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Abstract

A simple design of “turn-on” fluorescent sensor for mercury was demonstrated based on structure-
switching DNA with a low detection limit of 3.2 nM and high selectivity.

Mercury is a highly toxic and widespread pollutant in the environment. Mercury can be a
source of environmental contamination when present in by-products of burning coal, mine
tailings and wastes from chlorine—alkali industries.1~3 These contaminations can cause a
number of severe health problems such as brain damage, kidney failure, and various
cognitive and motion disorders. Therefore, a sensitive and selective mercury detection in
the environment and food industry is highly demanded. Towards this goal, many mercury
sensors based on small fluorescent organic molecules,>12 proteins,13-1°
oligonucleotides, 1617 genetically engineered cells,18 conjugated polymers,1® foldamers,20:21
membranes, 2223 electrodes, 242> and nanomaterials?6-31 have been reported. Despite the
progress, few sensors show enough sensitivity and selectivity for detection of mercury in
aqueous solution. Those sensors that could meet the requirement remain complicated to
design and operate, or are “turn-off” sensors that are vulnerable to interferences, making it
difficult for facile on-site and real-time detection and quantification. In particular, an
interesting example is environmental-monitoring applications, such as mercury detection in
drinking water, in which a detection limit below 10 nM (the maximum contamination level
defined by US Environmental Protection Agency (EPA)) is required. However, only a few
reported sensors can reach this sensitivity.12:13.18.27.28 Therefore, a simple sensor with high
sensitivity and selectivity for facile on-site and real-time mercury detection is still needed.

Oligonucleotides provide an attractive methodology for mercury sensing. Ono and co-
workers reported that Hg2* has a unique property to bind specifically to two DNA thymine
bases (T) and stabilize T-T mismatches in a DNA duplex, and demonstrated a fluorescent
sensor for Hg2* ion detection.14:32 In their sensor design, one single-stranded thymine-rich
DNA strand was labeled with a fluorophore and a quencher at each end. In the presence of
Hg?* ions, the two ends of DNA would become close to each other through thymine-Hg—
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thymine base pair formation, resulting in fluorescence decrease due to an enhanced
quenching effect between the fluorophore and the quencher. A detection limit of 40 nM was
reported. As other quenchers or external environmental species might also cause decrease of
fluorescence and give a “false positive” results, a “turn-on” sensor is preferred. This Hg2*
ions induced stabilization effect on T-T mismatches have also been applied to design
colorimetric sensors by using DNA and gold nanoparticles in chemically labeled26:30 or
label-free methods.28:29.31 Recently, our group reported a highly sensitive “turn-on”
mercury sensor by introducing thymine—thymine mismatches in the stem region of the
uranium-specific DNAzyme.33 Hg2* enhanced the DNAzyme activity through allosteric
interactions, and a detection limit as low as 2.4 nM was achieved using the catalytic beacon
method.34-36 Being highly sensitive and selective, however, this sensor required the use of 1
M UO,2* for DNAzyme activity. This drawback gave us the motivation to find an
alternative method for mercury sensing, with a comparable sensitivity but without the need
to use other toxic metal ions as co-factors. Herein, we report a simple design of highly
sensitive and selective “turn-on” fluorescent mercury sensor based on structure-switching
DNA. The sensing process can be completed in less than 5 min, with a detection limit of 3.2
nM (0.6 ppb). Furthermore, mercury detection in pond water was performed to demonstrate
the practical use of this sensor.

Fluorescent sensors based on structural switching aptamer have been developed to detect a
number of non-metal ions such as adenosine-5"-triphosphate (ATP),37-39 cocaine,*0
thrombin,*! and platelet-derived growth factor (PDGF).42 Here we report a simple design
that is not based on aptamers, but based on structure-switching of DNA containing thymine—
thymine mismatches to detect metal ions. The design of the structure switching mercury
sensor is shown in Fig. 1. The sensor system contains a 33-mer DNA (Strand A) with a
FAM labeled at the 5" end and a 10-mer DNA (strand B) with a Black Hole Quencher-1
labeled at the 3" end (Fig. 1(a)). Strand A can be divided into three segments. The first
segment (in red) together with the second segment (in purple) hybridize with strand B. Five
self-complementary base pairs (bps) separated by seven thymine—thymine mismatches are
introduced to the second and third segment (in green). In the absence of Hg?*, as DNA
strands A and B are hybridized, the fluorophore and the quencher are close to each other,
resulting in fluorescence quenching due to fluorescence resonance energy transfer.
However, in the presence of Hg2*, the formation of thymine—Hg-thymine base pairs will
induce the folding of the last two segments (in purple and green) into a hairpin structure
(Fig. 1(a)). As a result, only five base pairs remain between strand A and B, which is not
long enough to keep both strands stable at 100 mM salt concentration at room temperature.
Therefore, strand B will be released from strand A, “turning-on” the signal from the
quenched fluorophore. The fluorescence spectra of the sensor before and after the addition
of 1 M Hg?* is shown in Fig. 1(b). About 8x fluorescence increase at 518 nm peak was
observed. The quantum yield of the FAM conjugated to the DNA sensor is estimated to be
~66% (see ESIT) and little quenching of FAM fluorescence was observed upon addition of 1
M Hg?*,

To study the Hg?* induced structure-switching of the sensor system, the sensor solutions
were treated with Hg2* ions of various concentrations, and the kinetics of the fluorescence
increase at 518 nm was monitored. As shown in Fig. 2(a), higher concentrations of Hg?*
ions resulted in more fluorescence emission enhancement. To quantify the Hg2* ions, the
fluorescence increase in the first 3 min after addition of different concentrations of Hg2*
ions was collected and compared. The calibration curve (Fig. 2(b)) had a sigmoid shape and
was fit to a Hill plot with a Hill coefficient of 2.4. This results indicate that the HgZ* binding
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to the DNA strand A is a positively cooperative process, and the binding of one Hg2*
facilitates the binding of another Hg?* onto the same strand. Although there are seven
binding sites in strand A, the release of strand B happens after binding to approximately 2.4
Hg?* ions. Through fitting the calibration curve in Fig. 2(b) to a Hill plot, a dissociation
constant of 471 nM was obtained (see ESIt). This sensor has a detection limit of 3.2 nM
based on 3a/slope, which is lower than US EPA defined toxicity level of Hg2* in drinking
water (10 nM). The calibration saturated at 800 nM, meaning that the detection range of this
sensor is from 3 nM to 800 nM.

To determine the selectivity of the sensor, 1 uM of each of metal ion was individually added
to the sensor solution and the fluorescence increase was monitored. As shown in Fig. 3 (grey
bars), among the metal ions tested (Mg2*, Ca2*, Mn2*, Co2*, Ni2*, Cu?*, Ph2*, Zn2*, Cd?*,
and Hg2*), only Hg?"* resulted in significant fluorescence signal increase. In addition, 1 uM
of Hg?* and 1 wM of another metal ion were added together to the sensor solution. The
fluorescence response of the HgZ*—M?2* pair (Fig. 3, black bar) suggests excellent selectivity
of Hg2* over other metal ions as well.

With excellent sensitivity and selectivity in buffer solution, our sensor was further tested
with pond water collected on the University of Illinois campus. Using standard addition
method, Hg?* ions were added into the sensor solution in the pond water to the final
concentration of 200 nM and 207% fluorescence enhancement was observed (Fig. 4). This
result is similar to the fluorescence enhancement (231%) observed for the sensor in pure
water in the presence of 200 nM Hg?*, indicating that our sensor is able to detect mercury in
pond water with little interference.

In summary, we designed a highly sensitive and selective fluorescent sensor for mercury
based on structure-switching DNA. HgZ* induced the folding of fluorophore labeled DNA
strand by thymine—Hg-thymine formation, which released the hybridized DNA strand with
the quencher and increased the fluorescence. This sensor has the detection limit of 3.2 nM,
which is lower than the EPA limit of Hg2* ions in drinking water (10 nM). This simple
design of highly sensitive and selective sensor makes it possible for on-site and real-time
mercury detection in environmental and other applications.
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Fig. 1.

(a) Schematic of the “turn-on” fluorescent mercury sensor design. The 33-mer DNA strand
(strand A) with a FAM attached at the 5" end was hybridized with a 10-mer DNA (strand B)
with a Black Hole Quencher-1 attached at the 3" end, resulting in fluorescence quenching. In

the presence of Hg2*, the folding of strand A releases strand B and increases the

fluorescence. (b) Fluorescence spectra of the sensor in the absence of and after the addition

of 1 M Hg?* ions for 10 min.
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(a) Kinetics of the fluorescence increase in the presence of varying concentrations of Hg2*
ions. (b) Calibration curve of “turn-on” fluorescent mercury sensor (fitted to Hill plot with a
Hill coefficient of 2.4). The fluorescence increase was calculated from the first 3 min after

addition of Hg2" ions. Inset: Sensor responses at low Hg2* ion concentrations.
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Fig. 3.

Selectivity of the Hg?* sensor. Gray bars represent fluorescence responses 8 min after
addition of 1 M of other metal ion (from left to right: Hg?*, Mg?*, Ca2*, Mn2*, Co?*,
NiZ*, Cu2*, Pb2*, Zn2*, and Cd2*). Black bars represent fluorescence responses after
addition of 1 uM of Hg?* together with 1 M of one other metal ion.

Chem Commun (Camb). Author manuscript; available in PMC 2012 July 26.

Page 7



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Wang et al.

3.5x10°

28x10 F

T 2.1x10°
[ 1.4x10°

7.0x10°

0.0

Fig. 4.

Fluorescence spectra corresponding to the analysis of Hg2* in pond water: pond water
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containing no Hg?* (black triangle) or 500 nM Hg?2* (red circle) was added into the sensor
solution, the dilution factor was 2.8. Inset of the figure shows the kinetics of the
fluorescence increase after addition of the pond water.
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