive to produce, so it is a promising analytical reagent for the detection of 

Hg
2+

. These properties were confirmed in 2004 by Ono and Togashi who measured Hg
2+

 concentration using 

DNA probes (Ono and Togashi, 2004). They first reported the property of Hg
2+

 that allows it to specifically bind 

two DNA thymine bases to form a stable thymine-Hg
2+

-thymine (T-Hg
2+

-T) pair. A thymine base, in general, 

forms DNA double helix structure by forming two hydrogen bonds with an adenine base, not with a thymine. 

However, when Hg
2+

 is present, a thymine base can pair with another thymine base through the mediation of 

Hg
2+

. This Hg
2+

-mediated base pair was found more stable than adenine-thymine pair (Li et al., 2006; Xiong et 

al., 2015; Wang et al., 2011). Ono and Togashi applied this property to fabricate a fluorescent Hg
2+

 detection 

sensor. In their sensor, a specifically designed single-stranded T-rich DNA, which is labeled with a fluorophore 



and a quencher, would fold into a hairpin structure in the presence of Hg
2+

, causing a reduction in fluorescence 

intensity by the fluorescence resonance energy transfer (FRET). Their sensor has a limit of detection (LOD) of 

40 nM, higher than the upper limit for Hg
2+

 concentration in drinking water (10 nM) as prescribed by the United 

States Environmental Protection Agency (US-EPA) (US-EPA, 2001). However, when the single-stranded 

thymine-rich DNA was used for the detection of Hg
2+

, it is considered to be a signal-off type sensor in which the 

signal decreases as the concentration of Hg
2+

 increases by FRET (Wang et al., 2011; Wang et al., 2015; He et al., 

2012). This signal-off type sensor has a disadvantage in that the signal change cannot exceed 100% because it is 

observing a gradually decreasing amount of optical intensity from the maximum signal intensity (Yu and Lai, 

2012; Xiong et al., 2015). 

 To overcome this limitation, a signal-on type optical-based Hg
2+

 sensor using a stem-loop DNA probe has been 

studied. A stem-loop DNA probe was labeled with a fluorophore and a quencher (Teh et al., 2014; Xu et al., 

2011; Hou et al., 2012; Li et al., 2016). In the absence of Hg
2+

, this DNA probe is present as a hairpin structure 

due to a stem region that has a complementary sequence. As the fluorophore and the quencher are located close 

to each other, the fluorescence signal is not observed. Conversely, when Hg
2+

 and the loop region 

complementary assistant DNA is present, the DNA probe of the hairpin structure is unfolded by the T-T 

mismatch, allowing the appearance of the fluorescence signal. The intensity of fluorescence increases in 

proportion to the concentration of Hg
2+

, and the signal change can exceed 100%. These approaches using the 

fluorescent material as an optical probe employ wavelength-selective sophisticated optics equipment, and this is 

not suitable for the portable device because of the high cost, high power consumption, and complex equipment 

requirement. Therefore, the development of a sensor that does not require complicated equipment for the 

detection of Hg
2+

 is required. 

 In this study, we have introduced the retroreflection principle to develop a Hg
2+

 sensor that does not require 

complicated instrumentation. Retroreflection is a phenomenon in which light reflected by a particular object 

returns to the light source. Because retroreflection is generated to various light sources including visible light 

and non-monochromatic light, the equipment for irradiating a specific light source (wavelength) is not required 

(Stoudt et al., 1978; Schultz et al., 2012). A number of studies have been reported on the application of 

retroreflection principle for biosensor development including retroreflector cube (Garvey et al., 2014), photo-

lithographically fabricated linear microreflector (Raja et al., 2016) and retroreflective Janus microparticle (Han 

et al., 2016). To integrate the retroreflection principle into a Hg
2+

 sensing platform, we used retroreflective Janus 

microparticles (RJPs) as an optical signaling probe. It has been reported that retroreflection from RJPs is easily 



induced by a common white light-emitting diode (LED) (Han et al., 2016). Since the RJPs can be observed 

using simple optical equipment such as a low magnification complementary metal oxide semiconductor (CMOS) 

camera, it is suitable for use as an optical signaling probe in portable equipment. To apply RJPs containing these 

features to the Hg
2+

 sensor, a T-Hg
2+

-T base pairing-based sensing strategy using a stem-loop DNA probe was 

employed (Fig. 1). 

 

 

<Figure 1> 

 

 

 The stem-loop DNA probe was labeled with an amine and a biotin at the 3′- and 5′-termini, respectively. When 

Hg
2+ 

is not present, the stem-loop DNA probe was present as a hairpin structure. However, in the presence of 

Hg
2+

 and the assistant DNA probe, the stem-loop DNA was stretched by a T-T mismatch, exposing the biotin. 

When the streptavidin-conjugated RJPs (SA-RJPs) were added, SA-RJPs bound to the exposed biotin of the 

DNA probe, and reacted-SA-RJPs were observed using a simple optical apparatus. At this time, the number of 

SA-RJPs that reacted with the exposed biotin was proportional to the applied Hg
2+

 concentration. Therefore, 

Hg
2+

 could be quantitatively analyzed as a signal-on type sensor by counting the number of observed SA-RJPs. 

Using the developed Hg
2+

 sensing system, it was possible to sensitively and selectively measure the Hg
2+

 

present in real samples, such as tap water and bottled water, as well as in the buffer. The details of the sensing 

system and its detection performance, including the limit of detection, sensitivity, and selectivity, are described 

below. 

 

 

2. Experimental procedures 

 

2.1 Materials and instruments 

 

A biotinylated stem-loop DNA probe (5′-NH2-(CH2)6-GTGAGC AAAGA GACCT ACCAT ACGGG CCATT 

TGTCT GCTCAC-(CH2)2-Biotin-3′) and an assistant DNA probe (3′-TTTCT CTGGT TGGTT TGCCC GGTTA 

ACTGA-5′) were synthesized and obtained from Bioneer (Daejeon, Korea). The retroreflective Janus particle-



quantifying chips (RQC) were acquired from AMED (Seoul, Korea). Streptavidin, biotinylated fluorescent 

beads (0.04 µm, 505/515 nm), and 3,3′-Dithiobis(sulfosuccinimidyl propionate) (DTSSP) was obtained from 

Thermo Scientific (Waltham, MA, USA). Mercury (II) chloride, ethanolamine (EA), tris(hydroxymethyl)amino-

methane, sodium dodecyl sulfate (SDS), sucrose, arginine, tween-20 (Tw-20), triton X-100 (Tx-100), 

polyethylene glycol (PEG), and poly(vinyl alcohol) (PVA) were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Bovine serum albumin (BSA) was obtained from BioWorld (Dublin, Ohio, USA). Sodium chloride 

(NaCl) was obtained from Duchefa Biochemie (Haarlem, Netherlands). The storage buffer was obtained from 

Ademtech (Pessac, France). VZM™ 450i Zoom Imaging Lens and CMOS Color USB Camera (5 megapixels) 

were purchased from Edmund Optics (Barrington, NJ, USA). For the reaction solutions, reaction buffer (RBS; 

10 mM Tris-HCl and 200 mM NaCl, pH 8.0), Washing buffer I (WBS I; 10 mM Tris-HCl, 200 mM NaCl and 

0.1% SDS, pH 8.0), Washing buffer II (WBS II; 20 mM Tris-HCl, 1% BSA, 1% sucrose, 50 mM NaCl, 50 mM 

arginine, 0.2% Tw-20, 0.2 % Tx-100, 0.2% PEG, and 0.5% PVA, pH 7.4), and double distilled and deionized 

water (DDW).  

 

2.2 Preparation of Streptavidin-RJP and sensing surface 

 

To measure the concentration of Hg
2+

 using the retroreflection-based optical sensing approach, the optical 

signaling probe RJPs were fabricated according to the synthesis method reported in the previous study (Han et 

al., 2016). Briefly, to fabricate RJPs, the hemispherical surface of the silica microparticles (1.2 µm in diameter) 

was sequentially coated in aluminum (Al; 40 nm) and gold (Au; 20 nm) via the e-beam physical vapor 

deposition method. Then, the gold-coated hemispherical surface of fabricated RJPs was decorated with amine-

reactive self-assembled monolayer by pouring DTSSP (5 mM) onto the RJP-deposited substrate for 3 h. After 

washing with DDW, 100 µg/mL streptavidin (in PBS, pH 7.2) was applied to the DTSSP-modified RJPs. 

During this process, streptavidin was covalently bound to the DTSSP-modified gold region of RJPs via amide 

bond formation between the amine groups of streptavidin and the sulfosuccinimidyl ester (sulfo-NHS) moieties 

of DTSSP. After washing with PBS, the unreacted sulfo-NHS groups were blocked by incubating for 30 min 

with 20 mM EA. A 1% BSA solution was used to block nonspecific binding to the silica region of the RJPs. 

Finally, the SA-RJPs deposited on the glass substrate were collected by ultra-sonication and centrifugation. The 

collected SA-RJPs were stored in the Ademtech storage buffer at 4°C until further use (Fig. 2(A)). As a negative 



control, surface-blocked RJPs were prepared by treating with EA and BSA instead of streptavidin to DTSSP-

modified RJPs. The prepared negative control RJPs were also stored in a storage buffer at 4°C.  

 

 

<Figure 2> 

 

 

To construct a Hg
2+

 sensing surface using DNA, the RQC was fabricated and used as a sensing surface. The 

RQC consists of 16 gold-patterned sensing zones (340 x 340 µm
2
 in dimension), made using conventional 

photolithography techniques, and the thin films of chromium (30 nm) and gold (150 nm) were sequentially 

coated on the glass using a sputter system. First, the surface of the prepared RQC was cleaned by piranha 

solution for 5 minutes. After cleaning with DDW, 5 mM DTSSP was reacted on the gold region of RQC for 3 h. 

After washing with DDW, 10 µM stem-loop DNA probe in RBS was applied and incubated for 1 h at 40°C. At 

this time, to prevent self-hybridization in the DNA probe and hybridization between the DNA probes, this 

reaction was carried out at a 40°C. This temperature is higher than the Tm value (intra: 28, inter: 38), so that the 

separated DNAs could individually react with the DTSSP-modified sensing surface. Next, the sensing surface 

was rinsed with WBS I to remove the DNA not reacted with DTSSP. Finally, the basic preparation of Hg
2+

 

sensing surface construction was completed by reacting 20 mM EA in RBS for 0.5 h to block the unreacted 

sulfo-NHS residues of DTSSP (Fig. 2(B)).  

 

2.3 Measurement process of mercury ion concentration 

 

To measure the concentration of Hg
2+

, mixed solutions containing an assistant DNA and various concentration 

of Hg
2+

 were applied to the DNA probe-modified RQC and reacted for 0.5 h at 40°C. After 0.5 h, the RQC was 

stored for 0.5 h at 4°C so that DNA probes that did not react with assistant DNA could resume the hairpin 

conformation. After the RQC was washed with WBS I, 1% BSA was injected for 1 h to prevent nonspecific 

binding between the surface of RQC and RJPs. Next, SA-RJPs were loaded at a concentration of 0.5 mg/mL and 

reacted for 15 minutes. The RQC was washed with WBS II to remove SA-RJPs that did not bind to biotin or 

reacted with the sensing surface of RQC nonspecifically. To registered and count the RJP, which is combined 

with the biotin by T-T mismatch, an optical system using a white LED and CMOS camera were used as a light 



source and image registering device, respectively. The result images obtained from the optical system were 

analyzed using the NIH ImageJ software. 

 

2.4 Selectivity test and verification of practical possibility using real samples 

 

To demonstrate that the developed sensor selectively reacts with Hg
2+

, other metal ions were used as target 

analytes instead of Hg
2+

. Seven metal ions (Pb
2+

, Fe
2+

, Ca
2+

, Ni
2+

, Mn
2+

, Cu
2+

 and Zn
2+

) were used in this 

experiment, each at a final concentration of 1 µM. Mixed solution I, which contains all metal ions except Hg
2+

, 

and mixed solution II, which includes all metal ions including Hg
2+

, were used to demonstrate selectivity. The 

experimental procedure was performed by the same method as Hg
2+

 detection, and the number of RJPs was 

counted by analyzing the obtained data using the ImageJ program.  

To verify that the developed Hg
2+ 

measurement system works on real samples as well, bottled water and tap 

water spiked with various concentrations of Hg
2+

 were tested. The Hg
2+ 

spiked real samples were diluted 100 

times with RBS, and then applied to the developed Hg
2+

 measurement system. The experimental procedure was 

the same as described above, and the RJP was also counted in the same method. 

 

 

3. Results and discussion 

 

3.1 Signaling principle of mercury ion detection using Hg
2+

-mediated T-T base pairing and retroreflection 

 

 Mercury causes serious maladies in humans, including brain and kidney damage. To accurately measure 

mercury, a detection strategy was employed that incorporated retroreflection and the stem-loop structure-based 

T-T mismatch. In general, the DNA base thymine pairs with the base adenine, due to their double hydrogen bond. 

However, mercury can intercalate between the thymine-thymine base pair, forming the T-Hg
2+

-T structure (Ono 

and Togashi, 2004; Wang et al., 2011). Based on this property, two DNA molecules were designed to alter the 

stem-loop structure to facilitate the binding of Hg
2+

. First, the stem-loop DNA probe containing an amine and a 

biotin at the 3′- and the 5′-termini was prepared, and the complementary DNA template against the loop region 

of stem-loop DNA probe (assistant DNA) was synthesized. 

 - Stem-loop type DNA probe: 5′-GTGAGC AAAGA GACCT ACCAT ACGGG CCATT TGTCT GCTCAC-3′ 



 - Assistant DNA:                    3′-TTTCT CTGGT TGGTT TGCCC GGTTA ACTGA-5′ 

 

At this time, the four adenine bases of the assistant DNA probe were replaced with thymine bases (the 

underlined bases on assistant DNA). Therefore, the stem-loop DNA probe was steadily maintained as a hairpin 

structure in the absence of Hg
2+

 because the two DNA templates do not hybridize due to the mismatched 

thymine bases. However, in the presence of Hg
2+

, the two DNA templates could hybridize due to the formation 

of the Hg
2+

 complex, and thus the stem-loop structure was transformed to the linear double helix, exposing 

biotin. To recognize the structural change of the template, streptavidin-conjugated RJPs (SA-RJPs) were 

employed as signaling probes. Since the RJP could retroreflect the incident light in the whole spectrum, many 

possible light sources could be used, and complicated spectroscopic optical analysis systems such as 

fluorometers and spectrometers could be effectively diminished. Therefore, because of the minimal 

requirements, a general white LED was employed. In the observation of RJP through the common CMOS 

camera, the particles were measured in the form of a dot, and the number of particles was proportional to the 

concentration of mercury. By counting the number of particles by using the ImageJ software, quantitative 

analysis was possible. 

 

3.2 Confirmation of functionalization of RJP surface and sensing surface 

 

 In the developed Hg
2+

 sensing system, the concentration of Hg
2+

 was measured by counting the number of 

RJPs that can interact with the exposed biotin. For the recognition of biotin using RJPs, RJPs were conjugated 

with streptavidin using the methodology described in section 2.2. As the negative control, RJPs modified with 

bovine serum albumin (BSA) instead of streptavidin were prepared by the same manner as the preparation of 

SA-RJPs. To confirm streptavidin modification on the RJP surface, a fluorescence microscopic study was 

performed using biotinylated fluorescent beads as a signal reporter. Solutions containing 25 µg/mL biotinylated 

fluorescent bead were injected into 0.5 mg/mL RJP samples, including SA-RJPs and BSA-modified RJPs 

(control-RJPs). After reacting for 1 h, reacted particles were obtained by using centrifugation and washed with 

PBST (50 mM PBS, 0.01% Tw-20, pH 7.4) to remove the RJPs that did not react with fluorescent beads. The 

resulting images were obtained using a fluorescence microscope, and the results are shown in Fig. 3.  

 

 



<Figure 3> 

 

 

In the case of control-RJPs (Fig. 3(A)), the fluorescence signal was not observed. These results show that the 

surface of the control-RJPs was completely blocked by BSA, so that the fluorescent bead could not bind to 

control-RJPs. Furthermore, since the fluorescence signal was not observed at all, it can be seen that the 

fluorescent bead did not bind to the control-RJPs even by nonspecific adsorption. Conversely, for the SA-RJPs 

(Fig. 3(B)), fluorescence signals were observed in most of the particles. These results suggest that the 

biotinylated fluorescent bead was well coupled with the SA-RJPs, indicating that the streptavidin 

functionalization of RJPs was accomplished. 

Next, the construction of recognition layer on RQC was confirmed. The rectangular gold patterns on RQC, 

where the stem-loop DNA probe was functionalized, was modified using the steps explained in section 2.2. As a 

negative control, BSA-modified RQC surface was also prepared and tested. A DNA sample that has perfectly 

complementary sequence against the loop region of the stem-loop DNA probe was treated in the surface-

modified RQC. Then, the neutravidin labeled fluorescent bead was applied. These fluorescent beads could react 

only with the stem-loop DNA probe-immobilized RQC, because the added complementary DNA stretched stem-

loop DNA probes to allow the binding between fluorescent bead and exposed biotin. Therefore, fluorescence 

signal could be traced to demonstrate whether stem-loop DNA probes have been successfully immobilized. As 

shown in Fig. S1(supporting information), distinct fluorescence signal was observed from the stem-loop DNA-

modified RQC, while no fluorescence signal was detected from the BSA-modified RQC. This indicates that the 

stem-loop DNA has been successfully modified on the RQC, confirming the construction of recognition layer. 

Combining these result, we concluded that the prepared RJPs and RQC could be employed as an optical 

signaling probe and a sensing surface for Hg
2+

 detection. 

  

3.3 Calibration study using developed mercury ion detection platform 

 

To verify the feasibility of the developed optical Hg
2+

 sensing system, a T-T mismatch-based Hg
2+

 

measurement assay using RJPs as an optical signaling probe was performed. In general, Hg
2+

 can be found at 

different concentrations in various environments, such as soil, atmosphere, and water. Among them, we focused 

on measuring the concentration of Hg
2+

 present in water. The US-EPA and World Health Organization (WHO) 



define the maximum allowable contamination level of Hg
2+

 present in drinking water as 10 nM and 5 nM, 

respectively. In addition to this, the maximum allowable contamination level of Hg
2+

 in liquid industrial 

effluents was defined as 50 nM by the US-EPA (Teh et al., 2014; Nolan and Lippard, 2008; US-EPA., 2001). 

Therefore, we measured Hg
2+

 at concentrations ranging from 0 to 100 nM, which includes the maximum 

allowable contamination level of the Hg
2+

 present in drinking water and liquid industrial effluents. Each sample 

contained Hg
2+

 at various concentrations mixed with assistant DNA, and were injected into the stem-loop DNA 

probe-immobilized RQC. The RQC were incubated for 30 minutes at 40°C. (Fig. 4(A)).  

 

 

<Figure 4> 

 

 

During the reaction process, the stem-loop DNA probes are stretched by injected assistant DNA and Hg
2+

 due 

to the T-T mismatch, exposing biotin to the outside. At this time, since the reaction temperature is higher than 

the Tm of the stem region, it is possible that the DNA probe is spread out, but not due to the T-T mismatch. In 

this case, regardless of the concentration of Hg
2+

, all of the SA-RJPs would react with the exposed biotin, and 

the maximum signal would be observed. Therefore, to restore the unreacted stem-loop DNA probes to the 

hairpin structure again, RQCs were incubated for 30 minutes at 4°C after the reaction process. Then, to prevent 

nonspecific binding, RQCs were blocked with 1% BSA for 1 hour before reacting with SA-RJP for 15 minutes. 

After rinsing with WBS II, the images of the resulting Hg
2+

 sensing surface of RQC were observed and 

registered using an optical imaging setup consisting a white LED and CMOS digital camera. The white LED 

and CMOS camera were installed above the sensing surface, and to selectively obtain only the result of the light 

by the retroreflection, the incident angle of the white LED light toward the sensing surface was fixed at 70°. The 

CMOS camera was connected to a computer, so that the sensing surface could be digitally registered as image 

files during the measuring process (Fig. 4(B)) (Han et al., 2016). As shown in Fig. 4(B), the number of observed 

shining dots was increased in accordance with the increase in Hg
2+ 

concentration. Since the RJPs could 

retroreflect the light of a white LED, the shining dots could be regarded as RJPs, after binding the exposed 

biotin by the T-T mismatch. To accurately count the number of RJPs responding to Hg
2+ 

concentration, the 

number of observed shining dots was counted by using the NIH ImageJ program (Fig. 4(C)). In the results using 

ImageJ program, the number of residual RJPs observed at 0, 0.1, 1, 10, and 100 nM Hg
2+

 conditions are shown 



in Fig. 4(C). About 40.3 RJPs were observed when the Hg
2+

 concentration was 0 nM, and this value was 

considered to be the background signal observed due to nonspecific binding between the RQC and RJPs. To 

demonstrate the reproducibility of the background signal, the same experiment was conducted at least three 

times, and the standard deviation value of the mean was calculated to be about 10%. These results indicate that 

the developed system has a constant background signal. In the Fig. 4(C), the bars in the graph steadily increased 

in proportion to the increase in Hg
2+

 concentrations, indicating the dynamic range of the assay. Fig. 4(D) 

presents the calibration curve for Hg
2+

 sensing, demonstrating the gradual increase in the number of observed 

RJP with increasing Hg
2+

 concentrations. Based on the obtained calibration curve, the LOD was 0.027 nM, 

calculated by using the method suggested by Armbruster (Armbruster and Pry, 2008). Because the calculated 

LOD value is lower than the allowed concentration of Hg
2+

 in drinking water provided by US-EPA and WHO 

(10 nM), the analytical performance of the developed optical-based Hg
2+

 sensing system employing the T-T 

mismatch satisfies this requirement for the detection of Hg
2+

. Based on these results, the sensing system can 

successfully perform quantitative analysis of Hg
2+

 in drinking water, employing the simple white LED and low 

magnification CMOS camera system. A number of studies have been reported on the Hg
2+

 detection by using 

Hg
2+

-mediated T-T base pairing. Detection principles employed, sensing materials and reported LOD values 

were compared, showing the utility of the developed strategy by integrating the Hg
2+

-mediated T-T base pairing 

and RJP (Table S1, supporting information). 

 

3.4 Verifying the selectivity of the developed mercury ion sensing system for the mercury ion 

 

In the developed Hg
2+

 sensing system, the signal would be observed when the hairpin structure was unfolded 

by the T-T mismatch. In the prior experiments the T-T mismatch was induced only in the presence of Hg
2+

. 

Therefore, to demonstrate that other metal ions do not also unfold the hairpin structure, the specificity of the test 

was evaluated. Various solutions containing divalent metal ions (Pb
2+

, Fe
2+

, Ni
2+

, Ca
2+

, Mn
2+

, Cu
2+

, and Zn
2+

) 

were prepared at a 1 µM concentration, respectively, and were applied to the stem-loop DNA probe modified 

RQC. Mixed solution I (all metal ions except Hg
2+

) and mixed solution II (all metal ions including 1 nM Hg
2+

) 

were analyzed, and the experimental procedure was carried out in the same conditions as before.  

 

 

<Figure 5> 



 

 

Fig. 5 shows the results obtained by applying the prepared solutions to the sensing system. Registered RQC 

image data are shown in the Fig. S2 (supporting information). In the control solution with no metal ions, the 

number of observed RJPs was similar to the background signal measured previously. In the Fig. 5, a large 

number of RJPs were observed in mixed solution II containing Hg
2+

. However, in the solutions in which Hg
2+

 

was not present, the measured signal was very little, even though the concentration of metal ions were about 

1,000 times higher than the Hg
2+

 in mixed solution II. These results clearly show that the developed optical Hg
2+ 

sensing system is not sensitive to other metal ions, and has excellent selectivity for Hg
2+

 detection, 

demonstrating that the hairpin structure was not stretched by other metal ions.  

 

3.5 Recovery test of mercury ion in real water samples 

 

Through the previous results, it has been demonstrated that the developed Hg
2+

 sensing platform has high 

sensitivity and selectivity in the tested buffer conditions. However, to be used as a Hg
2+

 sensor, it is necessary to 

be able to detect not only the Hg
2+

 present in the artificial buffer sample but also the Hg
2+

 present in real 

samples. Therefore, to evaluate the applicability of the developed Hg
2+

 sensor to real samples, commercial 

bottled water and tap water were tested. Each sample was spiked with various concentration of Hg
2+

 (0, 5, 20, 

and 50 nM) and these samples were diluted 100-fold with RBS. These prepared sample solutions were analyzed 

using the developed sensing platform, and the results are summarized in Table 1.  

 

 

< Table 1> 

 

 

For solutions with 0 nM Hg
2+

, the counted number of RJPs in the bottled water and tap water were 39.5 and 

40.6, respectively. This value is similar to the background signal. These results indicated that both samples have 

no material that interferes with the detection of Hg
2+

, so the developed sensing platform could be used for this 

type of sample. From Table 1, in the case of bottled water, the numbers of counted RJPs for the added Hg
2+

 

concentrations of 5, 20, and 50 nM are 78.8, 107.2, and 130.9, respectively. The Hg
2+

 concentrations were 



estimated using the previously obtained calibration curve, and were 5.6, 21.1, and 54.8 nM, respectively. The 

Hg
2+

 concentrations in tap water were calculated in the same way. The recoveries were calculated by using the 

formula given below in Table 1, the values of which are listed in Table 1. The result of Table 1 indicated that 

the recoveries of the developed Hg
2+

 sensor is satisfactory because the recovery was calculated within 10%. 

Based on these results, we concluded that the developed Hg
2+

 sensor has the ability to detect Hg
2+

 in real 

environmental water samples.  

 

 

4. Conclusions 

  

We developed an optical Hg
2+

 sensing platform based on a T-T mismatch by using RJPs as an optical 

signaling probe. Compared with the existing detection systems for Hg
2+

 using fluorescent materials as an optical 

probe, the developed Hg
2+

 sensing system was able to detect Hg
2+

 without complicated optical equipment, since 

the property of RJP which reflects all light and can be observed with the simple optical system. Using this 

system, Hg
2+

 could be detected with an LOD of 0.027 nM, which is lower than the upper limit for Hg
2+

 

concentration in drinking water. Moreover, the developed system not only had high selectivity but also 

confirmed that it could be applied to real samples. Based on the results of this study, our developed analytical 

system is a promising technology for DNA-based Hg
2+

 monitoring in real environments.   
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Figure captions 

 

Figure 1. Scheme of the principles used in the developed optical biosensing system based on the T-T mismatch. 

In the presence of Hg
2+

 and the assistant DNA, the stem-loop DNA probe was unfolded, exposing the biotin. 

Then, streptavidin-conjugated RJPs could be bound to the exposed biotin. The number of SA-RJPs interacting 

with biotin could be measured by employing the simple optics system.  

 

Figure 2. Workflows of the functionalization procedures for SA-RJPs (A) and the construction process of Hg
2+

 

recognition layer on the gold-modified surface of RQC (B). 

 

Figure 3. Fluorescence microscopy images of SA-RJP and control-RJPs after the labeling with biotinylated 

fluorescent beads. Fluorescence signal was not observed in control-RJPs (A). However, large amounts of 

fluorescence signals were observed for SA-RJPs (B). 

 

Figure 4. (A) A schematic of the process by which the optical probe SA-RJPs combine with exposed biotin. This 

process occurs only when the stem-loop DNA probe is present in the form of a linear double helix due to 

mercury ions. (B) The resulting images of the Hg
2+

 measurement assay for various Hg
2+

 concentrations (0, 0.1, 1, 

10, 100 nM) by using the developed sensing system. The images were digitally registered by employing a 

simple imaging setup, such as white LED and CMOS digital camera. (C) A graph showing the number of 

observed RJPs in the resulting images. The RJPs were quantitatively analyzed using the ImageJ program. (D) 

The calibration curve for the Hg
2+

 detection assay. The assay was performed three times, and the error bars 

indicate the standard deviations.  

 

Figure 5. The selectivity of the developed Hg
2+

 sensing platform. A total of 10 solutions were analyzed. The 

final concentration of Hg
2+

 in the solution was 1 nM and the other metal ions were 1 µM. Despite the presence 

of metal ions at 1,000 times the concentration of mercury ions, significantly lower signals were observed than in 

solutions in which mercury ions were present.  
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Table 1 

 

Table 1. Recovery assays of Hg
2+

 in real water samples using the developed sensing platform.  

Sample Added Hg
2+

 (nM) Number of RJPs Found Hg
2+

 (nM) Recovery (%) 

Bottle water 

0 

5 

20 

50 

39.5 ± 4.5 

78.8 ± 15.5 

107.2 ± 13.3 

130.9 ± 16.6 

< 0.1 

5.6 

21.1 

54.8 

- 

112.0 

105.5 

109.6 

Tap water 

0 

5 

20 

50 

40.6 ± 4.0 

73.9 ± 11.6 

104.7 ± 10.1 

124.7 ± 8.4 

< 0.1 

4.9 

18.5 

47.2 

- 

98.0 

92.5 

94.4 

Recovery (%) = Found Hg
2+

 (nM) / Added Hg
2+

 (nM) × 100 

 

 

 

Highlights 

 Retroreflection-based mercury ion sensing strategy was developed. 

 Hg
2+

-mediated thymine-thymine (T-T) pairing was employed as Hg
2+

 sensing 

principle. 

 Retroreflective Janus particle was utilized as an optical signaling probe for Hg
2+

 

detection. 

 Retroreflection-based Hg
2+

 sensing system enables accurate, convenient and cost-

effective Hg
2+

 detection 

 Hg
2+ 

sensor showed linear dynamic range between 0 to 100 nM with the detection 

limit of 0.027 nM. 

 




