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Abstract

Arsenic ion is a well-known harmful heavy element widely existing in the environment.
Arsenic pollution occurring frequently has become increasing a serious worldwide threat to
human health and the environment. The development of sensitive and reliable methods to
detect As> in water is of great importance to biochemical research and monitoring applications.
Herein, a label-free fluorescence sensing platform was elaborately designed for As® monitoring
using exonuclease Il (Exo Ill)-assisted cascade target recycling amplification strategy. The
triple-helix  molecular switch was employed as the sensing element and
2-amino-5,6,7-trimethyl-1,8-naphthyridine was used as the signal indicator. The resulting
biosensor is simple, ultrasensitive, and exhibits a limit of detection of 5 ng/L with high selectivity.
Meanwhile, the proposed sensor is successfully applied to determination of As* in practical
sample analysis (tap water, lake water and pond water). The results shown herein have important
implications in the development of new fluorescent sensors for the fast, easy, and selective
detection and quantification of As>* in water samples. More importantly, the proposed platform
can be extended to detect other heavy metal ions with newly designed triple-helix molecular
switch, as well as pesticide residue, antibiotic residues, and biomarkers by using aptamer
sequences.
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1. Introduction

Arsenic ion (As3+) is a well-known harmful heavy element widely existing in the environment
[1]. Arsenic pollution occurring frequently has become increasing a serious worldwide threat to
human health and the environment [2]. It is estimated that arsenic contamination levels have
been much higher than 10 ppb in many countries and regions in drinking water, which was set as
the maximum contaminant level (MCL) of total arsenic by the U.S. Environmental Protection
Agency (EPA) [3]. The development of sensitive and reliable methods to detect As>* in water is of
great importance to biochemical research and monitoring applications. Several reliable methods
have been reported for detection for As*, such as high performance liquid chromatography
(HPLC) [4], atomic absorption spectroscopy (AAS) [5], and atomic fluorescence spectroscopy (AFS)
[6]. Although these analytical techniques are sensitive and accurate, most of them necessitate
the use of costly apparatus and require complicated pretreatment procedures and so are
inappropriate for on-site and real-time detection. To overcome their drawback, researchers are
now shifting to low cost and rapid sensing strategies [7]. Despite the development of
ultrasensitive As>* biosensor has become a growing attention in last decade [8,9], most of them
usually needed complicated instrumentation, thus limiting their wide applications. Therefore, it is
highly desirable to develop a fast, sensitive, and cost-effective method for As*" detection.

Recently, an aptamer for As®* was selected by SELEX, which shows excellent specificity

because of its unique structures [10]. Since then, several related researches have been reported
on the aptasensors for As®>" utilizing different signal transduction strategies such as colorimetry
[11-13], electrochemical [14,15], or fluorescence [16,17]. Among these aptasensors, fluorescence
aptasensors have witnessed very rapid development due to the advantages of high sensitivity,
impressive specificity, simplicity and quick respond. Owing to the conformational alteration of the
aptamer during the binding event between aptamer and target, various DNA molecular switches
have been designed for constructing convenient aptamer-based fluorescent sensing strategies,
such as double-helix DNA molecular switches [18], molecular beacon [19], and newly reported
triple-helix molecular switch (THMS) [20]. However, the researches of THMS are rare for other
small molecules or ions [21]. So it is great significant to explore the universality of the THMS
sensing strategy for more low-weight targets.

Herein, a label-free fluorescence sensing platform was elaborately designed for As®*
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monitoring using Exo lll-assisted cascade target recycling amplification strategy. The THMS was
employed as the sensing element and 2-amino-5,6,7-trimethyl-1,8-naphthyridine (ATMND) was
used as the signal indicator. The integration of THMS, Exo Il and ATMND may pave a novel and
cost-effective way toward As® monitoring. The proposed method could selectively detect As®
down to 5 ng/L. The fluorescence sensor also has high selectivity toward As* in the presence of
other competitive molecules. The biosensor is robust and has been successfully applied to As®

detection in tap water, lake water, and river water samples.

2. Materials and methods
2.1 Reagents and materials

Exo lll was purchased from Takara (Dalian, China) and used without further purification.
ATMND was obtained from Enamine (Ukraine). SYBR Green was bought from Thermo Fisher
Scientific Co. (Shanghai, China). TBE-urea sample buffer was obtained from Bio-Rad Co. Boric
acid, ethylenedinitrilotetraacetic acid disodiumsalt (EDTA-2Na), urea, acrylamide, Tris
(hydroxymethyl) aminomethane (Tris), ammonium persulfate (APS),
N,N’-methylenebisacrylamide, N,N,N’,N’-tetramethylethylenediamine (TEMED), MgCl, and NaCl
were provided by J & K Scientific Ltd. (China). As* and its competitive metal ions, including As™,
Pb*, cd®, Ag’, Mg®, zn*, Mn®, Ni** and Cu* were produced by Sigma-Aldrich (USA).
Tetracycline (TE) and methyl parathion (MP) were from Huaerbo Chemical Reagent Co. All the
other chemicals were of analytical grade and ultrapure water (Milli-Q18.2 MQ, Millipore System
Inc.) was used for all the experiments. All the ULTRAPGE-purified oligonucleotides were
synthesized by Sangon Biological Engineering Technology & Co. Ltd. (Shanghai, China) and the
sequences are listed as follows.
STP: 5'-GAGAGAGAGATTAAAT-3'
ABA1: 5'-CTCTCTCTTACAGA ACAACCAACGTCGCTCCGGGTACTTCTTCATCGCTCTCTC-3'
ABA2: 5'-CTCTCTCTTTACAGAACAAC CAACGTCGCTCCGGGTACTTCTTCATCGTCTCTCTC-3'
ABA 3: 5'-CTCTCTCTCTTACAGAACAACCAA CGTCGCTCCGGGTACTTCTTCATCGCTCTCTCTC-3'
ABA4: 5'-CTCTCTCTCTTTACAGAACAACCAAC GTCGCTCCGGGTACTTCTTCATCGTCTCTCTCTC-3'

HP1: 5'-TCTCCGCCGAGAGAGAGATCCAATCA CAACTCTCTCTCTCGCCGTCTCTC-3'



2.2 Apparatus

The fluorescence excitation and emission spectra were recorded on the F-7000 Fluorescence
Spectrophotometer (Japan) during the whole experiments. The polyacrylamide gel
electrophoresis (PAGE) experiments were performed by a DYY-8C electrophoresis instrument and

a DYCZ-24A vertical electrophoresis tank (Liuyi Instrument Factory, Beijing, China).

2.3 As** detection procedure
Firstly, THMS was formed by pre-hybridization of the aptamer sequence flanked by two arm
segments with STP on the basis of Watson-Crick and Hoogsteen base pairings. In our experiences,
the conserved region of the aptamer is the vital binding site for the ligand. The aptamer can be
tailored to design various biosensors as long as keeping the conserved domains intact. 10 pL of
100 uM STP (with the final concentration of 10 uM) and 10 uL of 100 uM aptamer flanked by two
arm segments (with the final concentration of 10 uM) were mixed in 80 uL of 20 mM Tris buffer
solution (pH 7.6) that contained 7 mM of MgCl, and 95 mM of NaCl for the assembling of THMS,
followed by incubation at 37 °C for 20 min to thoroughly hybridize them with each other.
Subsequently, the HP1 and ATMND with stoichiometric ratio of 1:1 were mixed, heated to 95 °C
for 7 min, and then cooled down to room temperature to form a stable ATMND/HP1 complex.
For As* detection, 20 uL of the As*" solution containing 50 U Exo Il was added into 180 uL
Tris-HCI buffer solution that contained 1 uM THMS and 1 uM ATMND/HP1 complex. The mixture
was kept for 30 min to complete the reaction. After the activity of Exo Il was denatured, the

fluorescence spectra of the system was recorded at an excitation wavelength of 356 nm.

2.4 Polyacrylamide gel electrophoresis analysis

A 12% denatured PAGE gel was used to perform the electrophoresis analysis, which was
prepared by mixing 5 mL of 30% Acr-Bis solution (29:1), 1 mL of 10xTBE buffer solution, 100 pL of
APS (10%), 4 pL of TEMED and 3.8 mL of ultrapure water, and followed with polymerized at room
temperature for 90 min. The electrophoresis experiments were carried out in the running buffer
of 1xTBE, at a constant voltage of 70 V for 90 min, with the loading of 5 uL of DNA sample

including a loading buffer (V/V, 1:5). After staining in diluted SYBR gold solution, the PAGE gels
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were photographed in a Gel Doc XR system (Bio-Rad).
3. Results and discussion
3.1 Principle of the label-free fluorescence sensing platform

The principle of the label-free fluorescence sensing platform for As*" detection is illustrated
in Scheme 1. Typically, the THMS includes the label-free signal transduction probe (STP) and
target specific hairpin-shaped aptamer sequence as the central with two arm segments. The
fluorescent small molecule ATMND can selectively bind to a cytosine (C) at a C—C mismatch in
double-stranded DNA with high affinity via the strong n-mt stacking interaction. A hairpin probe
(HP1) has been elaborately designed of the assay with three functional sections, which contains a
C-C mismatch in the stem in order to forming the ATMND/HP1 complex [22], two protruding
oligonucleotide segments at both the 3’ and 5’ ends to recognize the STP, and a secondary target
analogue caged in the stem for further signal amplification. Exo lll is applied for recycling both the
initial and the secondary STP, as well as to successively releasing the ATMND for signal reporting.
The reason of selecting Exo Il as a signal amplification unit is because it is a sequence
independent enzyme which could provide a versatile platform for amplified detection of As*" at
room temperature [23-25]. In the absence of As>*, the THMS is turn-off and the STP is locked,
and Exo Il could not digest the ATMND/HP1 complex with more than 4 bases overhang at its
3-terminus [26,27], so the ATMND/HP1 complex is very stable and demonstrates a low
fluorescence background. Upon the addition of As*, the THMS is turn-on that the aptamer
sequence is bind to As®* producing the free STP, then the hybridization between STP and
ATMND/HP1 triggers the Exo Ill's digestion, coupled with the release of the STP, a secondary STP
analogue and ATMND. The released initial and the secondary STP analogue both recycle and
hybridize with other complex to begin the cycle anew, thus generating a great amount of free
ATMND with high fluorescence in succession. Based on the change of the fluorescence intensity,

the highly sensitive detection of As*" can be realized.

3.2 Feasibility of the label-free fluorescence sensing platform
To explore the viability of the label-free and fluorescence sensing platform, the fluorescence
spectra of the As (lll) sensor at different conditions were recorded and shown in Fig. 1A. Due to

the high fluorescence quantum vyield [28,29], under the excitation of 356 nm, the free THMS
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showed a low fluorescence emission peak at 408 nm (curve g, Fig. 1A). And the free ATMND
showed a strong fluorescence emission peak at 408 nm (curve a). Addition of HP1 to the ATMND
solution led to a significant decrease in the fluorescence intensity (curve d). This phenomenon
was consistent with the previous reports that the ATMND could be trapped by the C-C mismatch
with high affinity and quenched by the bases flanking the mismatch via the strong n-m stacking
interaction [30], thus indicating the formation of the ATMND/HP1 complex. Addition of THMS
and the ATMND/HP1 complex led to a slight decrease in the fluorescence intensity (curve f),
which is as same as the intensity of adding As® (curve e). In the presence of the As*, which
contained both the As>* and Exo Ill, the fluorescence intensity of ATMND significantly increased
(curve b). These results indicated the significant signal enhancement in curve b was due to the
synergistic interaction. Firstly, the aptamer coupled to As*" led to the STP released. Subsequently,
the hybridization between the STP and the ATMND/HP1 complex triggered the exonuclease
activity of Exo Ill, which rapidly catalyzed the step removal of 3’-mononuclecotides from the
ATMND/HP1 complex, recycled the STP and the secondary STP analogous, and simultaneously
recovered the fluorescence of ATMND with high amplification times. Correspondingly, based on
the obvious fluorescence signal enhancement, the concentration of As>* could be detected.

As shown in Fig. 1B, the six lanes in the PAGE image corresponded to the ATMND/HP1
(Lane a), THMS+ATMND/HP1 (Lane b), THMS+ATMND/HP1+Exo Il (Lane «c),
THMS+ATMND/HP1+As*> +Exo IIl (Lane d), THMS +ATMND/HP1+As>" (Lane e), and THMS (Lane f),
respectively. Obviously, a band corresponded to THMS and ATMND/HP1 were observed in lane f
and a. Upon the addition of the metal ions solution which was absent of A53+, the ATMND/HP1
was slightly digested by Exo I, which was reflected by the emergence of a new band under that
of the ATMND/HP1 (Lane c). This phenomenon was constant with the fluorescence spectrum of
curve c in Figure 1A, indicating the nonspecific digestion process would result in a slight
enhancement in the background signal [31-34]. However, almost no ATMND/HP1 could be
observed in lance d, indicating the simultaneous addition of As®>* and Exo Ill could trigger the
enzymatic activity of Exo Ill to completely digest all of ATMND/HP1 and effciently release ATMND

for signal amplification. These results are further verified the feasibility of the proposed strategy.



3.3 Optimization of experimental conditions

The molar ratio of HP1 to ATMND that affects the sensitivity of the biosensor was
optimized. Using a fixed concentration (1 uM) of HP1, the effect of molar ratio of HP1 to ATMND
on the response of the biosensor was first evaluated by detecting 1 mg/L As*. As shown in Fig. 2,
the signal-to-noise (S/N) ratio increased with the increment of the molar ratio of HP1 to ATMND
from 1:1 to 6:1, further increasing the molar ratio caused a decrease of the S/N ratio. The reason
for this result is that too much ATMND cause a high background signal, while deficient amount of
ATMND would result in a weak fluorescence signal. Therefore, the molar ratio of HP1 to ATMND
of 6:1 was used for As>* detection to achieve the best signal-to-noise level.

It had been noted that the stem length of the THMS structure plays an important role in
the sensor performance. The As>* aptamer was extended at the 3'- and 5'- ends with two arm
segments. The effect of the stem lengths on the formation of THMS was evaluate by varying the
DNA sequences of the arm segments from 7 to 10 bases. (ABA1 flanked by the 7 bases arm
segments, ABA2 flanked by the 8 bases arm segments, ABA3 flanked by 9 the bases arm
segments, and ABA4 flanked by 10 the bases arm segments, respectively). As shown in Fig. 3, by
increasing the stem length from 7 to 10 bases, the fluorescence intensity decreased accordingly.
Thus, ABA1 flanked by 7 bases arm segments was optimal for further experiments.

The concentration of ABAL is also an important factor that influences the THMS formation.
Hence, the influences of different concentration of ABA1l on the formation of THMS were
carefully evaluated. Increasing concentrations of ABA1 (1, 2, 3, and 4 uM) were added to a
constant concentration of STP (1 uM) in 200 uL Tris-HCI buffer solution, followed by incubation at
37 °C for 20 min for the assembling of THMS. Then the fluorescence spectra were recorded at
room temperature. As shown in Fig. 4, the maximum S/N ratio was obtained with the
concentration of ABA1 at 2 uM. The reason might be attributed to the fact that too much ABA1
would induce an insufficient THMS between ABA1 and STP, thus yielding a weak signal, while
deficient amount of ABA1 would result in unstable THMS and cause a high background signal.
Therefore, 2 uM ABA1 was chosen as the optimal concentration.

Meanwhile, the incubation time is another factors involved in DNA interactions, so the

parameter was optimized to achieve the optimal detection efficiency. According to the
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experimental results (Fig. 5), the fluorescence intensity increased gradually with increasing
incubation time and reached a plateau after 30 min, indicating that the ATMND/HP1 complex had
been fully digested and released the ATMND. Herein, 30 min was employed as the optimum

incubation time for the sensing platform.

3.4 Detection performance

To assess the detection range and sensitivity of the proposed platform, different
concentrations of As>* have been analyzed under those optimized conditions. As shown in Fig. 6A,
the responsive fluorescence emission spectra (fluorescence intensity at 408 nm, Faos) gradually
grows along with As®* concentration. F4g exhibits a linear growth with a correlation coefficient of
0.98 (Fig. 6B), upon plotting against the logarithm of As*" concentrations. This relationship is
well-described by the regression equation of F403=90.68+9.14 IgC, where F,q is the fluorescence
intensity at 408 nm. And C is the As*" concentrations in the range of 10 ng/L to 10 mg/L. On the
basis of three times the standard deviation of the blank measurement, detection limit of the
proposed method has been calculated to be 5 ng/L. The LOD is significantly lower than that of
reported methods based on fibre-optic (the LODs was 18 pg/L) [35], colorimetry (the LODs was
5.3 pg/L) [13], voltammetric (the LODs was 2.5 pg/L) [36], electrochemical (the LODs was 0.94
pg/L) [14], fluorescence (the LODs was 0.2 pg/L) [17], which demonstrates the ultrasensitivity of

the proposed sensing platform.

3.5 Selectivity and practical sample analysis

The selectivity of the constructed biosensor is examined by monitoring fluorescence change
of the solution with the presence of As*" against other control molecules, including As>*, Ag", Cd**,
cu®, Mg**, Mn*, Ni**, Pb**, Zn**, tetracycline (TE), and methyl parathion (MP). As shown in
Fig. 7, the fluorescence intensity of As>*, As>*, Ag®, cd**, cu®**, Mg®*, Mn**, Ni**, Pb**, Zn**,
TE, and MP could recover 37.2, 6.1, 5.7, 4.9, 3.8, 2.4, 5.2, 3.7, 2.5, 2.9, 2.3, 2.35,
respectively. The results demonstrate that our developed sensor exhibits a high selectivity
to As>* over other competing molecules.

The practical application of the label-free fluorescence sensing platform was evaluated by a

recovery experiment performed in groundwater spiked with different concentrations of As>*. The
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As®

* spiked samples were then carried out for fluorescence analysis according to the operation
procedures in the Tris-HCl buffer solution. As shown in Table 1, the recoveries of the spiked
samples were in the range of 97-110.5 %, which indicated that the possible interference from
practical water samples was negligible in the present system. Moreover, the proposed method
was further tested with several other water samples including tap water, lake water, and pond
water. Those water samples were analyzed separately using the fluorescence sensor and
conventional liquid chromatography-tandem mass spectrometry (LC-MS/MS). The results of the
As*" determination in real water samples were summarized in Table 2. The data revealed that no
significant difference existed between the values measured using the proposed biosensor and
LC-MS/MS method, confirming the accuracy of the developed sensor for detecting As®*. The

above results showed that the as-proposed platform can be applied to the analysis of As*" in real

samples.

4. Conclusions

In summary, a simple and label-free fluorescence sensing platform based on
ATMND/HP1-mediated THMS and the Exo lll-assisted signal amplification has been successfully
proposed for the ultrasensitive detection of As*. Under optimal conditions, the sensing platform
showed a wide linear range from 10 ng/L to 10 mg/L and a LOD of 5 ng/L with high selectivity.
The operation is simple, just need to mix these nucleic acids and Exo Il for As*" detection. Our
proposed sensor described herein is simple in operation without labeling and immobilization
procedures or separation and washing steps. Also, the sensing platform is fast (each test needs
about 30 min) and cost-effective (each test costs approximately S 0.67 U.S. dollars). In particular,
the proposed platform can be extended to detect other heavy metal ions with newly designed
THMS, as well as pesticide residue, antibiotic residues, and biomarkers by using aptamer
sequences. Practical sample analysis demonstrated the method had good precision and accuracy,

thus indicating its great application potentials for detection of As>* in complex water samples.
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Scheme 1. Schematic illustration of the label-free THMS and fluorescence sensing platform. The
catalytic assembly is realized through a series of ATMND/HP1-mediated THMS and Exo lll-assisted
cascade target recycling amplification.

Fig. 1. Evaluation of the label-free THMS and fluorescence sensing platform. (A) The fluorescence
emission spectra under different conditions: (a) 1 uM ATMND, (b) 1 uM THMS+1 mg/L As*'+1 UM
ATMND/HP1+Exo I, (c) 1 uM THMS+1 uM ATMND/HP1+Exo I, (d) 1 uM ATMND/HP1, (e) 1 uM
THMS+1 pM ATMND/HP1, (f) 1 uM THMS+1 mg/L As>*+1 uM ATMND/HP1, and (g) 1 uM THMS;
(B) the PAGE image of the platform. Lanes: (a) 1 uM ATMND/HP1, (b) 1 pM THMS+1 uM
ATMND/HP1, (c) 1 uM THMS+1 pM ATMND/ HP1+Exo Ill, (d) 1 uM THMS+1 mg/L As**+1 uM
ATMND/HP1+Exo Ill, (¢) 1 uM THMS+1 mg/L As**+1 pM ATMND/HP1, and (f) 1 uM THMS.

Fig. 2. Effect of the molar ratio of HP1 to ATMND on the response of the sensing system. Using a
fixed concentration of HP1, the concentration of ATMND was changed to obtain different molar
ratio. HP1: 1 uM; As>*: 1 mg/L. Error bars represent the standard deviation of three independent
measurements.

Fig. 3. Effect of the stem length of ATMND on the response of the sensing system. (a) 1 uM ABA1,
(b) 1 uM ABA2, (c) 1 uM ABA3, and (d) 1 uM ABAA4. The solution contains 1 uM STP, 1 uM
ATMND/HP1, 1 mg/L As**, and 50 U Exo IlI.

Fig. 4. Effect of the concentration of ABA1 on the response of the sensing system. The reaction
solution contains 1 M STP, 1 uM ATMND/HP1, 1 mg/L As>* and 50 U Exo Il

Fig. 5. Effect of the incubation time on the response of the sensing system. The reaction solution
contains 2 uM ABA1, 1 uM STP, 1 uM ATMND/HP1, 1 mg/L As*>" and 50 U Exo L.

Fig. 6. The fluorescence emission spectra of the label-free THMS and fluorescence sensing
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platform of various concentrations of As*". The solution contains 1 uM THMS (2 pM ABA1 and 1
UM STP), 1 uM ATMND/HP1 and 50 U Exo lll. Error bars represent the standard deviation of three
independent measurements.

Fig. 7. Selectivity investigation of the constructed biosensor for As®" against other control

molecules. The concentration is 10 pug/L for As>" and 100 pg/L for other molecules.
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Table 1. Application of the label-free fluorescence sensing platform for As®" determination in

groundwater.
Sample Added (ug/L) Found(meanaiSDb) (ng/L) Recovery (%)
1 2.0 2.21+0.12 110.5
2 4.0 4.11+0.23 102.75
3 6.0 6.31+0.33 105.17
4 8.0 7.67 £0.49 97
5 10.0 9.79 £0.53 97.9

®Mean of three determinations. bSD, standard deviation.

Table 2. Application of the label-free fluorescence platform for As*" determination in real sample.

Sample Proposed method® (pg/L) LC-MS/MS® (ug/L)  Relative error (Re)° (%)
Tap water 0.53 £0.05 0.55+£0.02 3.64
Lake water 2.21+0.12 2.1+0.08 -5.24
Pond water 4.43 +0.22 4.61+0.18 3.90

®Each sample was analyzed using our proposed fluorescence sensor, and all values were obtained
as an average of three repetitive determinations * standard deviation (mean + SD).

®Each sample was analyzed using the LC-MS/MS, and all values were obtained as an average of
three repetitive determinations + standard deviation (mean % SD).

“Our proposed method vs. LC-MS/MS.
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Highlights:

1. Label-free and sensitive fluorescence detection of As>*.

2. Exonuclease lll-assisted signal amplification strategy.

3. The resultingbiosensor was used to detect As*" with a LOD of 5 ng/L and a wider linear range
from 10 ng/L to 10 mg/L.

4. The biosensor can be readily expanded to monitor other analytes by substituting the

target-specific aptamer sequence.
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