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Abstract
Saxitoxin is a cyanotoxin which is very harmful to human health; the concentration limit in drinking water is only 3 μg/L.
Therefore, a simple, fast, sensitive, low-cost, and specific method for its detection, quantification, and monitoring in water bodies
is needed to avoid adverse effects on animal and human health. In this work, we developed an electrochemical impedimetric
biosensor using a specific aptamer as recognition element for saxitoxin detection. This method allies the superior sensing
characteristics of aptamers with the nondestructive, label-free, and easy working principles of the electrochemical impedance
technique. The device presented sensitivity for detecting saxitoxin concentrations above 0.3 μg/L, with high selectivity in
negative control experiments, demonstrating a promising alternative for water toxin detection.
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Introduction

The pollution of rivers, reservoirs, and lakes have affected the
water resources quality in recent decades. Consequently,
cyanobacterial blooms can occur, causing economic, environ-
mental, and public health problems related to water supply [1].
Algal blooms cause negative impacts for water bodies world-
wide, often producing undesirable color, odor, and taste.
Under certain conditions, species in harmful algal blooms
(HABs) can produce toxins that can harm human health, an-
imals, and the aquatic ecosystems [1–3]. Human poisoning
outbreaks associated to toxic cyanobacteria have been report-
ed around the world: in Brazil, a well-known severe human
poisoning episode occurred in the city of Caruaru (northeast-
ern Brazil) in 1996, in a hemodialysis clinic, leading over 50
patients to death [1, 4]. In the Peri Lagoon, a shallow lake in

the city of Florianopolis (southern Brazil), some toxic algal
blooms have already been found. The presence of saxitoxin
(STX) was recorded in Peri Lagoon water and can be attrib-
uted to Cylindrospermopsis raciborskii cyanobacterial spe-
cies, which is a toxic phytoplankton [5, 6].

STX is a potent neurotoxin with low molecular weight
(299 g/mol) and molecular structure C10H7N7O4, belonging
to the paralytic shellfish poisoning (PSP) toxin group [7, 8].
Since STX can enter the food chain by accumulating in filter-
feeding bivalves and fishes, there is a preeminent risk to hu-
man health [9, 10]. The exposure to this toxin can induce
numbness, headache, tingling, muscle weakness, respiratory
failure and even death [10]. The guidance concentration limit
for STX in drinking water, in most countries is 1–3 μg/L [7].
The value recommended by the Brazilian Health Ministry’s
legislation is 3 μg/L [6].

The main methods and analyses for the detection of water
toxins can be listed into four broad groups [11]: mouse bioas-
say (MBA) [12], enzyme-linked immunosorbent assay
(ELISA) [13], high-performance liquid chromatography
(HPLC) [14], and liquid chromatography-mass spectrometry
(LC-MS) [15]. The MBA has been the longstanding regulated
official method for STX analysis [8, 16]. It offers adequate
measurements, however, presenting disadvantages, including
poor specificity and low sensitivity, in addition to ethical is-
sues related to the use of live animals [8, 10, 17]. Analytical
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methods, such as HPLC and its coupled techniques, allow for
the selective identification, separation, and sensitive quantifi-
cation; on the other hand, it requires highly skilled and trained
personnel, toxin reference standards, expensive and sophisti-
cated equipment, and time-consuming procedures [9, 10].
Immunoassay has been suitably used as routine detection
and quantification, since it does not require expensive instru-
mentation and trained people to operate, nevertheless, it is
rather expensive [13]. More recently, colorimetric assay [18,
19] and photoelectrochemical immunoassay [20–22] methods
have been successfully applied for toxin detection.

Biosensors might offer a simple, sensitive, effective, and
suitable alternative technique for monitoring, quantification,
and toxin detection [11, 23]. Electrochemical impedance spec-
troscopy (EIS) is a sensitive and excellent method for moni-
toring the interaction between biorecognition elements
immobilized onto the electrode surface, and target analytes,
which can be used to determine quantitative responses of elec-
trochemical parameters [2, 23]. Using EIS, one can evaluate
changes in the capacitance and in the charge transfer
resistance(Rct) at the interface between electrode surface and
the electrolyte, when target molecules (i.e., toxins) are cap-
tured by biorecognition elements, such as antibodies and
aptamers [24–26].

Aptamers (APTs) consist of nucleic acid oligomers (RNA
or DNA molecules), which can bind to a wide range of spe-
cific target analytes, with high affinity and selectivity [27].
While antibody production requires in vivo conditions,
APTs can be chemically synthesized in vitro [28]. Due to this
and other advantages, such as high stability and especially the
fact that they can be easily modified via chemical reactions to
introduce functional groups, APTs are a promising choice for
biosensing [27, 29]. Some APTs targeting toxins have been
selected in the last 10 years, such as ochratoxin A [30],
okadaic acid [31], microcystin-LR (MCLR) [32], and even
STX [16, 17]. In 2013, a DNA aptamer (APTSTX1) for STX
was reported for the first time by Handy et al. [17]. In 2015,
Zheng et al. [16] obtained an APT with 30-fold (M-30f)
higher binding for STX, compared with APTSTX1. Some bio-
sensors using APT as biorecognition element for STX have
been developed, based on amperometric [8], potentiometric
[7], fluorescence [10, 33], and colorimetric analyses [34] and
surface-enhanced Raman scattering detection [35, 36].

The advantages of the electrochemical impedimetric
aptasensor can be understood in terms of the superior sensing
characteristics of aptamers, such as high specificity of binding
affinity, better stabilization, and longer shelf life when com-
pared to antibodies [23, 37]. In addition, unlike voltammetric
techniques, electrochemical impedance is nondestructive to
the biological interactions, since it works under very small
amplitude perturbation from steady state, and it is also consid-
ered a label-free technique, as it does not require special tag-
ging or reagents [23, 38]. Label-free impedimetric aptasensors

have been an effective alternative for the detection and quan-
tification of several toxins, such as microcystin-LR (MCLR)
[39 ] , okada i c ac id [ 31 ] , an a tox in - a [40 ] , and
cylindrospermopsin [41]. In this work, the APT (M-30f)
[16] was functionalized with thiol for immobilization onto
the gold electrode surface to act as biorecognition element
for electrochemical detection of STX. Combining the high
affinity and selectivity of APT (M-30f) with the high sensitiv-
ity of EIS, we developed a novel, simple, and stable label-free
impedimetric aptasensor for STX rapid detection in aqueous
solution.

Experimental

Materials and reagents

The oligonucleotide sequence of the APT (M-30f) [16] was
functionalized with a thiol group at its 3′-end, to allow immo-
bilization on the gold electrode surface. The sequence was
purchased from INNOVARE Diagnóstico (Brazil), as
follows:

(5′-T TGAGGG TCG CATCCCGTGGAAACAGGT
TCA TTG AAA AAA AAA AA-C6S-S-3′).

STX andMCLRwere obtained from the National Research
Council of Canada. Phosphate-buffered saline (PBS), Tris-
HCl, EDTA disodium dihydrate, ethanol, boric acid, potassi-
um ferrocyanide (K4Fe(CN)6), potassium ferricyanide
(K3Fe(CN)6), sodium chloride (NaCl), 6-mercapto-1-
hexanol (MCH), magnesium chloride (MgCl2), KOH, and
H2O2 were purchased from Sigma-Aldrich (Brazil). The fol-
lowing buffers were used in the electrochemical experiments:
Tris-EDTA buffer (TE buffer) consists of 10mMTris, pH 7.4,
and 1 mM EDTA; phosphate buffer solution (10 mM,
pH 7.4); binding buffer consists of 50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, and 2 mM MgCl2.

Preparation of the biosensor

Initially, the gold (Au) electrodes (3 mm in diameter, 5 nm
chrome/50 nm Au) were polished with 0.5 μm alumina
(Al2O3) particles; then, the electrodes were ultrasonically
cleaned in ultrapure water and dried with nitrogen stream.
The electrodes were placed in 50 mM KOH and 25% H2O2

solution during 10 min and washed with ultrapure water.
Finally, electrochemical sweep in 50 mM KOH solution by
cyclic voltammetry (CV) scanning from 200 to 1200 mV (vs.
Ag/AgCl) at 50-mV/s scan rate was performed and then rinsed
in ultrapure water. The solution containing 1 μM thiolated
APT was immobilized by drop-casting on the Au electrode a
5-μL droplet, at 37 °C, for 1 h. The Au/APT electrode was
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rinsed with the TE buffer solution to remove excess. This
system was incubated in 1 mM of MCH in phosphate buffer,
for 1 h, to cover the nonactive sites of the Au/APT surface.
The modified Au/APT/MCH electrode was incubated in the
STX concentrations of interest in the binding buffer, during
1 h, at 4 °C. The final structure Au/APT/MCH/STX was then
washed with the binding buffer, to remove the nonspecifically
bounded STXs. The electrochemical measurements were per-
formed after each step of the electrode preparation.

Electrochemical measurements

The CV and EIS experiments were performed with an
AutoLab PGSTAT302N potentiostat/galvanostat/frequency-
response analyzer, controlled by NOVA 2.1 software. A
three-electrode electrochemical cell was used: the gold elec-
trode as the working electrode; Ag/AgCl saturated with KCl
as reference electrode; and a platinum plate as counter elec-
trode. For the CV experiments, a scan rate of 50 mV/s was
used. The EIS measurements were recorded with 10 mV am-
plitude sinusoidal signal, at the open circuit potential (OCP)
(0.22 V/Ag/AgCl), in the frequency range between 100 kHz
to 100 mHz. All measurements were performed in 10 mM
PBS buffer, pH 7.4, and in the presence of 5 mM
[Fe(CN)6]

3−/Fe[(CN)6]
4− redox-pair solution.

Results and discussion

The aptasensor performance to detect STX certainly depends on
the STX incubation time. Figure 1 a shows the responses of the
aptasensor at different incubation times for 30 μg/L STX solu-
tion. The impedimetric aptasensor response ΔRct = 1 − R/R0,
which represents the percentage change in the impedance Rct
before (R0) and after (R) binding, was used to evaluate the
STX detection. The impedimetric aptasensor response increased
rapidly in the first 30 min, reaching 55%. After 1 h, around 80%
is obtained, followed by a slight increase of 10% from 1 to 5 h,
which illustrates saturation of the label-free impedimetric
aptasensor. Thus, 1 h was used as the optimum STX binding
time in further experiments. Other reported aptasensors for toxins
used closely the same incubation time [8, 31, 40]. No difference
on the impedance curves was observed for APT drying times
longer than 1 h. The incubation of the modified APT electrode in
MCH for more than 1 h did not improve device performance,
which agrees with the fact that MCH quickly saturates onto the
gold electrode [31, 40, 41].

Figure 1 b shows the CV measurements for each construc-
tion step of the biosensor, where the [Fe(CN)6]

3/4− redox cou-
ple exhibited a characteristic quasi-reversible voltammogram
on the bare Au electrode, with a 90-mV peak-to-peak separa-
tion. After the APT immobilization, the electrochemical reac-
tion is inhibited, verified by the increase in the peak separation
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Fig. 1 a STX incubation time. b Cyclic voltammograms and c Nyquist
diagram normalized for the aptasensor by drop-casting deposition in
5 mM solution of [Fe (CN)6]

3−/4− in PBS, pH = 7.4. Inset, the
equivalent circuit used for fitting the experimental curves (solid lines)
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and the decrease in the peak current. This change might result
from electrostatic repulsion between the immobilized APT
and [Fe (CN)6]

3−/4− anions, both negatively charged, making
the access of the redox couple to the Au electrode surface
difficult [31, 40, 41]. A further increase in the peak-to-peak
separation was observed after filling the free space of the
electrode with MCH, indicating an additional decrease of the
electron-transfer rate. Finally, after the STX incubation, an
increase in the intensity of the current peak is observed.
Therefore, lowering the exposed negative charge may facili-
tate the electronic exchange between the redox pair and the
gold electrode surface [31, 40, 41].

Figure 1 c shows the Nyquist diagram for each electrode
modification step. This impedance representation of an elec-
trochemical biosensor usually consists of a semicircular part at
higher frequencies, corresponding to an electron-transfer pro-
cess, and often presents a linear low-frequency region, which

represents the diffusion limited process [42, 43]. The diameter
of the semicircle corresponds to charge transfer
resistance(Rct). The ferric/ferrous cyanide ion pair
[Fe(CN)6]

3−/4− is the redox probe often used for electrochem-
ical measurement in an impedimetric biosensor of algal toxins
in water [2]. In the inset of Fig. 1c, the bare Au electrode curve
shows a fast electron-transfer step, followed by a diffusion
limited process at low frequencies. After APT immobilization
onto the Au electrode, the semicircle diameter increases,
which might be attributed to a higher Rct due to repulsion of
the APT on the electrode surface with [Fe (CN)6]

3−/4− anions
in the solution [31, 40, 41]. As expected, the incubation with
MCH resulted in further increase of the Rct, due to the cover-
ing of the exposed gold areas by MCH, which introduces a
barrier to the interfacial electron transfer. After the STX bind-
ing to APT, a decrease in the Rct occurs, suggesting confor-
mation changes of APT and/or electrostatic repulsion between

Fig. 2 A Electrochemical system. B Principle of aptasensor operation. Device modification steps based on an APT for STX detection andC impedance
curves of the biosensor steps
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the free charges of the target molecules (STX) and the
electroactive species in the supporting electrolyte [23], indi-
cating the formation of the APT-STX complex. This result is
in accordance with the CV behavior and agrees with studies
published in the literature, concerning other toxins produced
by toxic algae [31, 39–41]. The impedance spectra were fitted
with a modified Randles equivalent circuit (inset of Fig. 1b),
consisting of the solution resistance (Rs), a constant phase
element (CPE), a charge transfer resistance (Rct), and a
Warburg impedance(Zw) [42, 43].

Figure 2 illustrates the working principle and the construc-
tion steps of the device. The APT adhesion on the Au elec-
trode (Fig. 2B) occurs due to the well-known strong Au-S
chemical bond of the thiol group functionalized at the 3′-end
of the APT. The Au/APT electrode blocking with MCH is of

fundamental importance, to assure that the response of the
next detection step arises only from the specific interaction
between STX and APT. The STX-APT binding causes a
change in the impedimetric signal, registered by the decrease
of Rct (Fig. 2C). Many impedimetric biosensors for toxin de-
tection, using APTs as biorecognition element, show such
behavior after the APT-toxin interaction [31, 39–41], attribut-
ed to conformation changes of the APT and/or electrostatic
repulsion between the free charges of the target molecules and
the electroactive species in the supporting electrolyte [23].

The impedimetric biosensor response to different concen-
trations of STX in the range between 0.3 and 30 μg/L is
presented in Fig. 3a. After incubation with STX, a decrement
in Rct was observed by increasing the STX concentration,
which may be due to conformation change of the immobilized
APTs upon STX recognition and/or electrostatic repulsion
between the free charges of STX and the electroactive species
in the supporting electrolyte [23], as indicated before. The
immobilization of APT by drop-casting onto the gold elec-
trode produced nonuniform and thick films, which may inter-
fere in the charge transfer across the electrode/electrolyte in-
terface producing an electrochemical system kinetically slug-
gish with a significantly large Rct [43] and some slightly
scattered points on the impedance spectra [42]. Nevertheless,
the results in this work are quite reproducible.

The impedance decrease rate ΔRct = 1−R/R0 for the modified
gold electrode (Au/APT/MCH), before (R0) and after (R) STX
binding, was calculated. Figure 3b shows the calibration curve
after incubation for different STX concentrations. The points in
the calibration curve of Fig. 3b represent the average of two
independent measurements. Inset, a linear regression equation
ΔRct = 0.175 + 0.378 log[CSTX], with a correlation coefficient of
0.994, obtained when the STX concentration is set on a
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logarithmic scale. A limit of detection (LOD) of 0.3 μg/L was
estimated from the equation 3S/m [31, 39–41], where S is the
standard deviation of the impedance measurement and m is the
slope of the calibration curve (inset of Fig. 3b).

The specificity of the proposed label-free impedimetric
aptasensor was analyzed through negative control experi-
ments, by incubating the APT-modified Au electrode in a
microcystin-LR (MCLR) solution, Au/APT/MCH, which is
also a toxin produced by cyanobacteria, but not specific to
the APT recognition element used in the present work.
Figure 4 shows ΔRct corresponding to 1, 3, and 30 μg/L for
both toxins, indicating that there is not a significant change in
the Rct in the presence ofMCLR compared to the case of STX,
evidencing the high selectivity of the device.

Conclusion

We have successfully developed a label-free impedimetric
aptasensor for fast saxitoxin detection, using an aptamer as
specific biorecognition element with high affinity and remark-
able sensitivity and stability. The obtained limit of detection
was 0.3 μg/L, which corresponds to 10% of the limit concen-
tration of STX allowed in drinking water (3 μg/L). Moreover,
it presented high selectivity in negative control experiments,
including a different cyanobacteria toxin, demonstrating to be
a promising alternative for water toxin detection. The method
allowed for the monitoring of the electrochemical parameters
in each step of the electrode modification, in order to discuss
the working principle of the device. Finally, for future appli-
cation prospective, the biosensor will be tested on real water
samples from the Peri Lagoon, using the calibration curve
performed in aqueous solution.
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