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Abstract A label-free electrochemical aptasensor was devel-
oped for selective detection of saxitoxin (STX). It is taking
advantage of target-induced conformational change of an
STX-specific aptamer when it binds to the toxin. A monolayer
of octadecanethiol was deposited on a gold electrode, and then
coated with a film of multiwalled carbon nanotubes
(MWCNTs) to which the aptamer was covalently conjugated.
Methylene blue (MB) was electrostatically anchored on car-
boxylated MWCNTSs and used as the electrochemical indica-
tor that produced a strong differential pulse voltammetric sig-
nal in the absence of target (STX). If, however, STX binds to
its aptamer, this triggers a conformational change of the
aptamer and results in the establishment of a barrier for het-
erogeneous electron transfer. The oxidation peak current of
MB, acquired at —0.27 V (vs. Ag/AgCl), linearly decreases
with increasing concentrations of STX in the 0.9 and 30 nM
concentration range. The detection limit is 0.38 nM. Marine
toxins that maybe present along with STX do not interfere
even if they have a similar chemical structure. The assay
was applied to the determination of STX in mussels samples
and was found to be acceptably accurate. Hence, the method
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introduced here provides a rapid and sensitive tool for moni-
toring red tide pollution.
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Introduction

Saxitoxin (STX, C;oH;7N,0O,) is one of the most harm-
ful marine toxins which may enter the marine food chain
as components of marine dinoflagellates or freshwater
cyanobacterium [1], and therefore causes the so-called
paralytic shellfish poisoning (PSP) via contaminated sea-
food or water intake [2]. Almost 2000 cases of human
PSP are reported per year. PSP toxins including STX
and its analogs, such as neosaxitoxin and gonyautoxins,
are potent neurotoxins that can block mammalian
voltage-gated sodium channels and result in death [3].
STX has been officially listed as Schedule I Chemical
Warfare Agents [4]. In order to assure the food safety
and the environmental sustainability, maximum permitted
level (MPL) of STX at which fisheries are closed has
been regulated to be 80 png STX equivalents/100 g shell-
fish in most countries [5], and the monitoring programs
are implemented [6, 7].

The mouse bioassay has been regulated as the reference
official method for STX to provide adequately accurate assay.
However, this method has received much criticism for ethical
issues and other disadvantages including poor specificity, low
sensitivity, and labor intensive [8]. It is gradually being replaced
by chromatographic techniques, which allow separation, quan-
tification and identification of PSP toxins [9]. Coupling
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techniques of liquid chromatography are approved for use by
monitoring agencies, such that LC—fluorescence detection
method (AOAC 2005.06) [10] is the official alternative tech-
nique in many countries, and hydrophilic interaction liquid
chromatography-tandem mass spectrometry [11] can attain de-
tection limit as low as ppb level. Apart from distinct advan-
tages, these methods suffer from several limitations such as
time-consuming sample preparation and analysis, and usage
of expensive toxic standards and instruments. The European
Commission encourages the use of biochemical assays and
biosensors other than the official one for fast and cheap moni-
toring and detection of STX in multiple samples [12]. Receptor
binding assay [13], in vitro cell assays [14] and immunoassays
(ELISA) [4] have gradually been applied in screening of PSP
toxins, and their implementation should provide an equivalent
level of public health protection. The toxicity of STX and its
analogs varies by approximately two orders of magnitude, due
to the alternating structures of these derivatives at the four sites
R-R4 [15]. Most of the biochemical assays for STX are immu-
noassays based on the affinity recognition between poly- and
mono-clonal antibodies and toxin, which are very sensitive and
case of use. However, potential toxin-producers often occur
together in the marine system, making it very difficult to dis-
criminate the target and its analogs accurately and determine it
from sample matrices. Regarding the limitation of cross-reac-
tivity, it is recommended that the enzyme-linked immunosor-
bent assay (ELISA) be used as screening tool rather than quan-
titative assay [16]. Biosensors have emerged as reliable alter-
native technique for STX quantification and monitoring. To
improve the specificity of biosensors, enzymes, cell [17], arti-
ficial receptors [18] and antibody fragments have been
exploited as biorecognition elements to fabricate optical, spe-
cifically based on surface plasmon resonance (SPR) [12, 19],
electrochemical, or piezoelectric [20] biosensors for PSP
toxins. Owing to the inherent selectivity and sensitivity of the
electrochemical transduction, as well as the simple, portable
and low-cost instrumentation, electrochemical biosensors have
demonstrated to be the most powerful tools for in-situ detection
of marine toxins.

Aptamers are single-stranded DNA or RNA oligonucleo-
tides selected among a random oligonucleotide library that
bind to a wide range of target molecules with high affinity
and specificity [21]. These artificial nucleic acid ligands offer
several outstanding advantages over antibodies owing to their
high specificity of binding affinity, ease of synthesis, modifi-
cation and storage, as well as the higher reusability, which
make it more facile to transduce the capture events into de-
tectable signals. More importantly, thanks to their three di-
mensional shape, aptamers can discriminate between closely
related compounds on the basis of subtle structural differ-
ences. Since its pioneering application in the late 1990s,
aptamers have been widely applied as biorecognition elements
in electrochemical biosensors for various large molecular
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targets [22], mainly proteins. In the case of small target like
toxin, however, the development of high performance electro-
chemical aptasensors remains at stagnant levels [23], due to
the small changes in the interfacial-transfer resistance when it
interacts with the immobilized aptamer, as well as the shortage
of proper aptamers. The use of nanomaterials as labels, signal
enhancers or nanostructured immobilization supports, has al-
ready been demonstrated to provide sensors with highly sen-
sitive sensing platform. Novel transduction strategies have
been incorporated in the fabrication of ochratoxin A (OTA)
aptasensors to enhance electron transfer and attain higher sen-
sitivity [12, 24]. Nanoparticles like magnetic particles or gold
particles were used as electrochemical signal enhancers, offer-
ing a relatively large number of binding sites for
biorecognition, and improving the sensitivity and speed of
OTA biosensing.

Carbon nanotubes (CNTs) have generated great interest in
electrochemical enzyme sensors and immunosensors, because
of their good conductivity, electrocatalytic activity, high
length-to-diameter ratio and great chemical stability [25, 26].
The unique dimensions and structure-sensitive electrical prop-
erties of the CNTs allow them to interact with some organic
compounds through 7t-7t electronic and hydrophobic interac-
tions to form new electrical attractive nanostructures, or form
a three dimensional conducting matrix that can be used for
immobilization of enzyme, antibody and DNA. Much atten-
tion has been paid to the chemical functionalization and sta-
bilization of CNTs film electrode, which will lead to the in-
crease of accessible target sites and the enhancement of
Faradaic responses [27]. Differing from other modification
methods such as dip-coating and layer-by-layer assembling,
controllable adsorption of CNTs onto the self assembled
monolayer (SAM) of organosulfurs deposited on the gold
electrode is a more precise method to obtain a stable CNTs
film electrode in nanoscale [28].

In 2013, a DNA aptamer (APTS™") targeting STX has
been selected and provided for the first time [29]. The SPR
sensing results showed a selective binding of the aptamers to
both surface-bound STX and free STX. Based on this ssDNA
sequence, Hu et al. generated a highly specific ssDNA
aptamer (F3) by SELEX, that can be used as an alternative
to the STX standard and mimick STX in antibody binding [6].
Zheng et al. generated an improved method for selecting
aptamer with higher affinity through rational site-directed mu-
tation and truncation [30].

We herein present an electrochemical aptasensor for STX
detection, by employing the STX aptamer (APTS™!) that
covalent immobilized onto the MWCNTs/SAM modified
gold electrode as the recognition probe, together with the
MB that electrostatic anchored on MWCNTs as electrochem-
ical indicator in differential pulse voltammetry (DPV) detec-
tion. MWCNTs that controllable adsorbed on the SAM/Au
electrode provides an electronically low-noise biosensing
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transduction platform, as well as a biocompatible interface
with substantial loading ability to covalently immobilize
aptamers, greatly improving the amplification and detection
of capture events. In the presence of STX, target was specif-
ically caught by DNA aptamers that immobilized on the
MWCNTs/SAM modified gold electrode, thus triggered con-
formational changes of the aptamers and restrained electron
transfer to the electrode surface, resulting in a lowered elec-
trochemical signal of MB. The changes in the oxidation peak
current of MB before and after STX recognition serve as the
analytical information for sensitive and selective detection of
STX. The aptasensor has been applied in the analysis of STX
in real shellfish samples. It provides meaningful information
for understanding the specific capture events in nanoscale
substrate, which is helpful for the fabrication and application
of aptasensor in toxins monitoring.

Experimental

The chemicals and apparatuses used in the experiment are
detailed in the Electronic Supplementary Material (ESM).

Functionalization of MWCNTs

The carboxy - functionalized MWCNTs were prepared ac-
cording to the literatures [31]. Briefly, 5 mg of MWCNTSs were
suspended in a mixed concentrated acid solution (H,SOy :
HNO;z=3:1 v/v), followed by ultrasonication for 4 h at room
temperature. After these treatments, the resultant suspension
was centrifuged for 5 min at 7000 rpm, and then washed
thoroughly with deionized water until a neutral pH was ob-
tained. Finally, the resulting product was dried in vacuum
oven overnight at 60 °C, and the collected solid was denoted
as COOH-MWCNTs.

COOH-MWCNTs were further modified with methylene
blue. Firstly, 0.6 mg collected COOH-MWCNTs were dis-
persed in 0.6 mL mixed solvent of DMF and doubly distilled
water (1:1 v/v). Then, 1.2 uL of MB solution (20 mM) was
well-distributed in the resultant dispersion by ultrasonication
for 40 min. The MB anchored MWCNTs suspension was
obtained and denoted as MB-COOH-MWCNTs.

Fabrication of aptasensor and electrochemical
measurement

Prior to surface modification, the gold electrode (Au, 3 mm
diameter) was polished carefully with alumina powder (1.0,
0.3 and 0.05 pum, Buehler), and then sonicated in doubly dis-
tilled water and absolute ethanol (each for 3—5 min) to remove
residual alumina particles that might be trapped at the surface.
The electrode was etched for 5 min in a Piranha solution (1: 3
(v/v) 30 % H,0, and concentrated H,SO,) and then taken out

of the solution and thoroughly rinsed with ultrapure Millipore
water followed by ethanol. Finally, the cleanliness of the bare
electrode surface was established by consecutive potential cy-
cling in 0.5 M H,SO, within a potential range between —0.20
and 1.60 Vat a scan rate of 50 mV s~ until a reproducible CV
scan was obtained.

Gold electrode modified with SAM of C;gHz;SH
(ODT), denoted as SAM-modified gold electrode, was
prepared by immersing the pretreated gold electrode into
ethanol solution of ODT (40 mM; as bifunctional link-
er) for 24 h at room temperature to allow the formation
of a compact SAM. The electrode was then thoroughly
rinsed with ethanol and doubly distilled water to remove
physical adsorbed ODT, and dried with pure N,. For
controllable adsorption of MB anchored MWCNTs onto
the SAM-modified gold electrode, 8 uL. MB-COOH-
MWCNT suspension was dropped onto the surface of
the SAM-modified gold electrode and followed by evap-
oration of the solvent in air. The resulting electrode
(denoted as MB-COOH-MWCNT-SAM/Au, or MB-
COOH-MWCNTs/ SAM gold electrode) was thoroughly
rinsed with doubly distilled water to remove unstably
adsorbed MB-COOH-MWCNTs and then dried with
pure N, before use.

Subsequently, the electrode was immersed in phosphate
buffer (pH 7.0) containing 5 mM EDC and 8 mM NHS to
activate the carboxy groups for 1 h, followed by further phos-
phate buffer rinsing. Then the electrode was immersed into the
STX aptamer solution (8 uM) at room temperature for 2 h,
allowing a covalent linkage of aptamers to the MWCNTs.
Finally, the aptamer-modified electrode was rinsed thoroughly
with Tris—HCI buffer solution to remove unbounded
aptamers, and dried under a N, stream. The resulting
aptamer/MB-COOH-MWCNTs-SAM/Au electrode was then
denoted as the STX aptasensor and stored at 4 °C for further
use.

For cyclic voltammetry and EIS studies, each of obtained
modified electrodes was transferred to the electrochemical cell
containing 1 mM hexacyanoferrate and 0.1 M KCI solution.

For the detection of STX, different concentrations of
standard STX solution or sample solution (5 pL) was
deposited onto the electrode surface of obtained STX
aptasensor and incubated for 30 min, and then carefully
rinsed with Tris—HCI buffer (10 mM, pH 7.0) contain-
ing 100 mM NaCl and 2 mM MgCl, to remove the
non-binding STX. The electrochemical signals were ob-
tained in phosphate buffer by using DPV with ampli-
tude of 25 mV and scan rate of 20 mV s~'. The chang-
es in the oxidation current of MB before and after the
capture events were measured as a function of the STX
concentration. All measurements were performed at
room temperature in triplicate, and the data were obtain-
ed as mean values of three assays.
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Sample preparation and extraction

The applicability of STX aptasensor was also evaluated for the
analysis of STX in real samples. Different type of mussel
samples, including blue mussels (sample 1) and Asia green
mussels (sample 2), were randomly obtained from local su-
permarkets, respectively. Sample extraction was performed
according to the AOAC method [32]. The outside of the mus-
sels were thoroughly cleaned with fresh water and opened by
cutting adductor muscle meat, then the inside were rinsed with
distilled water to remove sand and foreign material. The mus-
sel meats were removed carefully from shell by separating
adductor muscles and tissue connecting at hinge, then draining
in a sieve for 5 min to remove salt water. For representative
sampling, 100 g of pooled meats were homogenized in a
blender. After blending, a portion of each tissue homogenate
(100 mg) of mussel meats was taken immediately and trans-
ferred accurately from the blender cup to a centrifuge tube,
and used as the sub samples for further extraction. Other ho-
mogenates were stored in a tightly sealed screw-capped stor-
age container frozen at —10 °C.

Before test, blank samples of mussel meat were collected as
control samples. Sub samples were spiked with varied volume
(0, 30, 200 nuL) of 0.01 mM STX standard solution respec-
tively. 1 mL of 0.1 M HCI was added in tube and vortex
mixed, boiling for 5 min. After cooling to room temperature,
the acid-leached sub sample was diluted with ultrapure water
to a final volume of 1 mL, and then was centrifuged at
1000 rpm for 5 min to collect the supernatant and remove
the residual tissue. The sample extracts can be used for STX
aptasensor assay by a 1:100 v/v dilution with Tris—HCI buffer
(pH 7.0), and it should be analyzed as soon as possible. The
extraction blank was obtained by performing the extraction
procedure (see above) except substitute water in place of sam-
ple tissue.

Results and discussion

Principle of STX detection using electrochemical
aptasensor

The detailed detection process of the electrochemical
aptasensor can be illustrated in Scheme 1 and explained as
follows. The clean gold electrode surface is first self-
assembled by a dense hydrophobic monolayer of C;gH3,SH
via the formation of Au-S bond, which isolates the electron
transfer between redox solutes ([Fe(CN)s]* "*") and the elec-
trode, and no electrochemical signal can be detected. Through
the hydrophobic interactions with the formed SAM monolay-
er, MWCNTs are stably adsorbed onto the SAM-modified
gold electrode in a controllable manner [33], which provides
an enhanced effective loading surface for the subsequent
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immobilization of aptamers. More importantly, this accumu-
lation ensures a good electrode reactivity due to the fast elec-
tron transfer between the bare Au electrode and the MWCNTSs
through the insulating SAM, and substantially relays the het-
erogeneous electron transfer between the electrode and the
redox species in solution phase [28, 34]. It is reported that
the secondary structure for STX aptamer (APT ™) revealed
four stem and loop segments [29], which hindered the directly
assembly of aptamer-modified alkanethiol onto the gold elec-
trode. The 3’-amino-modified STX aptamer is covalently at-
tached to the carboxylated MWCNTs surface using the
carbodiimide coupling procedure [35]. In this case, an obvious
decrease of CV response current is observed, due to the fact
that negative charged aptamers disturb the diffusion of the
hexacyanoferrate probe to the electrode surface and partially
isolate electron transfer.

Owing to the well-established intercalation or binding prop-
erties of MB with guanine bases, as well as its accumulation on
the MWCNTs/SAM film via the electrostatic attraction, MB is
used as electrochemical indicator in the DPV sensing system
(see Scheme 1). When target STX is introduced, it would bind
specifically to the aptamers and form aptamer—target supramo-
lecular complexes, during which the conformation of aptamers
is dramatically changed (i.e. folding). This relatively rigid struc-
ture of folded aptamer would prevent the exposure of the bases,
and accordingly restrict the electron transfer of the MB mole-
cules that are released from the aptasensor surface. Thus, a
decrease in oxidation current of MB is observed. As the change
of peak current relates to the concentration of the target, an
indirect detection of STX can be achieved.

Characteristics of functionalized MWCNTSs

Figure 1 represents the Field Emission Scanning Electron
Microscope (FE-SEM) images of COOH-MWCNTs
(Fig. la) and the aptamer-modified COOH-MWCNTs
(Fig. 1b) on the gold electrode. As can be seen, the morphol-
ogy of modified MWCNTs differs in size from the well dis-
persed carboxyl functionalized MWCNTs. The average diam-
eter of aptamer-immobilized COOH-MWCNTs is larger than
that of COOH-MWCNTs, due to the wrapping of MWCNTs
by aptamers. It may be suggested that a successful aptasensor
have been prepared. An energy-dispersive X-ray spectroscopy
(EDX) further confirmed the loading of aptamers on COOH-
MWCNTs. Fig. S1A (ESM) showed two characteristic peaks
of COOH-MWCNTs corresponding to the carbon and oxygen
elements, respectively. Compared with acid-treated
MWCNTs, a new characteristic peak of phosphorus at
2.035 keV can be seen obviously in Fig. SIB (ESM), which
is ascribed to the presence of aptamer. The FE-SEM and EDX
analysis clearly indicated that the aptamers can be covalently
attached on COOH-MWCNTs successfully.
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— SH Octadecanethiol (ODT)

SIS COOH-MWCNTSs

° Methylene Blue (MB)
NSNS Amino linked Aptamer
® Saxitoxin (STX)

To verify each step of the MWCNTs functionalization, FT-
IR spectroscopy was utilized. For MWCNTs, two peaks at
3436 and 1640 cm ' corresponded to —OH stretching vibra-
tion and the C=O stretching mode of quinone groups

Fig. 1 FE-SEM images of (a)
COOH-MWCNT/SAM and (b)
aptamer-modified COOH-
MWCNT/SAM gold electrodes,
and (c) the FT-IR spectra of (a)
MWCNTs, (b)) COOH-
MWCNTs, (¢) MB and (d) MB-
anchored COOH-MWCNTs
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Scheme 1 The schematic diagram of amperometric aptasensor for saxitoxin using a gold electrode modified with carbon nanotubes on a self-assembled
monolayer, and Methylene Blue as an electrochemical indicator probe

produced at the carbon nanotube ends, respectively (Fig. 1c,
spectrum a). In the infrared spectrum of COOH-MWCNTs,
the weak peak at 1720 cm ' can be assigned to the C=0
stretching vibration of carboxylic acid, and the peak at
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1577 cm™" corresponded to the stretching of C=C bond. Two
peaks at 2920 and 2851 cm ™ are attributed to —~CH, asym-
metrical stretching vibration and symmetrical stretching vibra-
tion (Fig. 1c, spectrum b). This indicated that carboxylic acid
groups were formed on the surface of MWCNTs. After the
MB conjugation, the IR spectrum of the COOH-MWCNT-
MB conjugate (Fig. 1c, spectrum d) exhibited obvious char-
acteristic absorption bands of MB, such as the ring stretching
of MB at 1603 cm™ !, the symmetric stretching of C-N at
1398 cm ' and symmetric deformation of —CHj5 at
1354 cm ™! (spectrum c). The strong adsorption band appeared
at 1671 cm ! indicated the C=0 stretching mode of quinone
groups produced at the carbon nanotube ends. These results
confirmed the successful connection between COOH-
MWCNTs and the MB.

Electrochemical characterizations of sensing interface

CVs of hexacyanoferrate were applied to investigate the bar-
rier changes of the electrode surface before and after each
assembly step, and to compare the electrochemical reactivity
of different electrodes. A pair of well-defined redox peaks was
recorded for reversible process of the redox marker at the bare
Au electrode (curve a in Fig. 2a), while a tailed voltammetric
response was observed for the redox system at the C,3H;,SH
SAM/Au (curve b in Fig. 2a), indicating that electron transfer
between the redox species and the Au electrode was nearly
isolated by the compact SAM layer. After MWCNTs were
adsorbed onto the SAM, the prepared MB-COOH-
MWCNT/SAM - modified gold electrode exhibited excellent
electrode reactivity without a barrier to the heterogeneous
electron-transfer kinetics (curve ¢ in Fig. 2a). The CV re-
sponse is clearly dependent on the amount of COOH-
MWCNTs loaded onto the SAM film. As indicated in
Fig. S2 (ESM), the anodic peak current of redox marker in-
creased with the amount of COOH-MWCNTs confined onto
the SAM electrode, suggesting that the MWCNTS increase the
effective electrode surface area and provide an accelerated
pathway for electron transfer of the redox system. Although
the interfacial capacitance of the MWCNT/SAM film elec-
trode was slightly higher, a large amount of the MWCNTs
(8 ng) was essentially needed for achieving a full surface
coverage of the MWCNTs. It is obviously that the adsorption
of the MWCNTs onto the SAM/Au relays the heterogeneous
electron-transfer process blocked by the SAM.

However, the redox peak currents at the aptamer/MB-
COOH-MWCNTs-SAM/Au electrode (curve d in Fig. 2a) de-
creased dramatically as compared to that at the MB-COOH-
MWCNT-SAM/Au electrode, implying that the electron-
transfer of hexacyanoferrate at solid/liquid interface was
blocked. This is due to the fact that the electrostatic repulsion
between anionic hexacyanoferrate and the surface-bound
aptamer sequences with negative charges retards the interfacial
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electron-transfer kinetics. This result also demonstrates a suc-
cessfully covalent immobilization of aptamers onto the
MWCNTs/SAM film. EIS is a highly effective tool for moni-
toring the interfacial properties of electrode surface. In EIS, the
diameter of semicircle at high frequencies reflects the interfacial
electron transfer resistance, which controls the electron transfer
kinetics of the redox marker at the electrode interface, while the
linear part at low frequencies is corresponding to diffusion lim-
ited process. Figure 2b illustrated typical Nyquist plots obtained
from bare Au (curve a), MB-COOH-MWCNT-SAM/Au
(curve b), Aptamer/MB-COOH-MWCNT-SAM/Au (curve c)
and SAM/Au (inset) electrodes at different assembly step, using
[Fe(CN)s]*’* as the redox marker. The EIS response was
analyzed by means of the Randles equivalent circuit, where
R; is the electrolyte resistance, R, is the charge transfer resis-
tance, Cy is the capacitance of the electrode surface/solution
interface and Z,, is the Warburg impedance. As seen from curve
a, the bare gold electrode exhibits a very small semicircle do-
main, suggesting a very low electron-transfer resistance to the
redox marker in the electrolyte solution. After assembly of the
ODT monolayer on the electrode surface, the SAM/Au elec-
trode exhibited an increase of the semicircle part on the EIS
spectra (inset), indicating an apparent interfacial resistance and
the insulating feature of the SAM. However, further adsorption
of the MWCNTs onto the SAM-modified gold electrode led to
an almost straight line on the spectra of MWCNTs-SAM/Au
(curve b in Fig. 2b), with a largely decreased R of the redox
marker even at the same level of that of a bare Au, indicating
that the electron transfer process was accelerated due to the
presence of MWCNTs. Covalent conjugation of STX aptamer
onto the MB-COOH-MWCNT-SAM modified gold electrode
increases the Ry, (curve c in Fig. 2b). This is attributed to the
electrostatic repulsion between negatively charged phosphate
groups of the aptamer and the hexacyanoferrate probe. These
results were consistent with those obtained in CVs.

Improving the voltammetric response of STX aptasensor

To investigate the electrochemical response of aptasensor,
CVs of the prepared aptamer/MB-COOH-MWCNT-SAM/
Au electrode at different scan rates were recorded in phos-
phate buffer (pH 7.0) and the results are shown in Fig. 3a. A
well-defined redox couple at about —0.3 V (vs. Ag/AgCl) was
observed, corresponding to the binded MB. There was a good
linear relationship between the peak current of MB and the
scan rate from 30 to 150 mV s~ ' (Fig. 3b). When the scan rate
was set at 50 mV s~ ', the anodic/cathodic peak current were
obtained at the voltages of about —0.225/ —0.300 V (vs. Ag/
AgCl), showing a peak-to-peak potential separation of about
75 mV. These results indicated that electrode process was a
typical surface controlled process.

Owing to the good physicochemical and electrochemical
properties, MB was selected as the redox indicator for the
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Fig. 2 a Cyclic voltammograms for (@) bare Au, (b) SAM/Au, (c) MB-
COOH-MWCNT-SAM/Au, and (d) Aptamer/MB-COOH-MWCNT-
SAM/Au electrodes in 0.1 M KCI containing 1.0 mM
hexacyanoferrate. Scan rate: 50 mV s '. b Nyquist diagrams for (a)
bare Au, (b)) MB-COOH-MWCNT-SAM/Au, (c¢) Aptamer/MB-

STX aptasensor. The reproducibility of bare aptasensors pre-
pared with different batches of STX aptamer and MB-COOH-
MWCNTs was acceptable with a RSD value less than 8.5 %.
As the STX added onto the aptasensor and incubated for
30 min, a specific binding between aptamers and target ana-
lyte occurred, which led to the conformational changes of
aptamers, as well as the obstruction of the electron transfer
of free MB in the solution to the electrode surface.
Therefore, the DPV current of MB decreased with the increas-
ing concentration of STX. The difference between the oxida-
tion peak current intensity (Al) before and after STX incuba-
tion was adopted to quantitatively detect STX.

The sensing performance of aptasensor is a strong function
of probe density, incubation time and buffer pH. In order to
improve the detection sensitivity of the aptasensor, these pa-
rameters were carefully optimized (Fig. S3—S6, ESM). As
Fig. S3 (ESM) shown, the value of Al increased with the in-
creasing pH value from 6.6 to 7.0, and then decreased when pH
was higher than 7.0. In order to maintain the toxicity and bind-
ing stability of STX and aptamers in applications in physiolog-
ical conditions, pH value of 7.0 was chosen as the optimal pH
of 0.1 mmol L™" phosphate buffer. The amount of the surface-
bound aptamer probes was studied as another factor affecting
the sensing signal of the present aptasensor. From Fig. S4

COOH-MWCNT-SAM/Au, and (inset) SAM/Au electrodes at RT in
0.1 M KCI containing 1.0 mM hexacyanoferrate with the frequency
range of 0.1 Hz~1 MHz. Biasing potential: 0.22 V. Amplitude: 10 mV.
The equivalent circuit used to fit the experimental impedance data is
presented

(ESM), it is indicative that the sensor signal increased with
the aptamer concentration till a maximum value. The poorer
sensitivity of the sensor at higher concentrations of aptamer
may be due to the higher steric/conformational hindrance of
probe, as well as the unfavorable interactions between neigh-
boring aptamers such as cross hybridization, reducing the re-
sponse of MB as the mass transfer resistance was largely in-
creased. The Al was also affected by the immobilization time
of aptamer probes onto the MWCNT/SAM film, the amidation
reaction between aptamers and MWCNTs was almost complet-
ed at 2 h (as shown in Fig. S5, ESM). Therefore, 7 uM aptamer
covalently attached onto the MWCNT film electrode for 2 h
was selected and used in throughout experiments. The incuba-
tion time for the interaction of 4.0 nM STX and the surface-
bound aptamer probes was optimized (Fig. S6, ESM). The
results indicate that the current response of MB first increases
with incubation time, and then reaches a plateau (after 30 min)
that indicates saturation.

Analytical performance of the aptasensor

To ensure applicability of the aptasensor for sensitive quanti-
fication of STX, the DPV current responses obtained at

Fig. 3 a CV responses of a b
aptasensor in 0.1 mM phosphate 20 - 8- T
buffer (pH 7.0) at scan rates (from 151 61 % :
inner to outer; a-i) of 30, 40, 50, - 1o
60, 70, 80, 90, 100 and 107 41 o+
150 mV s . b The plots of redox < 51 2
peak current of MB obtained at 3 01 g_ 04
about —0.3 V (vs. Ag/AgCl) vs. = 5 = 2]
scan rate ) \
-10 4 i -4 \
15 -6
08 06 04 -02 00 02 20 40 60 80 100 120 140 160

EIV vs. Ag/AgCI

Scan Rate(mV/s)
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Fig. 4 a DPVs obtained for aptasensor after incubation with different
concentrations of STX (0, 0.9, 3.0, 5.0, 7.0, 9.0, 20, 30 nM, respectively)
in 0.1 mM phosphate buffer (pH 7.0). Scan rate: 20 mV s . Inset: the plot
of relative current response of MB (AI) vs. STX concentration. All

different concentrations of STX are evaluated under the opti-
mal experimental conditions. As Fig. 4a shown, the oxidation
peak current of MB observed in this sensing system gradually
decreased with an increasing introduction of STX target, as a
consequence of the efficient capture of STX by the aptamers.

By analyzing the change between anodic current responses of
MB and the concentrations of STX, a calibration curve by plot-
ting the Al of MB before and after STX incubation and the STX
concentration was presented in the inset of Fig. 4a. The results
showed that the Al value increased linearly with STX concen-
tration in the range of 0.9 to 30 nM (equal to 0.27-9.0 g L"), and
the following equation was found: Al (uA)=0.4402 x Cistx;
(nM)+0.2907, R*=0.9931. The detection limit (S/N=3) was
calculated as 0.38 nM (0.11 g L"), which is comparable or even
lower than other reported detection methods for STX so far [36,
37]. Table S1 (ESM) lists the analytical performance of the
aptasensor compared with some other STX sensors reported in
the literatures. The relatively high sensitivity of the aptasensor is
attributed to the enhanced loading of aptamers on the MWCNTSs/
SAM modified gold electrode, and the high binding affinity of
target analyte to aptamers.

The reproducibility and stability of the aptasensor were
estimated. Ten repetitive measurements of 5 nM STX solution
with the aptasensor was performed under the optimized sens-
ing conditions. Acceptable and reproducible DPV signals with
relative standard deviation (RSD) of 8.1 % were obtained. The
storage stability of the aptasensor was examined by determin-
ing current response toward 5 nM of STX. When the
aptasensor was stored at 4 °C in dry condition, it retained

HH

| B3

GTX1&4 NEO

T

STX OA

measurements were carried out in triplicate. b Comparison of relative
current responses (Al) of MB in the presence of different toxins at the
same concentration of 18 nM (error bars: SD, n=23)

about 90 % ofits initial response signal after a 2 weeks storage
period, indicating the good stability.

The selectivity of aptasensor for STX detection

The accurately discrimination of STX and its analogs from com-
plex matrices is especially difficult due to the fact of co-occur-
rence. In order to evaluate the selectivity of the aptasensor toward
STX, control experiments were performed by measuring DPV
response signal of the sensing system, employing okadaic acid
(OA), neoSTX and GTX1&4 as the interfering species.
Figure 4b shows different current responses of aptasensor after
adding 18 nM STX and three interfering toxins under the same
experimental conditions. As shown in figure, compared with the
small decreases of MB oxidation peak current obtained after
three interfering toxins added respectively, a significant decrease
in current response induced by the interaction of aptamer probe
and STX was observed. This result can be ascribed to the fact
that the capture of STX by aptamers is based on the specific
binding but not on the other factors, such as nonspecific adsorp-
tion. Thus, the aptasensor is specific for STX over other toxins,
and it therefore can be used to detect and quantify STX with high
selectivity. Apart from eliminating the cross-reactivity of anti-
body against other toxin analogs, the use of aptasensor also
avoids the time-consuming process in both preparation and pack-
age of antibody for immunosensor. Owing to the ease of use and
stability, this aptasensor provides a simple and realistic sensing
platform for rapid monitoring of shellfish and marine pollution.

Table 1 Recoveries of STX in

different mussel samples (n=23) Samples Added amount (ug'kg ") Found amount (ug'kg ") Recovery (%) RSD (%)
Sample 1 1.12 0.82 73.2 5.03
7.44 4.69 63.0 9.77
Sample 2 1.12 1.35 120.5 4.98
7.44 6.32 84.9 12.4
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STX detection in real samples

The aptasensing platform was then applied for the STX detection
in mussel samples. As the mussels were obtained from local
market, collected mussel samples are usually not polluted and
do not contain toxins in most cases. To demonstrate the feasibil-
ity of the method, a recovery test was performed by spiking two
different concentrations of STX into sub samples of mussels,
following with the pretreatment procedure as mentioned in the
section of sample preparation and extraction. Corresponding
DPV current responses were then measured with the aptasensor
and analyzed. As listed in Table 1, recoveries were from 63 to
121 %, indicating an acceptable accuracy and reproducibility.
Moreover, this electrochemical aptasensing strategy is fast re-
sponse (35 s), cost-effective and less technical demanding than
many analytical methods reported so far.

Conclusions

In summary, we have developed a selective and sensitive elec-
trochemical aptasensor for rapid determination of STX,
employing a stable MWCNT/SAM film electrode as a low
interfacial capacitive transduction platform and MB as a redox
indicator. MWCNTs function properly as a signal amplifier to
improve both the loading ability of aptamers on its surface and
the electron-transfer between the redox indicator and the gold
electrode. The detection of STX is achieved by measuring the
change of DPV current responses of MB, which is caused by
the conformational changes triggered by the specific capture
events of aptamers and STX. This aptasensor using
MWCNT/SAM film electrode has some advantages over the
other reported sensing method with respect to sensitivity, spec-
ificity, analysis speed and cost. It is demonstrated to be a viable
sensing strategy for monitoring the occurrence of PSP in ma-
rine water and seafood, and also has potential application in
detection of capture events to other toxins. However, the detec-
tion linear range with the reported aptasensor is only limited
within three orders of magnitude (0.9-40 nM), similar to most
of other aptasensors. Future work will be focused on the appli-
cation to the red tide pollution analysis with the aptasensor.
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