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Abstract The article describes a fluorometric and sensi-
tive assay for mercury(Il) ions (Hg”>"). It is based on the
following scheme and experimental steps: (1) Hg”>" trig-
gers the self-hybridization of thymine-rich ss-DNA la-
beled with a fluorescence tag to form a ds-DNA; (2) in
the absence of Hg”", labeled ss-DNA will be adsorbed on
the surface of graphene oxide (GO) and its fluorescence
is quenched; (3) the ds-DNA formed in the presence of
Hg?" is cleaved by the catalytic action of exonuclease
IIT; (4) the cleaved labeled DNA fragments do not adsorb
on the surface of GO, this resulting in an increase in
fluorescence intensity. The induction of the process by
Hg?" leads to a strong amplification of fluorescence,
while the fluorescence of uncleaved labeled ss-DNA is
quenched because it is adsorbed on the surface of GO in
the absence of Hg®". This assay displays a detection
limit of 0.1 nM (which is below the 10 nM upper limit
in drinking water according to the US EPA and can be
performed with 8 min.
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Introduction

Contamination of the environment with heavy metal ions has
been recognized as an important worldwide issue for decades
[1,2]. Hg*", as one of the most ubiquitous heavy metals pol-
lutants, is found in the atmosphere, soil, surface waters and
even food [3]. According to the U.S. Environmental Protec-
tion agency (EPA), an annual total global mercury emission
from natural sources as well as human activities is over 7500
tons [4]. Mercury ions can cause serious and permanent dam-
age to the nervous system, kidney, liver, brain and other or-
gans [5]. Because of the high toxicity of Hg”", the EPA and
the international World Health Organization (WHO) have reg-
ulated the upper limit of Hg*" levels in drinking water as 10
nM and 30 nM, respectively [6]. Therefore, there is a need to
develop efficient, facile, sensitive and selective analytical
methods for determination of Hg2+.

Conventional analytical methods, such as cold-vapor atom-
ic fluorescence spectrometry (CVAFS) [7], cold-vapor atomic
absorption spectroscopy (CV-AAS) [8], inductively coupled
plasma atomic emission spectrometry (ICPAES) [9], induc-
tively coupled plasma mass spectrometry (ICP-MS) [10],
have been used in the detection of Hg”". These methods are
very sensitive and selective. Nevertheless, they require com-
plicated and expensive instruments operated by professional
operators, limiting their wide application. Recently, Ono et al.
reported that the Hg”" can be specifically bind to two DNA
thymine bases (T) and form stable T-T mismatches in DNA
duplexes [11]. The T—ngtT pair mediated by mercury ions is
more stable than the natural adenine-thymine (A-T) base pair.
Moreover, this T-T mismatch shows high specificity for Hg**
against other metal ions [12]. Based on these findings, various
types of Hg*" detection assays have been developed in recent
years [13—15]. Among these methods, fluorescence bioassays
using labeled oligonucleotides (OND), due to its simple
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operation, fast response and high sensitivity, have attracted
particular attention in various fields [16].

Graphene, a single-atom-thick and two-dimensional car-
bon nanomaterial with extraordinary electronic, mechanical
and optical properties, has attracted great research interests
in various fields [5, 6]. Graphene oxide (GO), an oxide
form of graphene, displaying good water-solubility and
flexibility for modification, has been widely applied in
biological and biomedical areas [17]. In addition, GO also
has some important characteristics such as highly efficient
fluorescence quencher; high affinity to single-stranded
DNA (ss-DNA) than double-stranded DNA (ds-DNA) or
well folded ss-DNA; as well as high affinity to long ss-
DNA than short ss-DNA [18]. More recently, by making
use of these properties of GO, researchers have developed
many fluorescent assays for Hg®" detection [5, 6]. How-
ever, most of these methods didn’t adopt the strategy of
signal amplification, leading to their detection limit above
the toxic level of Hg”" in drinking water set by the EPA
(10 nM) [19].

Signal amplification strategy based on target recycling, in
which a target molecule circularly interacts with different
nucleic acid-based signaling probes, is a very useful approach
to improving detection sensitivity of bioassays [20, 21]. Nu-
cleases such as Rnase H, nicking endonuclease, DNase I,
duplex-specific nuclease, endonuclease IV, exonuclease I1I
(Exo IIT) are often employed as the cleavage enzymes to
promote the target recycling [22]. Different from the
sequence-specific nicking endonuclease, Exo III, as
exonuclease-assisted target recycling amplification, does
not require any specific recognition sequence [23]. Exo
IIT catalyzes the stepwise removal of mononucleotides
from the 3-hydroxyl ends of dsDNA with blunt or recessed
3-terminus, while it has limited activity on ssDNA or 3-
protruding termini of dsDNA [22]. In view of these fea-
tures, Exo III has been widely used in the highly sensitive
detection assays for DNA, RNA, protein and metal ions
[22-25]. Based on these general concepts and researches,
we present a highly sensitive and selective fluorescent
bioassay for the detection of Hg** by combination of GO
with Exo Ill-assisted signal amplification. Moreover, the
fabricated sensing platform was successfully applied to the
determination of Hg?" in lake water samples.

Experimental

Apparatus

Fluorescence measurements were carried out on a Hitachi F-
4600 spectrophotometer (Hitachi Co. Ltd, Japan) equipped

with a xenon lamp excitation source at room temperature.
The excitation was set at 495 nm and the emission spectra
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were collected from 510 to 600 nm. The fluorescence intensity
at 518 nm was used to choose the optimal experimental con-
ditions and evaluate the performance of the proposed sensing
system. The excitation and emission slit widths were both set
at 5 nm.

Materials and reagents

The Exo III was purchased from Takara Biotechnology Co.
Ltd (Dalian, China, www.takara.com.cn) and DNA
oligonucleotides were synthesized and purified using HPLC
by Sangon Biotechnology Co. Ltd (shanghai, China, www.
sangon.com). The sequence of the fluorescent dye-labeled
ssDNA is 5’-CATTCTTTCTTCCCCT TGTT TGTTT-FAM-
3’. GO was synthesized according to our previous report [17].
Graphite powder was oxidized by a mixture of H,SO, and
KMnO,. Water was added to end the reaction. Adequate
H,0, (30 %) was added until the color of the mixture turned
to bright yellow. The mixture was washed with dilute HCI
solution to remove metal ions, and then washed with water
until the solution reached a neutral pH. The resulting solid was
dried in air. Finally, the synthesized product was further puri-
fied by dialysis to remove the remaining metal species, and
dispersed in water under sonication to get the homogeneous
GO suspension (0.5 mg mL™"). Tris-hydroxymethyl
aminomethane (Tris), the metal salts and all the other reagents
employed were of analytical grade and used without further
purification. Ultrapure water obtained from a Millipore water
purification system (18.2 M2 cm resistivity, Milli-Q Direct 8)
was used in all runs.

Preparation of working solution

The GO stock solution was stable in a few days, but tended to
form cluster if it was placed for a long time. Therefore, the GO
stock solution should be sonicated for 1 h prior to each use.
1 uM FAM-labeled ssDNA probe stock solution was prepared
with Tris buffer (20 mM, 100 mM NaCl, pH 8.2). The stan-
dard stock solution of Hg*" was prepared by dissolving mer-
curic acetate with 0.1 % acetic acid. Aliquots of various con-
centrations of Hg”" solutions were obtained by serial dilution
of the stock solution with ultrapure water. The buffer for en-
zyme digestion was Tris buffer (10 mM, 10 mM KCl, 10 mM
MgCl,, pH 8.0, buffer 1). The NEBuffer was always used as
the assisted solution of the Exo III. But the NEBuffer
contained the dithiothreitol which forms a precipitate with
Hg”". In this work, the activity of Exo III also has no obvious
effect without adding the NEBuffer. Fluorescence measure-
ments were performed in the buffer 2 which consisted of Tris
buffer (20 mM, 100 mM NaCl, 2 mM MgCl,, pH 7.4). All the
solutions were stored at 4 °C.
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Fig. 1 Schematic illustration of fluorometric Hg*" detection by combining graphene oxide with Exo Ill-assisted signal amplification

Fluorescence detection of Hg**

Thirty nanometer FAM-labeled T-rich ss-DNA probe and a
desired concentration of Hg*" were first mixed and kept at
room temperature for 2 min, followed by adding 1 unit of
Exo IIT and buffer 1. Subsequently, the whole 200 pL solution
was homogeneously mixed and incubated at 37 °C for 5 min.
Finally, the reaction solution was added with GO solution and
diluted with buffer 2 to 1 mL. After homogeneous mixing, the
fluorescence of the mixture was measured at room tempera-
ture. In control experiments, the measurement process was all
the same with the above except the addition of Hg*". Unless
otherwise noted, each fluorescence measurement was repeat-
ed three times, and the standard deviation was plotted as the
error bar.

To evaluate effects of potential experimental conditions on
Hg”" detection, other metal ions, including Fe*", Zn**, Cu*",
Ni?*, Co**, Cd*" at a concentration of 500 nM, were added
respectively (in the presence and absence of 50 nM Hg*") and
the measurement was performed respectively under the same
conditions . To investigate the specificity of the assay, the
fluorescence response of 50 nM Hg”" was respectively com-
pared with that of other potentially interfering metal ions (in
the absence of 50 nM Hg*") at high concentrations (500 nM).
To evaluate the selectivity of the assay, the fluorescence inten-
sity of 50 nM Hg”" was respectively compared with that of
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Fig.2 The fluorescent spectra of the bioassay system for the detection of
Hg?" under different conditions (GO concentration is 50 pg mL ™).
Excitation wavelength is 495 nm and emission wavelength is 518 nm

other potentially interfering metal ions (in the presence of 50
nM Hg?") at high concentrations (500 nM).

Real sample analysis

To investigate the practical application of the sensing plat-
form, the water sample from Huangjiahu Lake in Wuhan
was filtered through a 0.22 um membrane. The lake water
was spiked with a stock solution of Hg?". Next, the high
concentration Tris buffer was added to the mixture. The fluo-
rescence measurement of Hg®" was then performed in the
same manner.

Results and discussion
Bioassay strategy

The inspiration of our sensing strategy for the detection of
Hg”" is based on the following factors: (1) Exo III digests
dsDNA with blunt or recessed 3-terminus, but it has limited
activity to ssDNA or dsDNA with protruding 3-terminus [20,
22], (2) GO absorbs the FAM-labeled ssDNA probe and
quench the fluorescence of probe, while the affinity between
very short ssDNA and GO is negligible [26]. (3) Hg*"
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Fig. 3 Fluorescence emission spectra of this assay at different Hg*"
concentrations: 0, 0.1, 5, 10, 20, 50, 80, 150, 200, 250, 300, and
350 nM. Inset: the calibration curve and the linear equation from 3 to
350 nM Hg**
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Fig. 4 The fluorescence intensity (F1—Fy) of various 500 nM metal ions
in the presence and absence of 50 nM Hg**"

mediates the T-rich ssDNA to self-form the well folded
dsDNA [12]. (4) the well folded dsDNA with T-Hg*'-T
base pairs can be digested by Exo III with the same
efficiency as normal dsDNA [27]. The schematic de-
scription of the sensing strategy is illustrated in Fig. 1.
In the absence of Hg?", the FAM-labeled ssDNA probe
is presented as a random coil structure and resistant to
Exo III digestion. So the probe is adsorbed on the sur-
face of GO and the fluorescence is quenched. On the
contrary, in the presence of Hg?*, the fluorescence dye-
labeled probe forms into a hairpin structure or a mis-
match dsDNA between different probes via the Hg”'-
mediated coordination of T-Hg”*-T base pairs. The hair-
pin structure is consisted of a 4-nt loop (CCCC) and a
10-bp stem with a recessed 3-terminus. The Exo III cat-
alyzes the stepwise removal of mononucleotides from the
3-hydroxyl ends of the hairpin structure and mismatch
dsDNA, resulting in the release of the target Hg>" and
FAM-labeled mononucleotide. The FAM-labeled mono-
nucleotide does not adsorb on the surface of GO so that
the fluorescence intensity of the solution has obvious
increase with the progress of the triggered activity of
Exo III. Moreover, the released Hg®" then mediates
the new probe, forming the well folded dsDNA and
initiating a new cycle of digestion. Through such a cat-
alytic cycle, small amounts of Hg2+ can exponentially
trigger the cleavage of FAM-labeled DNA probe by be-
ing recycled hundreds of times. So this Exo Ill-assisted
signal amplification technique can offer an ultrahigh
sensitivity for the detection of extremely low concentra-
tions of Hg”".

Assay feasibility

In order to verify the feasibility of the proposed sensing sys-
tem for Hg”" assay, the fluorescence signals of Hg*" measure-
ments in the presence of Exo III as well as a series of control
experiments were depicted in Fig. 2. As shown in Fig. 2c, the
very weak fluorescence showed that the great majority of the
FAM-labeled probe was adsorbed on the surface of GO just in
the presence of Hg?". Upon addition of Exo III, the fluores-
cence intensity was dramatically increased (shown in Fig. 2a),
revealing that Exo III triggered the enzyme digestion reaction
and formed the FAM-labeled mononucleotides which were
not adsorbed on the surface of GO. Nevertheless, a non-
negligible signal was observed just in the presence of Exo
II (shown in Fig. 2b), revealing that Exo III non-specifically
digests the probe and thus increase the background signal of
the sensing platform. These results obviously indicate that the
Exo Ill-assisted cleavage cycle triggered by Hg>" has been
successfully achieved. The quantitative assay of Hg>" was
realized by using the relative fluorescence change: Fr=[(F;—
Fo)/F¢]*x100 %. F; and F, are the fluorescence intensities at
517 nm in the presence and absence of Hg*", respectively.

Optimization of assay conditions

The concentration of Exo I1I and GO, enzymatic reaction tem-
perature and time were investigated systematically in order to
obtain the optimal experimental conditions and attain a high
signal-to-noise ratio for the detection of Hg*" by fixing the 30
nM probe (The details can be found in Electronic
Supplementary Material and Figure S1). 1 U mL™" Exo III,
50 ug mL™" GO, 37 °C enzymatic reaction temperature, 5 min
enzymatic reaction time were chosen as the optimum
condition.

Sensitivity of the assay towards Hg?" detection

Under the optimal experiment conditions, the sensitivity of the
bioassay was evaluated. In the presence of various Hg** con-
centrations, the fluorescence emission spectra of the bioassay
were shown in Fig. 3. Clearly, the fluorescence signal was
dynamically enhanced with increased Hg>" concentrations
from 0 to 350 nM. However, when the Hg*" ions concentra-
tion was higher than 0.5 uM, the fluorescence signal reached a

Table2 Recovery of Hg>" added

to real lake water samples Sample Hg®" added (nM) Hg*" found (nM) Recovery (%) RSD (%)
1 0 0 - -
2 5.0 4.7 94.0 39
3 20.0 212° 106.0 4.7
4 100.0 93.6% 93.6 4.9

? mean values of three assays
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plateau and decreased with further increase of the Hg** con-
centrations (The results were not shown). This may be as-
cribed to the fact that the very high Hg*" ions concentrations
diminish the activity of Exo III. The inset depicted the rela-
tionship between Fr and the Hg>* concentrations. As shown in
the inset of Fig. 3, the value of Fr was proportional to the Hg*"
concentrations in the range of 3 nM to 350 nM. The linear
regression equation was Fr=1.4124C+ 130.4188 with a cor-
relation coefficient of 0.9924, and the detection limit was de-
termined to be 0.1 nM (three times the standard deviation of
the blank solution. C is the concentration of Hg*"). The detec-
tion limit of this assay is far below the maximum allowable
level of Hg*" in drinking water (10 nM) set by the U.S. EPA.
The sensitivity of this assay is also higher than that reported in
most of the previous reported methods (as shown in Table 1).
These results indicate that the designed bioassay might pos-
sess a great application for the detection of Hg" in environ-
mental fields.

Selectivity and specificity

In order to evaluate the selectivity and specificity of the bio-
assay system for possessing great application, various metal
ions were added to test the change of the fluorescence inten-
sity. Firstly, we investigated whether these metal ions may
markedly change the fluorescence intensity of the bioassay.
A variety of environmentally relevant metal ions such as Fe**,
Zn**, Cu*', Ni**, Co**, Cd*" were respectively added in the
absence of Hg?". Compared with the blank solution, the fluo-
rescence intensity just had slight change after adding these
metal ions (shown in Fig. 4). This indicates that these poten-
tially interfering metal ions do not mediate the same formation
of dsDNA as Hg2+ does. In this work, we added 50 uM po-
tentially interfering metal ions in the presence of 50 nM Hg*".
It was found that there was no strongly significant effects upon
addition of Fe**, Zn** and Cu®" ions (the decrease of fluores-
cence intensity was all less than 20 %), but addition of Cd**
and Ni" ions led to a large decrease in the fluorescence inten-
sity (The results were not shown). Therefore, 500 nM of these
potentially interfering metal ions were respectively added in
the presence of 50 nM Hg”" in the work. As demonstrated in
Fig. 4, the bioassay can detect Hg*" in the presence of other
potentially interfering metal ions at high concentrations. All
the above observations show that this bioassay for Hg*" de-
tection has high selectivity and specificity against the interfer-
ences of other metal ions, which are mainly attributed to the
specific T-Hg*'-T base pairing [30]. Nevertheless, in view of
the strong interference of high concentrations of metal ions in
real samples (for instance, Cd** and Ni" ions), the potential
solution to reduce the interference of high concentrations of
these metal ions in real samples may be that citric acid is
added to the analyzed samples, resulting in the chelating
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ligand between citric acid and heavy metal ions, as described
in the previously reported work [16].

Real samples assay

In order to evaluate the performance of this bioassay for the
detection of Hg*" in natural samples, the lake water samples
spiked with three different concentrations of Hg*" were ap-
plied. According to the linear regression equation in the range
from 3 to 350 nM Hg?", the ‘Found’ Hg>" concentrations in
the lake water samples were obtained. All the measurements
were performed three times, and the results were summarized
in Table 2. We observed that the recoveries were in the range
0f 94.6-106.0 %, and the average RSD was less than 5.0 %.
The results clearly indicate that the bioassay could realize the
quantification analysis of Hg”" in real samples.

Conclusions

In summary, a fluorescence bioassay based on GO and Exo III-
assisted signal amplification has been developed for the highly
sensitive and selective detection of Hg?" in the present work.
Mediated by Hg?*, the FAM-labeled ssDNA forms the well-
folded dsDNA and is digested by the Exo III, resulting in the
release of FAM-labeled mononucleotide and Hg”" ions. The
FAM-labeled mononucleotide is not adsorbed on the surface
of GO, leading to the increase of the fluorescence intensity.
Furthermore, the released Hg®" mediates a new cycle of diges-
tion. In such a way, a small amount of Hg”" can induce the large
number of enzyme digestion reactions and form a significantly
amplified fluorescence signal. This bioassay possesses high sen-
sitivity and selectivity, and has fast response (8 min) in compar-
ison to the published work (as shown in table 1). The practical
applications in lake water also indicate that this bioassay ex-
hibits great perspective for the detection of Hg** in the environ-
mental samples.
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