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A B S T R A C T   

Mercury exposure constitutes an acute risk to human health and the environment. Driven by the requirement to 
monitor trace-level mercury, we report a highly sensitive mercury(II) DNA sensor enhanced by silver(I) acti
vation, followed by mercury(II)-specific oligonucleotides (MSO) molecular configuration switch and mercury(II)- 
modulated FRET. Activating the MSO strands with silver(I), mismatched cytosine–silver(I)–cytosine bridges 
induce individual MSO strands to fold readily in response to mercury(II) resulting in enhanced fluorescence 
signal. The structural switches were studied by 2D 1H–1H NOESY and TOCSY NMR spectroscopy, and 260 nm 
absorbance. The signal decreases with increasing mercury(II) concentration from 100 pM to 0.1 mM. The 
approach affords outstanding mercury(II) selectivity over other environmentally associated metals. Furthermore, 
the methodology was deployed for detection of mercury(II) in spiked pond waters with 97.9–100.6% recovery. 
The simple and feasible format has great potential for developing a cost effective and useful tool for environ
mental monitoring.   

1. Introduction 

Mercury, one of the highly toxic environmental metal contaminants, 
originates from a range of natural and anthropogenic sources, for 
instance, solid waste incineration, gold production, and the combustion 
of fossil fuels [1–3]. Even at low levels, mercury exposure poses a risk to 
human health and the environment, throwing bodily mechanisms into 
disarray, resulting in brain damage, kidney failure, and the destruction 
of the cardiovascular system [4–6]. One of the stable and prevalent 
forms of mercury contamination is the water-soluble divalent mercuric 

ion (Hg2+) [7], which is extensively distributed in water, soil, and the 
atmosphere. Hg2+ infiltrates the body and accumulates [8–10]. The U.S. 
Environmental Protection Agency (EPA) and World Health Organization 
(WHO) have stringently defined the safe limits of Hg2+ concentration in 
drinkable water to be lower than 2 μg/L (10 nM) (EPA, U.S., 2001) [11]. 
Therefore, it is very important to be able to measure and analyse Hg2+

present in an environment such as water rapidly, sensitively, and 
selectively. Monitoring of Hg2+ levels in water, particularly, is para
mount with regard to environmental analysis, toxicology, water safety, 
water quality, and waste management [12]. Currently the conventional 
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detection methods for Hg2+ ions primarily consist of cold atomic fluo
rescence [13], cold atomic absorption spectrophotometry [14], induc
tively coupled plasma mass spectrometry (ICP-MS) [15–17] atomic 
fluorescence spectroscopy (AFS) [18] and atomic absorption spectros
copy (AAS) [19,20]. However, these techniques involve complicated 
procedures or costly instruments, which makes them inconvenient, 
complicated, time-consuming and unsuitable for portable use. 

To address these problems, several types of sensing platforms have 
been developed using organic fluorophores [21,22], chromophores 
[23–25], proteins [26], anodic stripping voltammetry [27,28], and 
polymeric materials [29]. Most of these sensors, however, are limited 
due to poor selectivity with severe interference from other metal ions, 
low sensitivity (current limit of detection >100 nM), and in
compatibility with aqueous environments. More promising strategies for 
Hg2+ measurement utilise oligonucleotides as a recognition molecule 
and are rapid, low-cost, and suitable for real-time detection [30,31]. 
DNA is an exceptionally effective, bio-specific and eco-friendly analyt
ical reagent for the determination of heavy metal ions [32]. It was re
ported that Hg2+ ions can bind specifically in between two DNA thymine 
bases, promoting these T–T mismatches to form stable base pairs [33, 
34]. T–Hg2+–T oligonucleotide base-pairing has high specificity due to 
the selective coordination of Hg2+ to T bases, with a binding constant 
even higher than a T-A Watson-Crick pair (Tanaka et al., 2007) [34,35]. 
Various DNA-based methods of detection of Hg2+ have been developed, 
such as colorimetry [36–41], electrochemistry [42–44], Raman spec
troscopy/scattering [45–51], field effect transistors [52,53], and surface 
plasmon resonance [54,55] amongst others. In addition, many re
searchers have carried out Hg2+ detection using methods based on 
fluorescence resonance energy transfer (FRET) [56–59]. 

Among the various detection techniques, fluorescence changes are 
the most convenient due to the simplicity of the detection format and 
low detection limit [60–63]. Ono and Togashi [33] developed the first 
fluorescence Hg2+ biosensor with a mercury-specific oligonucleotide 
(MSO). The MSO probe comprised a fluorophore and a quencher at its 5′

and 3′ termini, respectively. In the absence of Hg2+, the MSO existed as a 
random coil, and the fluorophore was isolated from the quencher, 
generating a large fluorescence signal. In the presence of Hg2+, the 
probe formed a hairpin structure and pulled the fluorophore and the 
quencher close enough for the FRET effect [64,65]. This “turn-off” 
sensor was reported to have a limit of detection (LOD) of 40 nM. Based 
on the DNA conformational switch [66] and FRET strategy, great 
flexibility, and multifunction for Hg2+ was achieved by simply modi
fying the sequences of the probes. For example, Chang et al. [67] re
ported a fluorescent thrombin-binding aptamer (TBA) probe 
(5′-GGTTGGTGTGGTTGG-3′) for selective detection of Hg2+ and Pb2+

ions with different masking reagents; changes in fluorescence intensity 
allowed the selective detection of Hg2+ and Pb2+ ions at 5 nM and 300 
pM in the presence of a random DNA/NaCN mixture and phytic acid, 
respectively. Wang et al. [68] designed a multifunctional DNA probe for 
the simultaneous detection of Hg2+ and silver(I), Ag+. They constructed 
an OR logic gate by taking Hg2+ and Ag+ as input and changes in 
fluorescence intensity as output. With this probe, the reported limit of 
Hg2+ detection is 35 pM, which is more sensitive than other methods. 

While mercury binding to thymine bases is a widely exploited 
concept, further innovations are needed to increase the sensitivity of 
mercury detection. In this study, we report a use of silver(I) or Ag+ ions 
as a mercury sensor activator, which extends the limits of mercury 
sensing to a new level. The probe consists of separate silver- and 
mercury-activated regions, functionalized onto gold (Au) surfaces 
through Au–thiol covalent bonds. Detection is through a two-step 
sensing mechanism with activation of cytosine-Ag+-cytosine mismatch 
bridges prior to mercury detection. Silver(I) activation induces folding 
of single-stranded DNA (known as ‘CT-DNA’) into double strand as 
observed from absorbance of UV light at 260 nm. 

In the first sensing step, C–Ag+-C bridges on the short linker and 
longer anchor fragment (Scheme (a) are formed by Ag+ binding, which 
is likely to be cooperative for the longer anchor fragment but is also 
effective for the shorter linker fragment as shown by NMR spectroscopy. 

Scheme 1. The proposed two-step sensing mechanism. (a) The CT-DNA probe consists of anchor and linker fragments that are consecutive cytosine mismatches 
while H1 and H2 are Hg2+-binding sequences rich in thymine mismatches; the probe is covalently linked to an Au surface; (b) C–Ag+-C bridges are activated by 
cooperative Ag+ binding in step 1; and (c) Hg2+ stabilizes a hairpin-like structure by forming T-Hg2+-T bridges. d1, d2 and d3 are the lengths between FAM and Au in 
the case of original CT-DNA, Ag+ activation, and Hg2+ binding, respectively. 
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By introducing Hg2+ in the second step, mercury further stabilizes the 
incipient hairpin-like structure by forming Hg2+-induced T-Hg2+-T 
bridges between the H1 and H2 fragments. 

As a result, the distance between FAM and Au (d) decreased 
dramatically (Scheme 1 (c); (d3 < d2 (Ag+ stabilization) < d1 (original 
length of CT-DNA)), which enables an enhanced FRET process between 
the energy donor (FAM) and the energy acceptor (Au). Thus, the fluo
rescence of FAM is efficiently quenched in the presence of Hg2+ ions. 
The structural change generates a fluorescence signal that is highly 
sensitive and specific to Hg2+, so the fluorescence intensity of Au-CT- 
DNA-FAM probes will decrease with the addition of Hg2+ ions only. It 
is known that the Hg–N3 bond in T-Hg2+-T is more ionic than covalent in 
character [69]. This ionic nature enables Hg2+ to act as an electron 
acceptor, which can quench fluorescence through electron transfer from 
the labelled fluorophore to the T-Hg2+-T pair [70]. 

Combining Ag+ activation and with T–Hg2+–T folding of the probe in 
the presence of Hg2+ significantly reduces the error range of the fluo
rescence signal with a dynamic range from 100 pM to 0.1 mM. The LOD 
is more than one order of magnitude lower than that reported when 
using some of the most sensitive probes to date: DNAzymes, and other 
reported MSO-based Hg2+ sensors. It is also two-orders of magnitude 
lower than the Hg2+ safe limit of 2 μg/L (10 nM) reported by the U.S. 
Environmental Protection Agency [11]. Our approach affords 
outstanding Hg2+ selectivity over other environmentally associated 
metal ions. Furthermore, the methodology was deployed for detection of 
Hg2+ in spiked pond waters with 97.9–100.6% recovery. 

2. Materials and methods 

Single-stranded DNA was purchased from Integrated DNA Tec 
hnologies. The 37-mer probe has a sequence of 5′—SH-CCC 
CCCCCCCTCTTCTTTCTTCCCCCTTGTTTGTTGT-FAM; modified with a 
thiol group (—SH) and fluorescein (FAM) on its 5′ and 3′ ends, respec
tively. The sequence is referred to as ‘CT-DNA’ herein, due to its high C- 
and T-content and is divided into parts: anchor (CCCCCCCCCC) and 
linker (CCCCC), which are cytosine-rich Ag+ binding sites, and thymine- 
rich Hg2+ binding sequences H1 (TCTTCTTTCTT) and H2 
(TTGTTTGTTGT). The stock DNA probe was first resuspended in 10 mM 
Tris-HCl pH 7.4, 1 mM EDTA, and stored at –20 ◦C overnight. For each 
assay, 99 μL of 0.2 μM DNA probe was used. For NMR measurements, an 
unmodified oligo with the same 37-mer sequence was used, plus a 
further unmodified 27-mer oligo based on the 37-mer sequence minus 
the anchor (TCTTCTTTCTTCCCCCTTGTTTGTTGT). Oligos were sus
pended in 10 mM sodium phosphate pH 6.0. Gold (Au) surfaces were 
cleaned with Piranha solution (30% hydrogen peroxide (H2O2) and 98% 
sulphuric acid (H2SO4)). Tris(2-carboxyethyl)phosphine hydrochloride 
(TCEP), 6-mercapto-1-hexanol (MCH), hydrochloric acid (HCl), and 
metal salts such as mercury(II) nitrate monohydrate, silver(I) nitrate, 
arsenic(III) chloride, lead(II) chloride, copper(II) chloride, and iron(III) 
chloride were purchased from Sigma Aldrich. The metal salts were 
prepared in 18 MΩ/cm ultrapure water (ddH2O). 1 mM TCEP and MCH 
were also prepared in ddH2O. 1 mM of TCEP was prepared fresh each 
time before use. Tris-acetate (TA) buffer, 0.2 M, pH 7.4 was purchased 

Fig. 1. (a) Relative fluorescence intensity (F/Fo) and (b) corresponding fluorescence images of Au-CT-DNA-FAM vs Hg2+ concentration. Fo is the Au-CT-DNA-FAM 
intensity prior to addition of Hg2+, and F is the intensity of Au-CT-DNA-FAM following incubation with Hg2+, measured at 1 (b (i)) and 2 (b (ii)) weeks following 
preparation. The fluorescence signal in (b) is pseudo-colored using the confocal microscope look-up table. 
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from Generon. 25 mM TA, pH 7.4 (storage buffer) and 50 mM TA, pH 7.4 
(reaction buffer) were prepared in ddH2O from stock. Functionalization 
of the CT-DNA probe on Au surfaces was performed in 10 mM Tris-HCl 
pH 7.4, 1 mM EDTA, 0.1 M NaCl, 10 mM TCEP (attach buffer). 

2.1. Surface preparation of Au 

Silicon wafers were cut into 0.5 cm × 0.5 cm samples and cleaned by 

immersion in acetone and isopropanol. Samples were then loaded into a 
thermal evaporator, which was pumped to a base pressure of 3x10–7 

mbar. A 20 nm titanium film was deposited first as an adhesion layer, 
followed by a 200 nm Au film. The Au surface was cleaned with a 
mixture of 1 part 30% H2O2 to 4 parts of 98% concentrated H2SO4 at 
room temperature for 5 min. After that, the cleaned Au substrates were 
rinsed with ddH2O and then dried under a stream of nitrogen (N2) gas. 

Fig. 2. Selectivity of the sensor: (a) A260 relative to the baseline (A/Ao); Ao is the Au-CT-DNA-FAM intensity and A is the intensity of Au-CT-DNA-FAM-metals. Metal 
soup contains a mixture of Cu2+, As3+, Fe3+ and Pb2+, and was tested with and without added Ag+ and Hg2+, (b) selectivity to Hg2+ under the influence of 
environmentally relevant metal ions. 
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2.2. Surface functionalization of CT-DNA on Au 

1 μL of 1 mM TCEP was added to 99 μL of 0.2 μM CT-DNA probe and 
incubated for 2 h at room temperature. Subsequently, an equal volume 
of the TCEP-activated CT-DNA probe and attach buffer (solution 1) were 
mixed in a vial. For each assay, 60 μL of solution 1 was used to func
tionalize the CT-DNA probe on the Au surface by incubation for 18 h in a 
humidity chamber at room temperature. Following this, the sample was 
rinsed with copious ddH2O and dried with a N2 gun. The functionalized 
sample was then passivated using 100 μL of 1 mM MCH solution in a 
humidity chamber for 2 h at room temperature, rinsed several times 
with ddH2O, and dried with a N2 gun. The functionalized sensor (Au-CT- 
DNA-FAM) was stored in storage buffer at 4 ◦C prior to fluorescence 
measurement. Parts of the protocols were based on published methods 
[71–73]. 

2.3. Two-step sensing 

In the first step, aliquots (100 μL) of reaction buffer (50 mM TA, pH 
7.4) containing 100 pM Ag+ were incubated with Au-CT-DNA-FAM at 
room temperature for 15 min. In the second step, 50 μL of various Hg2+

concentrations were added and incubated for an additional 15 min. 
Fluorescence spectra relative to baseline (F/Fo) were measured on a 
Leica SP5 Inverted Confocal at room temperature, in a dark room; where 
Fo and F are the intensities of Au-CT-DNA-FAM and Au-CT-DNA-FAM- 
Hg2+, respectively. The fluorescence from microscopy images was 
determined in ImageJ [74] by extracting the average fluorescence 
values from 50 × 50 pixels at six-ten different areas. 

3. Results and discussion 

3.1. Sensitivity and stability 

The linearity and sensitivity of the sensor were tested using Hg2+

concentrations spanning a wide range (100 pM - 0.1 mM), and the sta
bility of the sensor was assessed by repetition of the measurements after 
two weeks of storage (Fig. 1). The response curve (Fig. 1(a)) demon
strates that the relative fluorescence signal (F/Fo) decreases in response 
to increasing concentrations of Hg2+. The response measured within the 
first week of sensor preparation (solid squares) is linear and exhibits a 
broad dynamic range from 100 pM to 0.1 mM. However, after two 
weeks, the signal decreased significantly (open squares) and the corre
sponding fluorescence images in Fig. 1 (b) indicate a significant reduc
tion of the signal of more than 50% in the presence of 1 nM and greater 
Hg2+. The sensor is, thus, stable for application within one week after 
preparation. 

3.2. Selectivity 

Au-CT-DNA-FAM specificity was examined through absorbance at 
260 nm (A260; Fig. 2 (a)), since a reduction would likely indicate folding 
of the CT-DNA probe on binding Hg2+. Purine and pyrimidine bases in 
DNA absorb ultraviolet light at 260 nm strongly. Double-stranded DNA 
absorbs ~25% less UV light than single-stranded DNA at room tem
perature [75] due to the formation of hydrogen bonds and stacking of 
bases, termed ‘hypochromicity’ [76]. Hg2+-induced folding was tested 
in a background of environmentally relevant metal ions (Ag+, Cu2+, 
As3+, Fe3+ and Pb2+). The effect of adding Ag+ was tested separately, 
since the C-rich regions of the sensor are predicted to bind Ag+. To test 
the sensitivity of the system, the assay was also performed under two 
very different Hg2+ concentrations (10 nM and 10 μM). All added metals 
induced hypochromicity, with the samples containing 10 μM Hg2+ dis
playing the strongest effect. However, the presence of Ag+ resulted in a 
strong concentration-dependent response to added Hg2+ (compare 
‘metal soup + Ag+ + Hg2+’ with ‘metal soup + Hg2+’). Given the evi
dence for strong chelation of Ag+ by C-rich DNA regions [77], formation 

of C–Ag+–C bridges appears to increase differentiation in response to 
Hg2+ concentrations. The Au-CT-DNA-FAM thus has good sensitivity 
and selectivity for sensing Hg2+ in samples where Ag+ is present. 

The fluorescence intensity of the system was tested and found to be 
both sensitive and selective to Hg2+ but not sensitive to other ions (Fig. 2 
(b)). It is important to prevent false positives in the environmental water 
samples where various interfering ions or unspecific quenchers may 
exist. Thus, the Hg2+ appears to be both quantitatively and selectively 
determined through the fluorescence quenching of the Au-CT-DNA-FAM 
coupled with Ag+ stabilization. 

Regression analysis was performed to calibrate the response of the 
sensor to Hg2+ with Ag + present (Fig. 3). The response demonstrated 
good linearity (R2 = 0.99) over a concentration range of 100 pM to 0.1 
mM and was found to follow: F/Fo = (–0.126 ± 0.004) log [Hg2+] +
(–0.360 ± 0.024). The proposed method yields a limit of detection for 
Hg2+ ions of 100 pM with a much-reduced error range than the one 
demonstrated in Fig. 1 (a). Thus, this approach offers a sensitivity to
wards Hg2+ ions that is more than one order of magnitude lower than 
that reported for some of the most sensitive probes to date based on 
DNAzymes [78–80] and other reported “turn-off” MSO-based Hg2+

sensors [81,82]. The LOD of the sensor is also two-orders of magnitude 
lower than the Hg2+ safe limit reported by the U.S. EPA. 

3.3. Metallo-DNA folding 

The mechanism of coupled binding and folding of DNA in the pres
ence of Hg2+ and Ag+ was studied by 1H NMR spectroscopy, using 2D 
1H–1H NOESY and TOCSY NMR experiments. The design of the CT-DNA 
probe (1CCCCCCCCCCTCTTCTTTCTTCCCCCTTGTTTGTTGT [37]) pro
vides two potential Cyt-rich, Ag+-condensable regions, termed ‘anchor’ 
(1CCCCCCCCCC [10]) and ‘linker’ (22CCCCC [26]). While both regions 
were expected to bind Ag+, we first wished to establish whether Ag+

binding to the central linker region was indeed promoting hairpin for
mation, as intended by the design. Therefore, for simplicity, experiments 
were first performed on a 27-mer anchor-deleted construct 
(11TCTTCTTTCTTCCCCCTTGTTTGTTGT [37]) and repeated in the 
presence of Ag+(aq). Free metal ions were removed at the end of the 
titration by exchange of the buffer. The free oligo (Fig. 4(a)) showed 
poor chemical-shift dispersion of the three guanine (G) and eight cyto
sine (C) residues, presumably due to the lack of any folding and the 
similarity of their chemical environment: 3 C are flanked by other C (as 
CCC), and all three G are flanked by thymine (T) (as TGT). In contrast, 

Fig. 3. Linear calibration curve of the response to Hg2+ after the probe 
following addition of Ag+. Results of regression analysis: F/Fo = (–0.126 ±
0.004) log [Hg2+] + (–0.360 ± 0.024) over the range 100 pM - 0.1 mM (R2 

= 0.99). 
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the 16 T residues showed intrinsically greater chemical-shift dispersion, 
presumably due to their variable sequence context (4 × CTT, 3 × TTC, 2 
× TTT, 3 × TTG, 2 × GTT and one GT at the 3’ terminus). Assignment of 
the central strip of C residues in the aromatic region was clear from the 
TOCSY experiments, in which the C H5–H6 cross-peaks (that are unique 
in this region) served as a guide, and G and T residues were easily 
distinguished by their characteristic H8 and H6 chemical shifts, respec
tively. On addition of Ag+ (Fig 4(b)), two major changes were seen: (i) 
three cytosine H5–H6 and two thymine H6-(H [7])3 TOCSY cross-peaks 
underwent a large shift, and (ii) several new peaks appeared in the 
NOESY from newly detectable pairs of Cyt NH2 resonances (H41 and 
H42). (These peaks were absent in the spectrum of metal-free DNA, 
which is expected for exposed amino protons that exchange freely with 
the solvent.) Furthermore, two NH2 pairs (shown by purple dotted lines 
in Fig. 4(b)) were connected by several mutual NOEs. These were 
attributed to formation of a new Ag+-bridged 22C–Ag+-C [26] base pair, 
which would be expected to yield two new inter-base hydrogen bonds 
within the NOE-detectable distance range of each other, consistent with 
hairpin formation. The large shifts seen for the three H5–H6 TOCSY 
cross-peaks (shown by turquoise dotted lines in Fig. 4(b)) are consistent 
with a large conformational change incurred to the central 23CCC [25] of 
the hairpin. The two upfield-shifted Thy H6 resonances (also shown by 
turquoise dotted lines) could be assigned sequence-specifically to the 
Thy residues flanking the linker (21TCCCCCT [27]), via mutual NOE 
connectivity between the methyl groups and the two new pairs of Cyt 
NH2 resonances. 

The experiments were repeated using the full length 37-mer CT-DNA, 
and with Ag+(aq) and Hg2+(aq), added sequentially (Fig. 4 (c)). As for 
the 27-mer, the NMR spectra of the free 37-mer CT-DNA were consistent 
with an extended single-stranded oligonucleotide. The central strip of C 
residues in the aromatic region was distinguished by H5–H6 cross-peaks 
in the TOCSY, and G and T by their characteristic H8 and H6 chemical 
shifts, respectively. On addition of Ag+ ions, some peaks from the C 
region were observed to shift upfield and broaden out to different ex
tents. These observations are consistent with the formation of C–Ag+-C 
complexes and the selectivity of Ag+ for C residues, as observed previ
ously (Ono et al., 2008) [77]. The peak broadening is consistent with 
chemical exchange between energetically-similar conformations (since 
the Ag+ is now presumably dynamically partitioned between the anchor 
and linker) and/or a loss of conformational freedom on folding. On 
addition of Hg2+ ions, the most dramatic changes were seen to the G and 
T resonances, which shifted and broadened considerably, consistent 
with the formation of T-Hg2+-T bridges [33–35], and their direct prox
imity to G residues. These observations are consistent with a global 
conformational folding event that would be expected to occur following 
pairing of T residues. Smaller shifts and some peak broadening were also 
seen for C residues. The shift of the C resonances away from their 
original positions in the metal-free oligo was only complete following 
addition of both metal ions, implying that C–Ag+-C complexes were 
further stabilized by formation of the T-Hg2+-T complexes. No evidence 
was seen of direct C-G base pairing in the imino region of the spectrum 
(not shown), but this does not exclude the possibility that dynamic 
pairing occurs. 

Fig. 4 (d) depicts the A260 by the CT-DNA probe in the presence of 
Ag+, Hg2+ and both Hg2+ and Ag+ (Ag+ + Hg2+). Silver (I) induces 
folding of single-stranded CT-DNA strand into double strand as observed 
from absorbance of UV light at 260 nm. Combining Ag+ and folding of 
the probe in the presence of Hg2+ significantly reduces the error range of 
the fluorescence signal with a dynamic range from 100 pM to 0.1 mM. 
This observation is consistent with stacking interactions between cyto
sine bases with silver, and thymine bases with mercury, and indicates a 
higher degree of folding of the CT-DNA probe in the presence of both 
metals. 

Fig. 4. Study of metallo-DNA folding and surface topology by means of (a–c) 
NMR and (d) UV absorbance. (a) 2D 1H–1H NOESY and TOCSY NMR experi
ments of 27-mer anchor-deleted CT-DNA alone (yellow and red, respectively), 
and (b) in the presence of 5 × Ag+ (purple and turquoise, respectively). Tur
quoise boxed regions in (b) indicate TOCSY cross-peaks of C H5–H6 and T 
(H7)3–H [6] that shift. Purple dotted lines show NOE connectivity to newly 
detectable C NH2 resonances (H41 and H42) indicative of C–Ag+-C. (c) NOESY 
and TOCSY of full length 37-mer CT-DNA (yellow) showing the changes to the 
spectra on sequential addition of Ag+ (purple) and Hg2+ (blue) to a molar 
excess of 10 × CT-DNA. The aromatic/aliphatic correlation regions of the 
NOESY spectra reveal the chemical-shift dispersion of the three residue types 
(boxed). C H6 residues were assigned by comparison with TOCSY spectra that 
exclusively reveal C H5–H6 cross-peaks in the aromatic/aromatic correlation 
region (dotted boxes). (d) Normalized A260 of CT-DNA (probe), Ag+, Hg2+ and 
(Ag+ + Hg2+). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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3.4. Applicability 

The sensitivity and selectivity of the method to Hg2+ was tested using 
actual environmental water samples. A standard Hg2+ solution of 149.6 
pM (30 ppt) was added to samples of water from three sources: deion
ized water, Payne’s pond and West Café pond, in triplicate. The linear 
equation F/Fo = (–0.126 ± 0.004) log [Hg2+] + (–0.360 ± 0.024) was 
used to estimate the corresponding concentration values. The same 
spiked samples were then measured by Cold Vapour Atomic Fluores
cence Spectrometry (CV-AFS; a conventional method for detecting 
Hg2+), and the results compared (Table 1). The concentrations of spiked 
samples are in good agreement, which indicates that the method can be 
applied to analyse Hg2+ in environmental water samples. 

4. Conclusions 

We have reported a facile, highly selective, and sensitive two-step 
sensing method based on an Hg2+-regulated MSO molecular configu
ration switch and Hg2+-modulated FRET with the aid of Ag+ as sensor 
activator. The configuration switching of cytosine and thymine bases in 
the presence of Ag+ and Hg2+ was demonstrated by NMR spectroscopy. 
The limit of detection of the proposed Hg2+ sensor is 100 pM, which is 
more than one order of magnitude lower than that reported when using 
DNAzymes and other reported “turn-off” MSO-based Hg2+ sensors. The 
limit of detection of the sensor is also two-orders of magnitude lower 
than the Hg2+ safe limit of 10 nM reported by the WHO and USEPA, with 
a broad detection range from 100 pM to 0.1 mM. The simplicity and 
feasibility of the assay was demonstrated by detecting Hg2+ in spiked 
water samples. The results described herein are a proof of concept, 
demonstrating that the method is suitable for monitoring applications 
with high sensitivity and specificity under the influence of environ
mentally relevant metal ions. The stability of the sensor can be further 
improved for its potential development as a cost-effective and useful tool 
for environmental monitoring. 
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