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Abstract A novel fluorescent Ag" sensor was developed
based on the label-free silver (I) specific oligonucleotide
(SSO) and Thioflavine T (ThT) monomer-excimer switch.
C-rich SSO which contain C-C mismatched base pairs can
selectively bind to Ag" ions and the formed duplexes which
constructed by C-Ag'-C structure are thermally stabilized
without largely altering the double helical structure. ThT
give very weak fluorescent in bulk solution and/or in the
presence of SSO. However ThT shows high fluorescence in
the presence of SSO and Ag' at the same time mainly
because ThT excimer, which has the high quantum yield,
formed and stabilized in the minor or major groove. Based
on the discovery, we developed the novel Ag" sensor. Under
the optimum condition, the selectivity of this system for Ag"
over other metal ions in aqueous solution is remarkably
high, and Ag" can be quantified over the dynamic range of
30-450 nM, with a limit of detection of ~16 nM and a linear
correlation coefficient of 0.995.
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Introduction

Ag" has been widely employed in the electrical industry,
photography/imaging industry, and pharmaceutical industry
over the past decades [1, 2]. Given the high toxicity and the
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ability to accumulate in the body, Ag" ions are particularly
dangerous to aquatic organisms [3, 4]. Thus, the detection of
Ag" is of particular importance [5—12]. A few approaches for
the detection of Ag" have been developed, including induc-
tively coupled plasma-mass spectroscopy (ICP-MS) [13],
atomic absorption spectroscopy [14], fluorescence spectros-
copy [15], and ion-selective electrodes (ISE) [16]. However,
all the aforementioned methodologies show some unavoid-
able limitations such as low water solubility, poor selectivity
toward Ag", and/or insufficient sensitivity. In this context, the
development of novel, simple, and efficient methods for the
determination of Ag" for both environmental and biological
samples is of considerable significance.

Recently,the interactions between metal ions and nucleic
acids have attracted considerable attention [17]. The inter-
action between Ag’ and cytosine-cytosine (C-C) mis-
matches has been extensively studied and numerous
oligonucleotide-based fluorescent Ag” sensors have been
developed [9, 18-23]. Ono et al. reported the selective
interaction of Ag"” with C-C mismatches, and developed a
fluorescent Ag" sensor for detecting aqueous Ag" ions using
C-rich silver-specific oligonucleotides (SSO) doubly labeled
with a fluorophore and a quencher [18]. However, this
system required labeled oligonucleotide which is not cost-
effective and probed the presence of Ag' by fluorescence
quenching which can be induced by a variety of interfering
mechanisms [20]. Single-labeled fluorescent SSO-based
Ag" sensors were developed using deoxyguanosine bases
[8], single-walled carbon nanotubes (SWNTs) [21], gra-
phene oxide (GO) [22], nano-C60 [7], and carbon dots [9]
as a quencher. Tseng et al. reported the label-free SSO-based
fluorescent Ag” sensor with the use of a double-strand-
chelating dye SYBR Green I (SG) [19]. To reduce the high
back-ground emission which was the result of the binding of
chelating dye to single-stranded DNA, Leung et al. used the
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G-quadruplex to recognize Ag” because the binding of
chelating dye is even more weakly to the G-quadruplex
compared to single-stranded DNA [20]. To reduce the high
background emission and in analogy with our previous
report [24], we reasoned that the background emission could
be further reduced by employing a fluorescent monomer-
excimer switch because the non-fluorescent monomer binds
even more weakly to the single-stranded DNA (ssDNA)
compared to chelating dye and the fluorescent excimer can
be formed in the double-stranded DNA (dsDNA). As a
continuation of our studies on oligonucleotide-based probe
designs based on metal ions-base pairs coordination chem-
istry [24-27], we present herein the attempt to use the ThT
monomer-excimer fluorescent switch and C-Ag"-C coordi-
nation chemistry for label-free, turn-on fluorescent detection
of Ag" with low background signal. The foundation of our
strategy, as shown in Scheme 1A, comes from the interac-
tion of Ag" between SSO with mismatched C base pairs
which can change its conformation from a random coil to a
folded structure and the different fluorescent properties of a
fluorescent switch upon the interaction of the switch with
ssDNA and dsDNA or hairpin structure DNA, which results
in a dramatic fluorescence enhancement upon the Ag" co-
ordination. In our design, a reported label-free SSO (P, 5'-
CTCTCTTCTCTTCATTTTTCAACACAACACAC-3)
was used as the recognition unit which can bind Ag" and
change its conformation from a random coil to a folded
structure [18]. To transduce the metal binding event to a
measurable fluorescent signal, Thioflavine T (ThT, structure
see Scheme 1B) was used as a monomer-excimer fluores-
cent molecular switch based on the interaction between ThT
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Scheme 1 A) Schematic representation of the sensor using C-rich
SSO and ThT. B) Structure of ThT
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and DNA [28-30]. The combination of properties would
result in fluorescence enhancement which is sensitive to
Ag". Furthermore, our novel design based on simple and
cost-effective synthesis, was shown to have a high sensitiv-
ity with lower background emission, and exceptional Ag"
binding selectivity.

Experimental Section

Chemicals and Apparatus HEPES (4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid) and ThT were purchased
from Adrich-sigma (U.S.A.). AgNO; and other nitrate salts
used in this work were provided by China National Medi-
cines Co. Ltd. (Shanghai, China). All chemicals in this work
were reagent grade and used as received without further
purification. All stock solutions of metal ions were prepared
from nitrate salts and were dissolved in doubly deionized
water. The work solutions of metals were obtained by series
diluting the stock solutions with 10 mM HEPES (pH 7.0). C-
rich oligonucleotide (P) was prepared by Sangon Biotech-
nology Company (Shanghai, China) and used as capturing
sequence to recognize Ag'. P was dissolved in sterilized
Milli-Q ultrapure water (18.2 MQ) as stock solutions and
was kept at 4 °C.

All fluorescence measurements were recorded on a RF-
5301 fluorescence spectrophotometer (Shimadzu, Japan).
The pH was measured by a model 868 pH meter (Orion).
All experiments were performed at room temperature.

Performance of Ag" Detection For Ag" detection, 0.2 uM
ThT, 0.1 uM P, and proper amount of Ag" or interfer-
ing metal ions solution were mixed and diluted to
2.5 mL with 10 mM HEPES (pH 7.0). After violently
stirring for 1 min, the fluorescence emission spectra
were recorded immediately.

Results and Discussion

Assay Mechanism The proposed design takes advantage of
the strong and specific interaction between C-C mismatched
base pairs and Ag". Scheme 1 shows the operation principle
for Ag" detection based on C-Ag'-C and ThT. As shown in
Scheme 1A, P is ssDNA and is in coiled structure in the
absence of Ag'. At the same time, ThT monomer has no/
weak emission in the submicromolar concentration range
which might be due to quenching effect of smaller order
associative states of ThT molecules [31]. And the sensing
system is weakly emissive. However, P change its confor-
mation from a random coil to a folded structure in the
presence of Ag  because of the formation of C-Ag"-C
[18]. Thus, ThT excimer was formed and stabilized in the
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hydrophobic environment provided by the folded DNA. The
sensing system exhibits an intense emission. Thus, a great
fluorescence enhancement is accompanied by the quantita-
tive formation of C-Ag'-C. These results indicated that a
novel sensing system for detection of Ag" could be devel-
oped. Compared with the reported label-free fluorescent
Ag" sensors based on C-rich SSO, our design possesses
three excellent features. First, by introducing the switch of
weak fluorescent monomer and strong emittive excimer, one
could successfully reduce the background emission which is
induced by the electrostatic interaction between fluorescent
dye and ssDNA. Second, ThT is cheap which offers the
possibility to apply broadly. Third, ThT has low toxicity,
which is different from the common highly toxic intercala-
tor, such as ethidium bromide.

Ag" Assay Using ThT/P Complex Figure 1 shows the typi-
cal fluorescence response spectra of ThT/P complex in
10 mM HEPES (pH 7.0) with increasing Ag" concentrations
and the background signal of HEPES alone was deducted to
evaluate the fluorescent response of the proposed assay. The
sensing system exhibits a significant change in fluorescence
in the presence of different concentrations of Ag'. The
dotted curve was measured in the absence of Ag’, where
the sensing system has a very weak emission. When differ-
ent concentrations of Ag” were added to the solution of
ThT/P, a drastic increase in the fluorescence emission was
observed. The intensity of excimer emission increases con-
siderably as an increase in Ag" concentrations, indicating
the formation of excimer of ThT in the Ag -mediated hair-
pin structure DNA. Once the concentration of Ag' is over
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Fig. 1 Fluorescence enhancement of ThT/P complex upon the addi-
tion of different Ag" concentrations at 30, 40, 50, 80, 100, 150, 200,
250, 300, 350, 400, 450, 480, 500 and 520 nM in 10 mM HEPES (pH
7.0) after stirring for 1 min. Spectra were acquired with excitation at
440 nm at room temperature. The up-arrow indicates the increase of
free [Ag"] from 0 to 4.5 uM. Inset: Ratio of fluorescence intensities (F/
Fy) as a function of Ag" concentration, where F and F, represent the
fluorescent intensity at 480 nm in the presence or absence of Ag',
respectively. The excitation was at 440 nm

0.45 uM, the fluorescence intensity reaches a plateau which
suggesting the saturation of the recognition sites by Ag"
binding. And the fluorescence intensity decreased as the
Ag" concentration increased when Ag’ concentration is
over 0.6 uM (data not shown) which might be due to its d
[10] electronic configuration that is known as fluorescence
quencher [6]. As can be seen from Fig. 2, the linear rela-
tionship of the emission change of the ThT/P complex and
Ag" concentrations ranging from 30 to 450 nM (F/F,=
7.637C+0.421, R*=0.996). A detection limit that is taken
to be 3 times the standard deviation in blank solution was
calculated to be 16 nM, which is comparable with Leung’s
assays [20] and is lower than similar assays [17].

Sensing Parameters Optimization The effect of several im-
portant parameters on the response of the proposed sensing
system to Ag' was studied. First of all, the effect of
molar ratio of P and ThT was investigated in order to
select the optimum conditions for the presented Ag"
assay. The molar ratio of the ThT/P was found to strong-
ly affect the fluorescence response toward Ag’. The
molar ratio was optimized first to enhance the perfor-
mance of the assay by fixing ThT at 0.1 uM and varying
P concentrations. As shown in Fig. 3, the fluorescence
enhancement (F/F,) response of ThT/P complex to Ag"
for three composition ratios was plotted as functions of
the concentration of Ag®, where F and F, are the fluo-
rescence intensities at 480 nm in the absence and pres-
ence of increasing amount of Ag". Obviously, depending
on the molar ratio of the ThT and P, there are different
response characteristics (linear dynamic range and re-
sponse sensitivity) of the proposed sensing system. A
higher concentration of P would increase the dynamic
working range of the measurement. However, the amount
of P in the system should not be too high because the
response sensitivity is significantly smaller than that
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Fig. 2 The linear relation between the fluorescent ratio (F/Fy) and the
concentrations of Ag”
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Fig. 3 Effects of different composition ratios of P and ThT on the
fluorescence response to Ag"

obtained using lower concentrations of P. On the other
hand, lower concentrations of P result in the narrow
linear range, though there is a good sensitivity. Thus, it
is a contradiction between the sensitivity and response
range of the measurement. Therefore, the present exper-
iment showed the best response in terms of both the
sensitivity and linear range when the molar ratio of
ThT to P is 2:1, compared with that obtained when the
molar ratio is 1:2 and 1:1, respectively.

The fluorescence response of the sensing system to Ag"
was influenced by the acidity of the solution. Figure 4
depicts the pH dependence of fluorescent ratio in the ab-
sence and presence of Ag". The experiment was carried out
by adding HEPES with different pH to ThT/P complex in
the presence of 0.2 uM Ag " ions. And it is obvious that F/F,
is independent of pH in the range of 6.8-7.2. We chose
HEPES (10 mM, pH 7.0) as optimum buffer system in our
experiments.

Selectivity To establish the specificity for the sensing of
Ag", we also investigated the response of ThT/P towards
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Fig. 4 Ratio of fluorescence intensity (F/Fy) versus pH profile
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the other divalent or trivalent competing metal ions such as
Ca*", Mg2+, Co*", Ni**, cu?', Zn*", Pb*", Ba®", Fe*", AI*"
under the same conditions. The inherent selectivity of
C-C mismatched base pairs toward its specific target
Ag" is also reflected in the designed sensing system.
The fluorescent ratio (F/F,) was greatly enhanced in
response to 0.4 uM Ag’, while all above metal ions
have no significant response, as illustrated in Fig. 5.
The results mean that the high selectivity for Ag' is
obtained by the presented sensing system which are
important and helped in validation of the method for
the determination of Ag".

Conclusion

In conclusion, we proposed here a design for novel,
simple, remarkably highly sensitive and efficient probe
for monitoring Ag’ using ThT monomer-excimer fluo-
rescent switch as signal reporter and a C-rich SSO as
molecular recognition unit which exhibits excellent se-
lectivity for Ag" over competing metal ions. This novel
assay method is simple in design, avoiding any oligo-
nucleotide modification compared to other labeled DNA-
based Ag’ methods. And the obtained high sensitivity
as far as 16 nM is concerned and compares well with
those of other Ag" assays. The preparation of the ThT/P
can be realized in 100% aqueous solution, and the
enhancement of the ThT fluorescence is fast, and the
degree of the enhancement is proportion to Ag" concentration.
Finally, other than metal ions, this sensing platform can also
be used to detect amino acids such as cysteine (Cys) which
can bind Ag" through thiol-Ag" interaction based on the
competition mechanism [21, 32, 33]. The further study was
conducted in our laboratory.
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Fig. 5 Plot of enhanced ratios (F/F) against 0.4 uM Ag", Cd*", Ca*",
7n*t, crt B, Fe*', Lit, Mg*", Cu®', Co*", AP, Pb*" and Hg?", in
10 mM HEPES (pH 7.0), separately
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