Accepted Manuscript .

SPECTROCHIMICA
ACTA

Study of the binding way between saxitoxin and its aptamer and a
fluorescent aptasensor for detection of saxitoxin

Sheng Cheng, Bin Zheng, Dongbao Yao, Shenglong Kuai,
Jingjing Tian, Haojun Liang, Yunsheng Ding

PII: S1386-1425(18)30570-5
DOI: doi:10.1016/j.saa.2018.06.036
Reference: SAA 16195

Spectrochimica Acta Part A: Molecular and Biomolecular

To appear in: Spectroscopy

Received date: 31 March 2018
Revised date: 7 June 2018

Accepted

date: 10 June 2018

Please cite this article as: Sheng Cheng, Bin Zheng, Dongbao Yao, Shenglong Kuai,
Jingjing Tian, Haojun Liang, Yunsheng Ding , Study of the binding way between saxitoxin
and its aptamer and a fluorescent aptasensor for detection of saxitoxin. Saa (2017),
do0i:10.1016/j.s22.2018.06.036

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.


https://doi.org/10.1016/j.saa.2018.06.036
https://doi.org/10.1016/j.saa.2018.06.036

Study of the binding way between saxitoxin and its aptamer and a fluorescent

aptasensor for detection of saxitoxin

Sheng Cheng?, Bin Zheng?”, Dongbao Yao®, Shenglong Kuai?, Jingjing Tian®, Haojun Liang?, Yunsheng

Ding%”

1. Department of Polymer Science and Engineering, School of Chemistry and Chemical Engineering,

Anhui Key Laboratory of Advanced Functional Materials and Devices, Hefei University of Technology,

Hefei, Anhui 230009, P.R. China

2. School of Chemistry and Chemical Engineering, Hefei Normal University, Hefei, Anhui 230061, P.R.

China

3. Department of Polymer Science and Engineering, University of Science and Technology of China,

Hefei, Anhui 230026, P.R. China

4. Anhui Technical College of Water Resources and Hydroelectric Power, Hefei, Anhui 231603, P.R.

China

* To whom correspondence should be addressed.

Dr. Bin Zheng

Email: paradise@mail.ustc.edu.cn Tel: 86-551-63758370

School of Chemistry and Chemical Engineering, Hefei Normal University

Prof. Yunsheng Ding

Email: dingys@hfut.edu.cn Tel: 86-551-62901545

Department of Polymer Science and Engineering, School of Chemistry and Chemical Engineering,

Anhui Key Laboratory of Advanced Functional Materials and Devices, Hefei University of Technology


mailto:dingys@hfut.edu.cn

Abstract

Aptamers could be used to construct simple and effective biosensor because the conformational switch

of aptamer upon target binding is easy to be transferred to optical or electrochemical signals.

Nevertheless, we found that the binding between saxitoxin (STX) and aptamer (M-30f) is not

accompanied with conformational switch. Here, the circular dichroism spectra, fluorophore and

quencher labeled aptamer, and crystal violet-based assays were used to identify the binding way

between STX and aptamer. The results show that the conformation of aptamer is stabilized in PBS

buffer (10 mM phosphate buffer, 2.7 mM KCI, 137 mM NaCl, pH 7.4) and this conformation may

provide an exactly suitable cave for STX binding. Through the analysis of UV-melting curves and

circular dichroism-melting curves, it is found that different concentrations of STX produce different

unfolding extents of the aptamer under high temperature. Then, a simple temperature-assisted “turn-on”

fluorescent aptasensor was developed to detect STX and the application in real sample detection

demonstrates its feasibility. The proposed method provides not only an alternative for STX detection

but also a strategy for simple aptasensor design using aptamers that do not switch conformation upon

targets binding.
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Introduction

Saxitoxin (STX), a mostly studied paralytic shellfish toxin, is produced by cyanobacteria and

dinoflagellates [1]. It can be accumulated by filter-feeding bivalves and fish, and thus enter the food

chain. Its toxicity comes from its binding with the voltage gated sodium channel and subsequently

blocking the passage of nerve impulses [2]. The exposure to STX could lead to paralysis, respiratory

failure, and even death [3, 4]. Considering the food safety and environmental sustainability, a

worldwide regulatory limits for paralytic shellfish toxin have been set to be 80 ug STX eq./100 g

shellfish [1, 5, 6]. Thus, the rapid detection of STX is required because of its threat to human health.

Up to now, several techniques have been developed in the detection of STX.

The mouse bioassay is an internationally accredited Association of Analytical Communities

(AOAC) method that can provide adequate accurate results for STX detection (Mouse bioassay 959.08)

[7]. However, it is not suitable for onsite application. The criticism for ethical issues, poor specificity,

low sensitivity and the need of a large number of live animals limit its application [2, 8, 9]. High

performance liquid chromatography (HPLC) and its coupled techniques have the advantages of sample

separation and quantification with high sensitivity, which has been an important technique in STX

detection, such as LC-fluorescence detection [10-12]. However, the preparation and analysis of samples

are time-consuming, and it needs sophisticated technicians, expensive instruments and toxin standards

[2, 9]. Some other techniques, such as surface enhanced Raman scattering (SERS) [13] and the

synthesis of chemosensors [14] have also been proposed. They are simple but the problem of

specificity has to be overcome. Therefore, more simple and rapid monitoring methods are urgently

required.

Biosensors are more effective, commonly sensitive and specific methods in analytes detection



[15]. The immunosensors based on surface plasmon resonance, fluorescence and electrochemistry have

been applied in the detection of STX [16-18]. However, the use of antibodies as molecular recognition

elements has some drawbacks, such as high production costs and cross reactivity, special storage and

operation requirements, and the use of experimental animals [19]. Aptamers are single-stranded DNAs

or RNAs that have a high affinity to a specific target molecule [20, 21]. Compared with antibodies,

aptamers possess the advantages of high specificity and binding affinity, high chemical stability, easy

synthesis and modification [19, 22]. Therefore, aptamers have been widely applied in biosensors for

various targets detection since its first identification in 1990 [23-26] such as food toxin [27]. The DNA

aptamer (APTS™) for STX was first reported in 2013 [28] and a high resolution melting profile-based

method was developed to detect STX [29]. Nevertheless, the aptamer strand is too long (78 bases) and

the binding affinity is not satisfied (Kgq is 3.84 uM). Zhang et al. optimized it by rational site directed

mutagenesis and truncation and a shorter aptamer M-30f (34 bases) with higher binding affinity (Kg is

133 nM) was generated in 2015 [30]. Then, a biolayer interferometry competitive biosensor was

fabricated through the change in the optical thickness and mass density of the biosensor layer upon

STX binding [2].

A conformational switch of aptamer is usually accompanied with the target binding. The behavior

of conformational switch is easy to be transferred to other signals for simple aptasensors design. For

example, the control of conformational switch to the aggregation of gold nanoparticle has been an

excellent colorimetric biosensing method [31]; the conformation switch induced fluorescence

resonance energy transfer (FRET) is a simple strategy for fluorescent aptasensor design [22, 32-34].

However, to the best of our knowledge, there was no report on the binding mechanism between STX

and M-30f, especially the binding way. The reported work, the biolayer biosensor, could be performed



because that method does not need to consider the conformational switch. Without the clarification of

the binding way between STX and M-30f, it is difficult to design effective biosensors for the detection

of STX. Here, the circular dichroism spectra and fluorophore and quencher labeled aptamer were used

to identify the conformational switch during the binding process. Then, crystal violet, a

triphenylmethane dye that selectively binds to the G-quadruplex motif [35, 36], was used to investigate

the possible binding mode of STX to the aptamer. Finally, the UV-melting curves analysis of the

aptamer-STX complex was studied and a temperature-assist fluorescent aptasensor was developed for

the detection of STX.

Materials and methods

Materials

All oligonucleotides (HPLC grade), crystal violet and PBS powder were purchased from Sangon

Biotechnology Inc. (Shanghai, China). The oligonucleotides sequences are listed as follows: M-30f

(5°-TTG AGG GTC GCA TCC CGT GGA AAC AGG TTC ATT G-3’), fluorophore (HEX,

hexachlorofluorescein) and quencher (BHQ1, black-hole quencher 1) labeled aptamer, HB-M-30f

(HEX 5°- TTG AGG GTC GCA TCC CGT GGA AAC AGG TTC ATT G-3’ BHQ1). DNA solutions

were prepared by dissolving these oligonucleotides in water. They were heated to 94 °C to dissociate

any intermolecular interaction followed by quenching in a 0 °C water bath and their concentrations

were determined by measuring their UV absorbance at 260 nm. Extinction coefficients of each

nucleotide were: g(dA) = 15400 Mt cm?, ¢(dG) = 11500 Mt cm?, g(dC) = 7400 Mt cm™?, and &(dT) =

8700 Mt cm™,

Saxitoxin dihydrochloride (66.3 uM in 3 mM HCI), gonyautoxin-2, and -3 (GTX2&3, 157.6 uM

in 3 mM HCI), and neosaxitoxin (NEO, 65.6 uM in 3 mM HCI) were obtained from the National



Research Council Canada (Halifax, NS). PBS buffer used was 10 mM phosphate buffer, 2.7 mM KClI,

137 mM NaCl, pH 7.4. Tris-HCI used was 10 mM Tris-HCI, pH 7.4. All the other reagents (analytical

reagent) were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China), and were used

as received. Milli-Q water (18.2 MQscm) (Millpore Co., USA) was used throughout the study.

Circular dichroism (CD) measurements

The CD spectra were collected using a JASCO J-810 spectropolarimeter at 25 °C. The data were

collected from 200 nm to 400 nm in a sealed 10 mm path-length quartz cuvette at a scanning rate of

100 nm mintand presented as an average of three successive scans. The final concentrations of the

aptamer were 5 UM both in Tris-HCI and PBS conditions. The mixtures were incubated for 1 h at room

temperature before measurements. The scan of the buffer alone under the same conditions was used as

the blank, which was subtracted from the average scan of each sample. The cell-holding chamber was

flushed with a constant stream of dry nitrogen gas to avoid water condensation on the cell.

CD-melting curves were obtained by monitoring the ellipticity at 297 nm as a function of

temperature. The solutions containing 5 uM M-30f, 10 mM PBS and various concentrations of STX

were incubated for 1 h at room temperature. Then they were allowed to stand at 25 °C for 5 mins before

being heated to 99 °C at a heating rate of 1.5 °C min™ in sealed 10 mm path-length quartz cells. The

melting temperature (Tm) values of the complexes were estimated with similar method as that in

UV-melting curve.

Fluorescence measurements

All fluorescence measurements were carried out on a HITACHI F-7000 fluorescence

spectrophotometer. In the assays that using HEX and BHQ1 labeled aptamer (HB-M-30f) for the

analysis of STX-M-30f conformation, the final concentrations of the aptamer were 100 nM both in



Tris-HCI and PBS conditions. The mixtures were incubated for 1 h at room temperature before

measurements. The excitation wavelength was 530 nm, and the slit widths for excitation and emission

were 5 nm and 5 nm, respectively. In CV assays, the final concentrations of aptamer and CV were 4

uM and 8 uM, respectively. The excitation wavelength was 580 nm, and the slit widths for excitation

and emission were 10 nm and 10 nm, respectively.

UV-melting curves

UV-melting curves were obtained by monitoring the UV absorbance at 260 nm as a function of

temperature on an Agilent Cary 300 UV-vis spectrophotometer. The solutions containing 1 uM M-30f,

10 mM PBS and various concentrations of STX were incubated for 1 h at room temperature. Then they

were allowed to stand at 25 °C for 5 mins before being heated to 99 °C at a heating rate of 1.5 °C

min in sealed 10 mm path-length quartz cells. The melting temperature (Tm) values of the complexes

were calculated by fitting the experimental curves with a Sigma plot, where Tn, is the midpoint

temperature of the order—disorder transition of the complex [37].

Temperature-assisted biosensing assay

In STX detection assays, 4 uL of HB-M-30f (1 uM), 20 uL of PBS (100 mM) and various volumes of

STX (66.3 uM) were mixed together and appropriate volumes of water were added to make a total

volume of 200 pL. The mixed solutions were incubated for 0.5 h at room temperature before being

transferred into sealed 10 mm path-length quartz cells. These cells were allowed to stand at 61 °C for

10 min in the fluorescence spectrophotometer equipped with a circular water bath before measurements.

The excitation wavelength was 530 nm, and the slit widths for excitation and emission were 5 nm and 5

nm, respectively. To determine the selectivity of the biosensing, the assays were repeated with water

(blank) and standard solutions of GTX2&3 and NEO.



Detection of STX in real samples

Shellfish samples which were purchased from supermarket were used to assess the feasibility of this

fluorescent aptasensor for the detection of STX. The shellfish sample extraction was performed

according to the AOAC procedure [2, 38]. Briefly, the shellfish meat was thoroughly cleaned and

homogenized in a blender. 5 g of the homogenate were spiked with various volumes of STX standard

solutions. The samples were vortex mixed after the addition of 3 mL of 1% acetic acid solution, and

then boiled for 5 min. After cooling to room temperature, the mixtures were centrifuged at 5000 rpm

for 5 min after a short shake. The supernatant was collected and the residual was extracted twice by

repeating the above procedure. The collected supernatant was dried and suspended in 200 pL of PBS

buffer. Then, 100 pL of the extracted solution, 4 uL of HB-M-30f (1 uM), and appropriate volumes of

PBS buffer and water were added to make a total volume of 200 uL. The mixtures were analyzed using

the above temperature-assisted biosensing assay.

Results and Discussion

Analysis of aptamer conformation switch by CD spectra

The conformational switch upon STX binding was studied through the analysis of CD spectra under

different conditions. Because the PBS buffer (10 mM phosphate buffer, 2.7 mM KCI, 137 mM NaCl,

pH 7.4) is the experimental condition for STX aptamer screening and optimization, the CD spectra of

M-30f in PBS conditions are studied firstly (Fig. 1A, Line 1-3). It can be seen that there is no obvious

change after the addition of STX. The positive peak at 272 nm and the negative peak at 241 nm

represent the formation of B-form duplex [39] which is caused by the stem-loop structures predicted

using the mfold web server [30]. Thus, it is found that the conformation has been stabilized before the

addition of STX. As this conformation is determined by the buffer conditions and the existence of



G-quadruplex has been predicted in Zheng’s work [30] using QGRS Mapper, Tris-HCI buffer was
selected to further study the conformation of M-30f because this buffer does not contain metal ions
which could induce G-quadruplexes. The CD spectrum of M-30f in Tris-HCI condition is shown in Fig.
1A (Line 5). It is found that the duplex still exists in the conformation under Tris-HCI conditions and
the difference is that the absorbance increases at around 300 nm in PBS buffer which may be caused by
the formation of G-quadruplex. What is more, the PBS buffer used in this work contains 2.7 mM K*
which is an effective G-quadruplex stabilizer and the significance of K* in this system has been studied
by Gao [2]. Thus, K* was also added into Tris-HCI buffer and the same phenomenon appeared (Fig. 1A,
Line 4). Then, the data process was performed by subtracting Line 5 from Line 1-4 and the results are
shown in Fig. 1B. In the subtracted spectra, an obvious positive peak appears at around 297 nm and a

negative peak appears at around 269 nm which suggests the existence of G-quadruplex structures [39].
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Fig. 1 (A) CD spectra of M-30f (5 uM) under various buffer conditions: 1) PBS buffer (10 mM
phosphate buffer, 2.7 mM KCI, 137 mM NaCl, pH 7.4), 2) the addition of 5 uM STX under PBS
condition, 3) the addition of 10 uM STX under PBS condition, 4) Tris-HCI buffer (10 mM Tris-HCI,
pH 7.4) with 2.7 mM KClI, and 5) Tris-HCI buffer; (B) The obtained CD spectra by subtracting Line 5

from Line 1-4 in (A).



Analysis of aptamer conformation switch by FRET

To further clarify the conformational switch process, fluorescence resonance energy transfer

(FRET) is employed here to study the distance change between two termini of the M-30f strand using

the labeled aptamer strand (HB-M-30f) which contains the fluorophore HEX and the quencher BHQ1

at its 5” and 3’ termini, respectively. The labeled sites were selected at termini because it could avoid

the interference from fluorophore or quencher to the binding between STX and aptamer. The extent of

FRET is strongly depended on the distance between the donor and acceptor. The conformational switch

might induce the distance change between two termini and hence change the fluorescent intensity of

the solution. It can be seen from Fig. 2 that the solution of HB-M-30f emits a strong fluorescence at

553 nm under Tris-HCI condition (without K*) while the fluorescent intensity decreases greatly under

PBS conditions demonstrating the occurrence of a conformational switch. This is coincident with the

conclusion of CD analysis. The formation of G-quadruplex structure under PBS condition brings the

fluorophore and the quencher in close proximity to form a more compact structure, and thus FRET

occurs. What is more, the addition of STX with different concentrations does not produce obvious

change both in Tris-HCI buffer and PBS buffer. To exclude the possibility of phosphate effect on the

fluorescence decrease of HEX, the fluorescence spectrum of HB-M-30f in pure PBS buffer (10 mM

phosphate buffer) was collected which is shown in Fig. 2A (dotted line). It can be seen that the

fluorescence was recovered to similar level with that in Tri-HCI buffer suggesting that the phosphate

buffer has less effect on fluorescence decrease. To demonstrate the effect of K*, the fluorescence

spectrum of HB-M-30f in pure PBS buffer containing different concentrations of K* were investigated

(Fig. 2B). A sharp decrease of fluorescence intensity occurred after the addition of K* indicating the

folding of aptamer, and the decrease rate tends to slow down after 3 mM of K*. The intensity at 553 nm

10



of pure PBS buffer containing 2.7 mM K* from Fig. 2B (inset) can be estimated to be 4100 which is

similar to that in aptamer screening PBS buffer (3970) (Fig. 2A, PBS series) which also contains 2.7

mM of K*. These results demonstrate that the decrease of fluorescence intensity in PBS buffer is

mainly attributed to K*.
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Fig. 2 (A) Fluorescence spectra of HB-M-30f (100 nM) in the presence of various concentrations of
STX in PBS buffer and Tris-HCI buffer (solid lines), and fluorescence spectrum of HB-M-30f (100 nM)
in pure PBS buffer (dotted line). (B) Fluorescence spectra of HB-M-30f (100 nM) in the presence of
various concentrations of K* in pure PBS buffer. The inset is the fluorescence intensity at 553 nm as
function of concentration of K*. The chemical structures of HEX and BHQ1 are shown at the bottom of
this figure.
Thus, we infer that the presence of STX cannot change the conformation of aptamer alone. There
might be some interactions between STX and random aptamer but it is not strong enough to dominate
the conformation of aptamer. The buffer condition, especially K*, is the main factor to determine its

final conformation. As this aptamer was developed in the PBS solution (10 mM phosphate buffer, 2.7
11



mM KCI, 137 mM NaCl, pH 7.4), only the final conformation formed under such condition has the

ability to recognize STX, such as some special sites involved for STX binding. Consequently, a brief

conclusion could be obtained that the conformation of the aptamer (M-30f) does not change upon STX

binding under the PBS conditions and the formation of G-quadruplex plays an important role for STX

binding.

CV-based fluorescent assay

As the formation of G-quadruplex structure makes the aptamer has the ability to bind STX, we

hypothesize if STX was stacked onto or surrounded by this structure. CV is a commercially available,

fluorescent, triphenylmethane dye that binds selectively to the G-quadruplex motif through the external

stacking mode [35, 36]. The fluorescence of free CV is weak, while it could be enhanced significantly

after binding with G-quadruplex. Therefore, if STX is stacked onto G-quadruplex, the addition of STX

could decrease the fluorescence intensity because the binding affinity between STX and M-30f (K is

7.5 uM1) is much higher than that between CV and G-quadruplex (Ka is 0.05 uM™or less). As is

shown in Fig. 3, the fluorescence of CV is enhanced after the addition of M-30f. However, the addition

of STX could not decrease the fluorescence intensity which indicates that the binding site between STX

and aptamer does not adopt the external stacking mode. We infer that the formation of duplex and

G-quadruplex structure may provide an exactly suitable cave for STX binding which is consistent with

Zheng’s assumption [30].

12
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Fig. 3 Fluorescence spectrum of CV (8 uM) (Line 1), and spectra of the mixture of CV (8 uM) and

M-30f (4 uM) in the presence of various concentrations of STX (Line 2: 0 STX; Line 3: 4 uM STX;

Line 4: 8 uM STX).

Analysis of UV-melting curves and CD-melting curves

The binding between target and aptamer without conformational change is an obstacle for

biosensor design. As the binding of STX may alter the thermal stability of the folded structure, we

hypothesize that the melting temperature may be altered. With the increase of temperature, the folded

structure would be unfolded and expose DNA bases which make the adsorption at 260 nm increase. Fig.

4A shows the UV-melting curves of the aptamer solutions incubated with various concentrations of

STX. In the absence of STX, the Ty, of the aptamer is about 69.8 ° C. Such a high temperature suggests

that the folded structure formed by duplex and G-quadruplex structure is stable under such conditions.

The addition of STX decreases the value of Tm which is contrary to our general belief that the

interaction between STX and aptamer could stabilize the secondary structure and increase the value of

Tm. We infer that the reason is the interaction between STX and K*. Both STX molecules and K* ions

13



are positively charged and they all were included in the folded structure. The electrostatic repulsion

between them may weaken the stabilization effect of K* to G-quadruplex and the interaction between

STX and aptamer cannot make up the loss from the effect of K*, and consequently decrease the value

of Tm. To verify the effect of STX to G-quadruplex structure, CD-melting curves were plotted by

monitoring the ellipticity at 297 nm as a function of temperature (Fig. 4B). Because G-quadruplex has

a characteristic peak at 297 nm, this value change could reflect the unfolding of G-quadruplex. In the

absence of STX, the T, from CD could be found at 63.4 °C which is a little lower than that from

UV-melting curve. This suggests that the G-quadruplex structure contributes to part of the aptamer

conformation. After the addition of STX with the same STX to aptamer ratios as that in UV-melting

curves, the curves are shifted and the values of T, are decreased demonstrating that STX lowers the

thermal stability of G-quadruplex. These observations are coincident with the conclusion obtained

above.

It can be seen that all the STX-aptamer complexes are stable under low temperatures (lower than

38 °C) and it is hard to distinguish them. With the increase of temperature, the STX-aptamer

complexes containing different concentrations of STX start to unfold at different extents. They were

unfolded completely under high temperatures (higher than 90 °C) which are also difficult to be

distinguished. The absorption difference between the solutions of the aptamer in the presence and

absence of STX at different temperatures is plotted in Fig. 4C. As predicted, there is a maximum of the

absorption difference which is estimated at about 61 °C. The conformation of the aptamer in the

presence and absence of STX could be differentiated at maximal extent under this temperature. Thus,

the working temperature of 61 ° C is selected as the optimal temperature for further biosensor design.

14
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Aptasensor for STX detection

Then, a simple, conventional fluorescent method was designed based on the effect of STX to the
conformational stability of aptamer under high temperature. As is shown in Scheme 1, the labeled
aptamer (HB-M-30f) folds into a compact structure and brings the fluorophore and quencher together
under low temperature. Under high temperature, the addition of STX lowers the stability of the
structure and different concentrations of STX result in different unfolding extents of the structure, i.e.
different FRET extents. Therefore, the concentration of STX could be reflected by the fluorescence
intensity. Fig. 5A shows the fluorescent spectra of the biosensing system to increasing concentrations
of STX. It can be seen that the biosening system exhibits a “turn on” response to STX. With the
increase of STX concentrations, the fluorescence intensity at 553 nm increased. The intensity at 553
nm vs. STX concentrations was plotted in Fig.5B. A limit of detection (LOD) of 6.0 nM (1.8 ng/mL)
(30) is easy to achieve. A relative standard deviation (RSD) was calculated to be 1.8% by 6 repetitive

measurements of 80 nM STX, demonstrating a high accuracy and reproducibility of the assay.
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Fig. 5 Fluorescence responses of this approach toward STX: (A) changes in fluorescence spectra of the
labeled aptamer (HB-M-30f, 20 nM) with increasing concentrations of STX; (B) Fluorescence intensity

at 553 nm as function of concentration of STX.
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To assess the selectivity of the biosensing system, control experiments were performed on some

analogues of STX including water (blank) and standard solutions of GTX2&3 and NEO. The results

are shown in Fig. 6. Only STX can induce the “turn-on” fluorescence response. The good selectivity is

attributable to the high specificity of the aptamer for STX.

1000F 77F
£
&
“
S
=
S 500)
bt
=
o
0
STX blank GTX2&3  NEO

Fig. 6 Fluorescence responses of this approach at 553 nm toward STX (100 nM), blank sample,

GTX2&3 (100 nM), and NEO (100 nM).

Table 1
Results of STX detection in real shellfish samples (n=5).

Sample

Average

Spiked (nM) Found (nM) Recovery (%) RSD (%)
1 2 3 4 5
1 20 19.8 23.4 22.5 21.9 22.8 1104 5.6
2 50 54.3 50.5 56.1 60.0 57.2 111.2 5.7
3 80 80.1 89.2 87.7 84.3 81.5 105.7 4.1
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Table 2

Comparison between several methods for STX detection.

Methods Linear range LOD Operation steps Reference
. (1) Baseline (2 min); (2) loading (5
Biolayer . . .
. 100 - 800 min); (3) washing (2 min); (4)
interferometry 0.5 ng/mL - i L [2]
ng/mL association (3 min); (5) dissociation (3
aptasensor )
min).
(1) Preparation of SAM-modified gold
electrode (24 h); (2) adsorption of MB
Electrochemical 0.27-9 anchored MWCNTs; (3) Carboxy
0.11 ng/mL L [6]
aptasensor ng/mL groups activation (1 h) and aptamer
linkage; (4) deposition of sample (30
min) and DPV measurements.
0.020 - 0.80
0.019 ng/mL ..
ng/mL h (1) Sample drop; (2) addition of
uman
(human hol polyclonal rabbit antibody and enzyme
whole
whole blood) conjugate solution (incubation 1 h with
00
ELISA blood) shaking); (3) contents remove and [1]
0.06 ng/mL .
0.06 - 2.0 (dried wash; (4) addition of substrate and
rie
ng/mL (dried h incubation 30 min with shaking; (5)
uman
human stop solution and measurement.
blood)
blood)
(1) Calibration standards preparation;
(2) column equilibration; (3) LC-MS
LC-ESI-MS/ 5-124
1.5ng/mL  performance for standards and samples [5]
MS method ng/mL .
(45 min for each); (4) column
re-equilibration
Fluorescent (1) Incubation (30 min); (2) .
0-24ng/mL  1.8ng/mL This work

aptasensor

measurement at 61 °C.

Application of the aptasensor in real shellfish samples

Finally, the application of the fluorescent aptasensor for the detection of STX in real samples was

demonstrated. STX standard solutions were spiked into shellfish samples and extracted to achieve final

concentrations of 20 nM, 50 nM, and 80 nM. The samples were analyzed using this aptasensor and the

results were shown in Table 1. The recoveries were from 105.7% to 111.2% indicating a good accuracy

and reproducibility of the aptasensor. The low RSD of 4.1% to 5.7% demonstrates a good repeatability
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of this method. As a monitoring method for food safety, its feasibility for onsite application should be

evaluated. The comparison of this fluorescent aptasensor with other detection methods is listed in Table

2. Although the LOD of our method is not the lowest, it is low enough to satisfy the standard of AOAC

(maximum permitted limit of STX (3 ng/mL) in drinking water and the detection limit of HPLC (10

ng/mL)). It can be seen that the advantage of this aptasensor has the simplest operation steps with just

incubation between aptamer and analyte before measurement.

Conclusion

In this work, the conformational switch of the STX aptamer (M-30f) upon STX binding was studied

through the analysis of circular dichroism (CD) of the aptamer and the fluorescent spectra of the

labeled aptamer under different buffer conditions. It is found that the conformation of the aptamer is

determined by the buffer conditions rather than STX (10 mM phosphate buffer, 2.7 mM KCI, 137 mM

NaCl, pH 7.4) and K* plays an important role in conformation stability. Combined with the results from

the CV-based fluorescent assay that the binding of STX does not adopt an external stacking mode, we

infer that the aptamer may provide an exactly suitable cave for STX which is consistent with Zheng’s

assumption. The results of UV-melting curves and circular dichroism-melting curves indicate that the

presence of STX lowers the thermal stability of the aptamer conformation, and different concentrations

of STX produce different unfolding extents of aptamer under high temperature. Then, a

temperature-assisted “turn-on” fluorescent method was performed to detect STX using the principle

that different concentrations of STX produces different unfolding extents of the structure under high

temperature. The sensitivity, selectivity and the real sample application are satisfied demonstrating that

this simple method could be an alternative for STX detection. What is more, the temperature-assistant

method could provide a strategy for simple aptasensor design using aptamers that do not switch
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conformation upon targets binding.
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Figure captions

Fig. 1 (A) CD spectra of M-30f (5 uM) under various buffer conditions: 1) PBS buffer (10 mM

phosphate buffer, 2.7 mM KCI, 137 mM NaCl, pH 7.4), 2) the addition of 5 uM STX under PBS

condition, 3) the addition of 10 uM STX under PBS condition, 4) Tris-HCI buffer (10 mM Tris-HClI,

pH 7.4) with 2.7 mM KCI, and 5) Tris-HCI buffer; (B) The obtained CD spectra by subtracting Line 5

from Line 1-4 in (A).

Fig. 2 (A) Fluorescence spectra of HB-M-30f (100 nM) in the presence of various concentrations of

STX in PBS buffer and Tris-HCI buffer (solid lines), and fluorescence spectrum of HB-M-30f (100 nM)

in pure PBS buffer (dotted line). (B) Fluorescence spectra of HB-M-30f (100 nM) in the presence of

various concentrations of K* in pure PBS buffer. The inset is the fluorescence intensity at 553 nm as

function of concentration of K*. The chemical structures of HEX and BHQ1 are shown at the bottom of

this figure.

Fig. 3 Fluorescence spectrum of CV (8 uM) (Line 1), and spectra of the mixture of CV (8 uM) and

M-30f (4 uM) in the presence of various concentrations of STX (Line 2: 0 STX; Line 3: 4 uM STX;

Line 4: 8 uM STX).

Fig. 4 (A) The UV-melting curves of the M-30f solutions (1 uM) incubated with various concentrations

of STX; (B) The CD-melting curves of the M-30f solutions (5 uM) incubated with various

concentrations of STX; (C) The absorption differences at 260 hm between the solutions of M-30f in the

presence and absence of STX at different temperatures.

Scheme 1 Schematic illustration of the fluorescence approach for STX detection.

Fig. 5 Fluorescence responses of this approach toward STX: (A) changes in fluorescence spectra of the

labeled aptamer (HB-M-30f, 20 nM) with increasing concentrations of STX; (B) Fluorescence intensity

23



at 553 nm as function of concentration of STX.

Fig. 6 Fluorescence responses of this approach at 553 nm toward STX (100 nM), blank sample,

GTX2&3 (100 nM), and NEO (100 nM).

24



ACCEPTED MANUSCRIPT

LR .
»,i:?o = W 2 m
o % PBS(K) STX
e%?(,e
5 ‘ ‘>>>
M-30f 61°C 61°C

Graphical abstract

25



Highlights

® The conformation of the aptamer (M-30f) is determined by the buffer conditions rather than
saxitoxin (STX).

® K" jons could induce the aptamer to fold into a more compact conformation which involves
duplex and G-quadruplex structures.

® The formation of duplex and G-quadruplex structure may provide an exactly suitable cave for
STX binding.

®  Asimple temperature-assisted “turn-on” fluorescent method was performed to detect STX.
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