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Abstract

An electrospray ionization-tandem mass spectrometry (ESI-MS/MS) strategy
was developed for the detection of mercury ion with high sensitive and selective
based on a competition system of glutathione and mercury specific DNA to mercury
ion. Mercury ion selectively bound to a special mismatched DNA and glutathione
(GSH) as thiol-containing tripeptide can effectively sequester Hg2+ ion from
thymine-Hg**-thymine ~ structure. Following the competition reaction, the
concentration of mercury ion in analyte was indirectly reflected by monitoring the
concentration change of free GSH by ESI-MS/MS method. The electrospray
ionization-mass spectrometry (ESI-MS) analysis of competition system provided the
connection of mercury ion and mercury specific DNA (MSD), and also provided the
process which GSH competed mercury ion from MSD. Notably, the proposed
competing platform exhibits exquisite selectivity and sensitivity to Hg*" ion with the
detection limit of 5 nM. Furthermore, this assay design avoids the labeling of the
probe, the use of the quantum dot, fluorescence dye, and heavy metals. So it is much
friendly for the operators and environment. The proposed method was applied to
some real samples (tap water, lake water, and fish), and the results were satisfactory.
Key words electrospray ionization-tandem mass spectrometry, mercury (II) ion,

glutathione, competing system, selectivity, salt tolerance
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Introduction

Mercury is a highly toxic element in ecosystems,l'2 and it can be
accumulated in human body and causes the damages of brain, nervous system,
immune system, and many other organs. With the increasing threat of mercury
exposure in environment from global mercury emissions as well as various
forms of contaminations,’ there has been a growing interest in the development
of highly sensitive and selective analytical methods for the monitoring of
mercury ion (Hg>") over the past few years.*”

The most commonly analytical techniques for detecting mercury ion
include atomic absorption spectrometry (AAS),6 atomic emission spectrometry
(AES),” inductively coupled plasma mass spectrometry (ICP-MS),
electrochemical method,9 and so on. A common shortcome for all the above
methods is applicable to only contain mercury ion for the detection process, and
their analytical results are easily influenced by the present of other metal ions.
In recent years, some new methods have been developed for monitoring Hg*"
ion,'”!'? such as using biosensors and chemical sensors. The detection of Hg*"
ion using various sensor systems based upon organic chromospheres or
fluorophores,*conjugated  polymers,'*  oligonucleotides,”> DNAzymes,'°
proteins,17 thin films, ®and nanoparticles (NPS).19 However, most of these
methods suffer from low water solubility and complex synthesis procedure.

Moreover, these strategies still suffer a series of problems, such as poor

sensitivity to Hg2+ ion, cross-sensitivity to other metal ions, and incompatibility
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with aqueous systems.20 Increasing concerns over monitoring mercury ion in
aqueous solution have motivated the development of new methods with high
selectivity and sensitivity, healthy, harmless, and high salt tolerance.

Hg”"ion can bind specifically to iminonitrogen (N3) of thymine (T),*' and
possibly forms the linkage of T (N3)-Hg®'-T (N3). Recently, T-Hg®'-T
(T=thymine) chemistry has been highlighted in the development of Hg*'
sensors because T-T mismatch shows high selectivity to Hg2+ ion against many
other metal ions.”>* Two protocols based on the binding of Hg>" ion to a
mercury specific DNA(MSD) have been reported. One is based on fluorescence
resonance energy transfer (FRET) between fluorescein and dabcyl which has
been labeled on both ends of a MSD.**?” The other protocol is based on the
color change of the surface functionalization gold nanoparticles (AuNps) by
MSD probe which responds to Hg?" ion and induced conformation
altransition.?®?° Both protocols have shown high selectivity to Hg>" ion against
many other metal ions. However their most disadvantage is that fluorescent
materials or some potential risk materials are used.’® So it is much harmful for
operators and circumvent. Thus, a rapid, sensitive, safe, and reliable analytical

method is needed to reduce the harm to the operators or environment.

Previously, many researches have shown that mercury (II) ion has an
extremely high affinity for thiol-containing compounds *'? like cysteine,
N-acetyl-cysteine, methionine, glutathione, lipoic amide and coenzyme A.

Some of these studies suggested a protective effect of thiol compounds against
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the mercury toxicity. It is well-known that GSH-Hg”'-GSH and Cys-Hg>*-Cys
complexes, as well as Hg2+ complexes with other biothiols and nitrogen bases,
have very high stability constants. Based on this principle, Lee et al *
developed a highly sensitive and selective colorimetric detection method for
Cys based upon oligonucleotide functionalized AuNP probes. When GSH or
Cys was added into an analyte, it binds to Hg*" ion and removes Hg*" ion from
thymine-Hg2+-thymine complex, thereby lowering the temperature of the DNA
duplex dissociation (Tm) and changing the color from purple to red. HuiXu®*
developed a “molecular beacon” method based the detection of GSH and Cys
relying on Hg*"-induced self-hybridization of the beacon strand. Han B*° based
on this theory developed a detecting system for biothiols in cells.

But for all of these studies, they all use the fluorescent dye, heavy metal or
quantum dots. All of these were unhealthy for operators or the environment. In order
to reduce the harmful effect but keep the sensitivity and selectivity, in this paper, we
developed a novel ESI-MS/MS detection method based on a competing system of
mercury specific DNA (MSD) and glutathione (GSH) for mercury(Il) ion in analyte.
The method is based on a competitive ligation of Hg2+ ion between GSH and
thymine-thymine (T-T) mismatches in a DNA strand of the self-hybridizing beacon
strand. A mercury (IT) specific DNA (MSD) has been elegantly designed for Hg*" ion
assay, the sequences of the leading strand and the lagging strand were
5'-CGCGTTGTCC-3’ and 5'-GGACTTCGCG-3’, respectively. These sequences are

reverse complement but have two mismatched T bases. It forms a double strand DNA
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structure in the presence of Hg®" ion, and presents a random coil form in the absence
of Hg”" ion. In here, we firstly investigated the specific interaction of Hg”"ion with
T-T mismatches and then with GSH for developing a highly sensitive ESI-MS/MS
method to detect Hg*" ion. In the presence of Hg*" ion, it specially fills in the T-T
mismatch hole and dramatically raises the Tm value of MSD. Once GSH is added into
the solution, Hg”" ion will come off MSD and bind to GSH due to the high binding
affinity of GSH to Hg”" ion. After this competing reaction, the concentration of GSH
will be measured for indirect detection of Hg®" ion, because the concentration of GSH
is correlative with that of Hg*" ion (scheme 1).The interfering effect of Na™ and many
other metal ions was also investigated in this paper. The result shows that the good
selectivity for Hg2+ ion can be achieved by our method, even in the case of high
concentration of salts. We applied this proposed method for the detection of the
concentration of mercury ion in real samples, such as in tap water, lake water, and fish.

The results were further verified by ICP-MS.

S5min 40min

A
~66.6 6”@?@@ @sH(x) -
% No T%—.@i@w@;&@@ i(‘) »
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Scheme 1. The mechanism of competing system for Hg*" ion in this study

MS/MS

Materials and Methods

Reagents and Apparatus
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The thymine-rich single stranded DNA (T-rich ssDNA) was purchased
from TAKARA Inc. (Dalian, China). The sequences of T-rich DNA used in this
work were 5-CGCGTTGTCC-3' and 5-GGACTTCGCG-3’, respectively.
HgCl,, NaCl, MgCl,, KCl, ZnCl,, CaCl,, AgNOs, Co(NOs3), * 6H,O, and
L-Glutamic acid (Glu) as internal standard were purchased from Sigma Aldrich
Chemical Co. All solutions were prepared using ultra-pure water (18.2 MQ cm)
from the Milli-Q system.

ESI-MS/MS experiments for the concentration detection of free GSH was
performed using Xevo-TQ triple quadrupole tandem mass spectrometer(Waters
Crop., USA)equipped with an ESI source and Waters Masslynx V4.1
workstation combined with Acquity ultra performance liquid chromatography
(UPLC) system.

The automatic sampler and pump of LC apparatus were used to inject
samples and send the mobile phase to mass spectrometer. The mobile phase
was the mixture of 30% methanol and 70% water. The flow rate was kept at 0.2
mL/min, and 2 pL of sample was injected. The running time was 2 min.
ESI-MS/MS analysis was done in positive ion mode with multiple reaction
monitoring (MRM). Mass transitions of GSH and Glu (as internal standard)
were optimized at 308 =76 and 148—84, respectively. The cone voltage and
collision energy for GSH were 12 V and 16 eV, respectively. The cone voltage
and collision energy for Glu were 14 V and 12 eV, respectively. The spray

voltage was 3.0 kV. The temperatures of source and desolvation were held at
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120°C and 350 °C, respectively. The flow rate of desolvation gas was at 800
L/h, and the pressure of argon as the collision gas was kept at 1.4 X 10~ mbar.

ESI-MS experiment for the structure confirmation of duplex (MSD) and
complex (MSD-2Hg*", GSH-Hg”>'-GSH) was performed using Synapt G2
Q-TOF mass spectrometer (Waters Crop., USA) equipped with an ESI source.
The sample analysis was performed in negative ion mode. The voltages of
capillary and sample cone were at 3.0 kV and 35 V, respectively. The source
temperature was at 120°C. The flow rates of cone and desolvation gas were set
at 30 L/h and800 L/h, respectively. Samples were introduced directly into the
mass spectrometer at a flow rate of 5 uL/min.

The UV-Vis spectra of the analytes were recorded using Carry 50
spectrophotometer in the wavelength range of 200-500 nm.
The complexes formations of MSD and GSH with Hg2+ ion

Three tubes of 100 nM MSD solution were mixed with 5 mM NH;Ac and
ImM NaCl and labeled as S1, S2, and S3, respectively. Then, 100nM Hg2+ ion
was added into S2 and S3, respectively. The three tubes were heated at 93°C for
5 min and then gradually cooled down to room temperature to facilitate the
formation of double-strand DNA. The solutions of S1 and S2 were analyzed by
ESI-MS on Q-TOF mass spectrometer. An additional of 400nM GSH was
added into the S3 solution and the mixture was incubated at 37°C for 40 min
before ESI-MS analysis. S1, S2, and S3were then analyzed by ESI-MS on a

Q-TOF mass spectrometer.
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Sensitivity and Standard Curve

For making standard curve of the analyte, the experiment process was
implemented as following. The detection system was performed in the 5 mM
ammonium acetate buffer solution with 1mM NaCl. A series of DNA (100 nM)
solutions with different concentrations of Hg2+ ion (0, 5, 10, 20, 40, 60, 80,
and100nM) were prepared. The above solutions were heated at 93°C for 5 min
and then gradually cooled to room temperature. 200 nM GSH was then added,
and the final solutions were incubated for 40 min in order to remove Hg*" ion
from T-Hg>"-T base pair. The GSH stock solutions were freshly prepared on the
day of use. Finally, the concentration of remaining GSH in reaction systems
was detected using ESI-MS/MS on multiple reaction monitoring (MRM) mode
on a triple quadrupole mass spectrometer. The free GSH concentration could
indirectly reflect the concentration of Hg” ion in analyte. Due to the minor
reactivity of Glu to mercury ion, we chose Glu as an internal standard in this
study. ESI-MS/MS analysis was performed in positive ion mode with MRM as
mentioned in section2.1.
Selectivity

To make sure the special selectivity of this detection method for Hg*" ion,
several solutions containing different metal ions (Na', K", Co**, Fe*', Ag+, Cu*,
Zn*", Mg®’, and Ca*’, each at 100 uM) were tested under the same conditions
as the solutions only containing Hg”" ion. Remarkably, no optical and thermal

transition profile changes of these solutions were observed with up to
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mill-molar concentrations of these metal ions. The change of free GSH
concentration in solution system was also tested in the presence of other metal
ions under the same condition as for Hg>" ion.
Salt tolerance

To observe the influence of salt concentrations, a series of solutions
containing different concentrations of NaCl (50uM, 100uM, 150uM, 200uM,
500uM, 750uM, 1mM, 5SmM, and 10mM) ,100 nM MSD, and ImM NH4 AC
were prepared. 100 nM Hg*" ion was added into the solution and then heated at
93°C for 5 min. When the temperature went down to 37°C, GSH was added
into the tubes. The final concentration of GSH was 400 nM. These solutions
were incubated at 37°C for 40 min, and then the concentrations of free GSH
were detected by ESI-MS/MS as mentioned before.
Method validation
Artificial samples

For the validation of the method, 200 nM, 100 nM and 50 nM of Hg2+ ion
solution were prepared, respectively. Each of 5 samples was included in a group. The
mean value was taken as the final result.
Real Samples

The applications of the proposed method were evaluated for determination
of Hg” ionin both tap water and lake water samples. Lake water sample was

obtained from South Lake of Changchun, Jilin province, China. Tap water and
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lake water were filtered through a column packed with anionic exchange resin
to remove oil and other organic and biological impuritiesl.

Fish sample was collected from commercial market in Changchun, China.
The frozen sample was treated as following. The fish was washed with distilled
water and dried after defrosting. A portion of the edible muscle tissue was
removed from the dorsal part of each fish, homogenized and stored in
clean-capped glass vials and kept in a freezer until analysis. A part of the
muscles was taken out quickly and dried in an oven at 70 °C for 48 h. After
grinding the dry tissue, 5 g of each sample was digested with 10 mL of
concentrated HNOjs in a Teflon beaker for 4 h at 100 °C. After digestion, all of
the samples were transparent solutions and pH was adjusted to 7.0. Obtained
mixture was filtered into 100 mL Erlenmeyer flask and then concentrated to 5
mL'. The mercury ion content of the above samples was analyzed by the

proposed procedure and ICP-MS, respectively.

Results and Discussion

The binding of Hg2+ ion to mismatched MSD and GSH

In “Reagents and Apparatus” section, the experimental process of Hg® ion
binding to mismatched MSD and GSH was described. S1 contains only 100 nM MSD,
S2 contains 100 nM Hg2+ ion and 100 nM MSD, and S3 also contains 400 nM GSH
besides 100nM MSD and 100nM Hg”" ion. The above samples were analyzed by
using ESI-MS/MS in negative ion mode on a Q-TOF mass spectrometer. The results

showed that the MSD containing two mismatch base-pairs (5'-CGCGTTGTCC-3’,
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5-GGACTTCGCG-3') was significantly stabilized for S1 sample without Hg*" ion
(Figure 1a), and Hg2+ ions bound to MSD in S2 sample under the presence of Hg2+
ion (Figure 1b). The formation of T-Hg*'-T pair (MSD+ 2Hg*") in S2 sample was also
detected by ESI-MS method (Figure 1b). This indicates that T-Hg*'-T pair
(MSD+2Hg*") was stable enough to give out quasi-molecular ion peaks of the
corresponding duplex with multi-charges. For S3 sample, only [M-H] ion at m/z
813.0897 for GSH-Hg2+-GSH was observed (Figure 1c). Although the concentration
of GSH was rather low, the binding of two GSH molecules to one Hg*" ion was still
observed. While the relative abundance of MSD+2Hg"" ion started to decrease and
eventually disappear when increasing the concentration of GSH gradually. This result
indicates the binding affinity of GSH to Hg®" ion is far greater than MSD in the
competition system of MSD and GSH to Hg2+ ion. When the concentration of GSH
reached to twice amount of Hg2+ ion, [M-H] ion at m/z306.0681 of GSH started to
appear in mass spectrum as shown in Figure lc, indicating overdose of GSH.
Figurelc shows [(GSH-Hg*-GSH)-H] ion (major species), as well as [GSH-H]
(minor species), and the inset little figure shows the experimental isotopic profile of

the GSH-Hg2+-GSH with one charge, which is consistent with its theoretic value.
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Figure 1. The ESI-MS spectra of MSD(a), MSD with two Hg”" ion (b) and

GSH-Hg**-GSH complex (c) in negative ion mode.

Figure 2a shows the UV absorption spectra of duplex in the presence of
different concentrations of Hg*" ion and Figure 2b shows the UV absorption
spectra of T—Hg%—T in the presence of different concentration of GSH (Figure
2b). In Figure 2a, we can see that the optical density decreases with the
increasing of Hg®" concentration. A clear transition point at around 1:2 of
(Hg2+:thymine residues) was revealed by plotting the optical density against the

Hg”" concentration (Figure 2a), indicating the formation of complexes

containing one Hg* ion and two thymine residues (T-Hg*"-T pair). In Figure 2b,

we can see that the optical density increases as GSH concentration increasing,

and the clear transition point is at around 1:2 ratio of Hg*" ion to GSH.
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Figure 2.The UV absorption of MSD in presence of different concentration of Hg*"
ion (a), and the UV absorption of MSD+2Hg"" in presence of different concentration

of GSH (b).

Consequently, the above results indicate that a double helical structure
containing only T-Hg2+-T pair was formed and its concentration was affected
by GSH concentration in analytes. The ESI-MS results (Figures 1a, 1b) also
indicate the formation of the double helical structure. The best concentration of

GSH in competing system was double concentration of Hg*" ion.
Sensitivity
Figure 3 shows the optimized mass transitions of 308—76 (a) for GSH as

analytical target and 148—84 (b) for Glu as an internal standard in positive ion

ESI-MS/MS analysis on MRM mode.
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Figure 3. The MS/MS product ion spectra of GSH(a) and Glu as internal standard (b)

on positive ion mode.

In the standard curve (Figure 4) of analyte, Y axis is the ratio of the
concentration difference of GSH in 5min and 40min and Glu (as internal
standard), X axis is the concentration of Hg®" ion. A liner relation was y =
0.0596x + 0.7234 with R° = 0.9472. The limit of detection (S/N > 3) was 5
nM/mL. We also changed GSH to cystine in the monitoring system, but it
didn’t show better liner relation. It might because GSH binds to Hg>" ion more
strongly and quickly than cystine, which has been reported by HuiXu
previously’®. By changing the concentration of GSH and MSD in the
competition system, we can also monitor the concentration of Hg*" ion out of
the liner range (5nM-100nM). When the concentration of GSH is 40 uM and
the concentration of MSD is 10 uM, the linear range of Hg2+ ion is 10 uM to

200 pM.
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Figure 4. The calibration curve of concentration ratio of free GSH to Glu and
concentration of Hg”™ solution in ESI-MS/MS analysis on positive ion mode. 100 nM
MSD was added in to a series of Hg2+ solutions (0, 5, 10, 20, 40, 60, 80, 100, 150 and
200nM) respectively. After the heated and cooled process then added 400 nM GSH

detected the concentration of GSH in 5 min and 40 min)

Selectivity

As shown in Figure 5, the addition of different metal ions, such as Na", K, Fe2+,
Cu2+, Zn2+, Mg2+, and Ca2+, does not change the concentration of free GSH
significantly. However, in the cases of Co®" and Ag®, some reactions with GSH were
observed (Figure 5).To distinguish the difference of Hg”>" with other ions, we
investigated the process of GSH competing Hg*" ion with thymine-mismatched DNA.
As shown in Figure 5, the reaction in the first 10 minutes is slow, but it is fast in the
following 20 minutes and nearly completes after 40 minutes. It is because GSH can
sequester Hg”" ion from thymine-Hg*-thymine (T-Hg*"-T) structure. But for other
ions, they cannot bind to the mismatched MSD but bind to GSH directly. Therefore,

the concentration of Hg*" ion captured by MSD can be reflected by the concentration
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difference of GSH in 5 min and 40 min. Moreover, this method can dramatically

differentiate the mercury ion from other metal ions (Figure 6).

—. ng’
—+—Na*

Qe ;".v:__:"‘,__' P L = s S S

= —v—Co?
—o— Fe?*
——Ag*

——Zn®
——Cu®
—— Mg®
—o— Ga?*

—o— Hg?*No MSD'

0 min 5 min] 10 min| 20 min30 min 40 min 50 min 60 min
Reaction Time

Figure 5.The change of free GSH concentration in competing reaction system with
different metal ions solution.(The 50 nM MSD was heated and cooled in 100 nM
different ions solution and then added 200 nM GSH , detected the concentration of

GSH in 0 min,5 min, 10 min, 20 min, 30 min, 40 min, 50 min and 60 min)

C s (5MIN)/C g, (40min)
-~
1

Figure 6.The ratio of free GSH in 5 min and 40 min in competing reaction system
with different metal ion solutions. (MSD added to different metal solutions then

heated and cooled, and then added GSH, detected the concentration of free GSH
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during this action, and then calculate the ratio of the concentration of GSH before and

after reaction to distinguish the Hg2+ ion)

Salt tolerance

Figure 7 shows the influence of different salt concentrations on the
detection of free GSH. The result shows that even with 5x10* times higher
concentration of salt to Hg”" ion, only minor influence of the detection
sensitivity can be observed. In addition, the concentration of salt only affects

the Tm value of MSD, but not the detection sensitivity for Hg2+ ion.

(o)

100+

o

The concentration of free GSH

t T T T T T T T T
50uM 100pM 150pM 200pM 500uM 750uM1mM 5mM 10 mM

The concentration of Na*

Figure 7.The analysis of free GSH in competing reaction system with deferent
concentration of Na® solution.(n=3) (100 nM MSD was added into different salt
solution to detected 100 nM Hg*" ion, after heated and cooled process then added 400

nM GSH, these was the concentration of GSH after the reaction)

Method validation

The overall mean precision defines by RSD (n=5) is no higher than 8.5.

Analytical accuracy, expressed as the percentage difference of the mean
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observed values compared with the known concentration, is also no more than
8.5. The result indicates that the precision and accuracy of this method are in

the perfect range (Tablel).

Table 1.The precision and accuracy in different concentration of Hg®"
solutions.

Nominal Observed Precision  Accuracy (%)
concentration (nM)  concentration (nM) (RSD, %)

50 47.56+2.6 5.5 95.12%

100 110.91£5.56 5.1 110.90%

200 186.90+13.6 8.5 93.45%

Real samples

The proposed method was applied for determination of mercury ion
content in real samples. For this purpose, the amount of Hg®" ion was
determined in tap water, lake water and fish, and the results of this study are
listed in Table 2. The U.S. environmental Protection Agency has set the
maximum allowable level of Hg”" ion in drinking water at 2 ppb, *® and
maximum lever of 0.3 pg g for fish tissue (wet weight) . *"** As show in Table
2, the concentrations of Hg>" ion are not detected in tap water and lake water,
and for fish, the concentration of Hg2+ ion is 0.15 pmol L' ie., 0.03 ppm, after
extraction process and concentrated. The concentration of Hg*" ion in the real
samples obtained from proposed procedure agrees well with that of ICP-MS
method, demonstrating the potential of this Hg”" ion monitoring method for

sample analysis.
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Table 2. Determination of Hg”" ion in real samples (n=3) using the proposed

method and ICP-MS.

4. Proposed method ICP-MS

Real sample Added (umol L) mean® + RSD Mean + RSD
tap water 0 0 0

0.5 0.47+0.005 0.51+0.024
Lake water 0 0 0

0.5 0.48+0.018 0.54+0.036
Fish sample 0 0.15+0.024 0.17+0.037

0.5 0.69+0.028 0.73+0.031

* Mean of three separated measurements.
b RSD, relative standard deviation.

Conclusions

In this paper, we developed a novel method for detecting mercury ion in
solution system based on “mercury specific DNA” (MSD) and a competing
reaction system to Hg>" ion . In which, ESI-MS/MS strategy combined with the
competing reaction system of GSH and MSD to Hg* ion was used to detect the
concentration of mercury ion. In this method, ESI-MS/MS technique possesses
high sensitivity and the competing reaction systems of GSH and -MSD to Hg*"
ion provided high selectivity. Compared with other detection methods, our
method has following advantages. (1) Under the condition in this study, the
concentration of Hg*" ion changes from 5 to 100 nM with an LOD of 5 nM, i.e.,
the higher sensitivity of sample analysis can be achieved. (2) During the
detection process, only some common materials are needed, thus harmful
materials such as the fluorescent dyes, quantum dots, gold nanoparticles, etc.,
can be avoided. Obviously, there are no harmful effects for the operators and

circumvent. (3) In the presence of high concentration salts, such as a 5SmM
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buffer solution containing 10 mM NacCl, this method is also sensitive enough. It
is noted that, in this situation, the concentration of salt is 5 X 10* times than that

of Hg*" ion, however, the selectivity is only slightly affected by other ions.

(4)This proposed method can also accurately detect the concentration of Hg*"

ion in tap water, lake water and fish.

Acknowledgements

The authors acknowledge the financial support for this work by the

National Natural Science Foundation of China (No0.21073178, 81073040).

Reference

1 E. Najafi, F. Aboufazeli, H.R.L.Z. Zhad, O. Sadeghi, V. Amani, Food Chem.,
2013, 141, 4040-4045.

2 M. Harada, Crit. Rev.Toxicol.,1995, 25, 1-24.

3 H.N.Aiyer, T. Kawazoe, J. Lim, Y. Echigo, M. Ohtsu, Nanotechnology, 2001,
12, 368-371.

4 S. Yoon, E.W. Miller, Q. He,P.H.Do, C.J. Chang, Angew. Chem. Int. Ed.,2007,
46, 6658—6661.

5 S. Cai, Y.H. Sun, C.W. Lau, J.Z. Lu, Anal. Chim. Acta., 2013,761, 137-142.

6 J. Gomez-Ariza, F. Lorenzo, T. Garcia-Barrera, Anal. Bioanal. Chem.,2005,
382, 485-492.

7 J.Liu, Y. Lu, Angew. Chem. Int. Ed.,2007, 46, 7587—7590.

8 B. Fong, W. Mei, T.S. Siu, J. Lee, K. Sai, S.Tam, J. Anal. Toxicol.,2007, 31,
281-287.

9 M.B. Gholivand, M.H.Parvin, Electroanalysis., 2010, 22, 2291-2296.

Page 22 of 24



Page 23 of 24

©CoO~NOUTA,WNPE

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

Analytical Methods

10 C.C. Huang, Z. Yang, K.H. Lee, H.T. Chang, Angew. Chem. Int. Ed.,2007, 46,
6824—6828.

11AW. Zhu, Z.Q. Luo, C.Q. Ding, B. Li, S. Zhou, R. Wang, Y. Tian, Analyst,
2014, 139,1945-1952.

12C.W.Liu, Y.T. Hsieh, C.C.Huang, Z.H. Lin, H.T.Chang, Chem. Commun.,
2008, 21, 2242-2244.

13H.Zheng, Z.H.Qian, L.Xu, F.F.Yuan, L.D.Lan, J.G.Xu, Org. Lett., 2006, 8,
859-861.

14X.Liu, Y. Tang, L. Wang, J. Zhang, S. Song, C. Fan, S. Wang, Adv. Mater.,
2007, 19, 1471-1474.

15 A.Ono, H. Togashi, Angew. Chem. Int. Ed., 2004, 43, 4300-4302.

16J.Liu, Y.Lu, Angew. Chem. Int. Ed., 2007, 46, 7587-7590.

17S.V.Wegner, A. Okesli, P. Chen, C. He, J. Am. Chem. Soc.,2007, 129,
3474-3475.

18 E.Palomares, R.Vilar, J.R.Durrant, Chem. Commun., 2004, 21, 362-363.

19J.S.Lee, M.S. Han, C.A.Mirkin, Angew. Chem. Int. Ed., 2007, 46, 4093-4096.

20D.W.Gruenwedel, M.K. Cruikshank, Nucleic Acids Res., 1989, 17, 9075—9086.

21 K.H. Leung, H.Z He, C.P.Y. Ma, D.S.H. Chan, C.H. Leung, D.L. Ma, Chem,
Commun., 2013, 49, 771-773.

22 Y .Miyake, H.Togashi, M. Tashiro, H. Yamaguchi, S. Oda, M.Kudo, Y. Tanaka,
Y. Kondo, R. Sawa, T. Fujimoto, J. Am. Chem. Soc., 2006, 128, 2172—-2173.

23 Y.Tanaka, S. Oda, H. Yamaguchi, Y. Kondo, C.Kojima, A.Ono, J. Am. Chem.
Soc.,2007, 129, 244-245.

24 A.Ono, H.Togashi, J. Am. Chem. Soc., 2006, 128, 2172-2173.

25Y. Xiang, Y. Lu, Chem. Commun., 2013, 49, 585-587.

26 V.Mah,F Jalilehvand,J.Bio. /norg.Chem.,2008, 13, 541-553.

27X.F.Liu, Y.L. Tang, L. H.-Wang, J. Zhang, S.P. Song, C.H.Fan, S. Wang, Adv.
Mater., 2007, 19, 1471-1474.

28J.K. Wu, L.Y. Li, D. Zhu, P.G. He, Y.Z. Fang, G.F. Cheng, Anal. Chim. Act.,
2011, 694, 115-119.



©CoO~NOUTA,WNPE

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

Analytical Methods Page 24 of 24

29 X.F.Liu,Y.L. Tang, L.H. Wang, J. Zhang,S.P. Song, C.H. Fan, S.Wang, Adv.
Mater., 2007, 119, 1471-1474.

30B.Han,J. Yuan,E. Wang, Anal. Chem., 2009, 81, 5569-5573.

31Y. Tang, X. Yang, L. Han, E. Kang, Chem. Eur. J., 2014, 20, 1111-1115.

32Y.F. Bai, F. Feng, L. Zhao, Z.7Z. Chen, H.Y. Wang, Y.L. Duan, 4nalyst, 2014,
139, 1843-1846.

33J.S.Lee, P.A. Ulmann, M.S. Han, C.A .Mirkin, Nano. Lett., 2008, 8, 529—533.

34H.Xu, M. Hepe, Anal. Chem., 2011, 83, 813-819.

35B.Y. Han, J. P. Yuan, E.K.Wang, Anal. Chem., 2009, 81, 5569-5573.

36P. Liang, Y.Y. Qin, C. Zhang, J. Zhang, Y.C. Cao, S.C. Wu, C.K.C. Wong,
M.H. Wong, Sci. Total Environ. 2013, 463, 1225-1229.

37T.S. Shen, Q.L. Yue, X.X. Jiang, L. Wang, S.L. Xu, H.B. Li, X.H. Gu, S.Q.
Zhang, J.F. Liu, Talanta, 2013, 117, 81-86.

38 0.0Osman, L.F. Zanini, M.Frenea-Robin, F. Dumas-Bouchiat, N.M. Dempsey,
G.Reyne, F. Burent, N. Haddour, Biomed. Microdevices, 2012, 14, 947-954.



