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ABSTRACT: This work describes the selection and identification of DNA aptamers that
bind with high affinity and specificity to okadaic acid (OA), a lipophilic marine biotoxin
that accumulates in shellfish. The aptamers selected using systematic evolution of ligands
by exponential enrichment (SELEX) exhibited dissociation constants in the nanomolar
range. The aptamer with the highest affinity was then used for the fabrication of a label-free
electrochemical biosensor for okadaic acid detection. The aptamer was first immobilized on
the gold electrode by a self-assembly approach through Au−S interaction. The binding of
okadaic acid to the aptamer immobilized on the electrode surface induces an alteration of
the aptamer conformation causing a significant decrease in the electron-transfer resistance
monitored by electrochemical impedance spectroscopy. The aptasensor showed a linear
range for the concentrations of OA between 100 pg/mL and 60 ng/mL with a detection
limit of 70 pg/mL. The dissociation constant of okadaic acid with the aptamer immobilized
on the electrode surface showed good agreement with that determined using fluorescence
assay in solution. Moreover, the aptasensor did not show cross-reactivity toward toxins
with structures similar to okadaic acid such as dinophysis toxin-1 and 2 (DTX-1, DTX-2). Further biosensing applications of the
selected aptamers are expected to offer promising alternatives to the traditional analytical and immunological methods for OA
detection.

Okadaic acid (OA) is a lipophilic, heat-stable phycotoxin
produced by algae of the genera Dinophysis and

Prorocentrum.1 OA has several analogues, such as the
dinophysis toxins (DTX1, DTX2) (Supporting Information
Figure S1), which have very similar structures, but not all of
them have the same toxicity levels. OA accumulates in various
species of shellfish, mainly in mussels, scallops, oysters, and
clams. The ingestion of OA-contaminated shellfish by human
causes diarrheic shellfish poisoning characterized by symptoms
such as abdominal pain, nausea, vomiting, and diarrhea.2 The
toxicity of OA is assumed to be due to the inhibition of protein
phosphatases, PP1 and PP2A enzymes.3,4 Moreover, OA has
shown tumor promotion and immunotoxic effects.5 Since the
contamination of shellfish with OA has harmful impact on the
human health as well as shellfish industry worldwide, detection
methods for OA are being developed. The mouse bioassay6 was
the reference method recommended by the European
Commission (EC) for the detection of OA until 2011.
However, its lack of sensitivity, selectivity, and ethical concerns
led the EC to recommend alternative methods7 such as
chromatography coupled to fluorescence or mass spectrometry,
protein phosphatase inhibition assays or immunoassays,
particularly enzyme-linked immunosorbent assay (ELISA).
However, there is still an urgent need to develop new detection

methods which can perform rapid, simple, cost-effective, and
sensitive monitoring of OA in shellfish. Immunosensors have
recently been shown as emerging screening tools for many
target analytes, including OA. Much research work has been
devoted to develop immunosensors for OA using different
transducers such as chemiluminescence,8 surface plasma
resonance,9 piezoelectric,10 quartz crystal microbalance,11 and
electrochemical detection.7,12,13 Electrochemical immunosen-
sors are more favorable due to the lower cost of the equipment
and the possibility of miniaturization. However, most of the
developed immunosensors for OA were based on indirect
competitive assays,7,12,13 which require the use of two
antibodies, enzyme and reporter reagents, in addition to a
number of incubations and washing steps. Recently, we
developed a sensitive immunosensor for OA based on direct
competitive assay which enables single-step detection without
the need of enzyme labeling.14 Nevertheless, the high cost of
the antibodies, the limited stability, and required special storage
conditions are still challenges facing immunosensor technolo-
gies these days.
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Aptamers are short synthetic oligonucleotides selected from
combinatorial libraries of random sequences by in vitro
selection which have been appeared as an excellent alternative
to antibodies. Since the selection of the first aptamers in
1990,15,16 many aptamers have been isolated so far with high
affinity and specificity to a wide range of target analytes
including proteins, peptides, cells, and small molecules.17

Aptamers as recognition receptors have several advantages
over antibodies: (1) they can be prepared by in vitro selection
procedure without using experimental animals, (2) can be
developed even against toxins or low molecular weight
compounds which is hardly achievable with antibodies, (3)
can be readily synthesized with very low cost, (4) their facile
chemical modification by various chemical tags allows the
immobilization of aptamers onto various solid supports, (5)
they are highly stable in different conditions which allows the
long-term storage and the transportation at ambient temper-
ature, unlike the antibodies which can undergo irreversible
denaturation, and (6) their conformational change upon
binding with the target can be exploited in designing direct
detection strategies of the target analytes. Due to these
advantages, aptamers as recognition receptors are emerging as
novel capturing agents that could replace antibodies in
biosensor applications.18 Until now, few aptamers targeting
toxins such as ochratoxin A,19 fumonisin B1,20 and saxitoxin21

have been selected. For okadaic acid, Campas̀ et al.22 have
reported the selection of an aptamer targeting OA and its use in
the development of competitive colorimetric assay. However,
the aptamer sequence and the detection results have not been
published so far. An ongoing work and submitted patent by
another research group has been recently referred to.23

However, no results have been published yet. Here we report
for the first time the selection, identification, characterization,
and biosensing application of a high-affinity aptamer for okadaic
acid. The aptamer has been selected using systematic evolution
of ligand by exponential enrichment (SELEX) and successfully
applied in designing a label-free aptasensor for okadaic acid
detection.

■ EXPERIMENTAL SECTION
Materials and Reagents. The DNA library and primers for

polymerase chain reaction (PCR) were custom-synthesized by
Integrated DNA Technologies Inc. (Coralville, U.S.A.). The 5′-
C6 disulfide terminated aptamer (5′HO−(CH2)6−S−S−
(CH2)6/GGTCACCAAC AACAGGGAGC GCTACGCGAA
GGGTCAATGT GACGTCATGC GGATGTGTGG/-3′) was
synthesized by GenScript (New Jersey, U.S.A.). Diaminodipro-
pylamine agarose (DADPA) beads and 1-ethyl-3-(3-dimethy-
laminopropyl) carbodiimide hydrochloride (EDC) were
obtained from Fisher Scientific (Ontario, Canada). Sodium
carbonate anhydrous, sodium bicarbonate, sodium azide, Taq
plus DNA polymerase, acrylamide/bisacrylamide (40% sol-
ution), urea, Tris-base, boric acid, EDTA disodium dihydrate,
and ethanol were purchased from Bioshop Inc. (Ontario,
Canada). Okadaic acid sodium salt and microcystin-LR were
purchased from Enzo Life Sciences (Ontario, Canada). DTX-1
and DTX-2 were purchased from National Research Council
Canada−Institute for Marine Biosciences (Halifax, Canada).
Monoclonal antibody (anti-OA-mAb, developed in mouse)
against OA was obtained from Abcam (Cambridge, U.S.A.).
TOPO TA cloning kit with One Shot MAX Efficiency DH5α-
T1, 3,3′,5,5′-tetramethylbenzidine (TMB) stabilized chrom-
ogen and HRP-labeled goat antimouse IgG antibodies were

purchased from Invitrogen (New York, U.S.A.). Potassium
ferrocyanide (K4Fe(CN)6), potassium ferricyanide (K3Fe-
(CN)6), dipotassium hydrogen orthophosphate, potassium
dihydrogen orthophosphate, sodium chloride, 2-(N-
morpholino)ethanesulfonic acid (MES), bovine serum albumin
(BSA), and magnesium chloride were purchased from Sigma
(Ontario, Canada). Amicon Ultra-0.5 mL centrifugal desalting
filters with a 3 kDa molecular cutoff were obtained from EMD
Millipore (Alberta, Canada). Centrifuge tube filters with a
cellulose acetate membrane with pore size of 0.45 μm were
purchased from Corning life sciences (Tewksbury MA, U.S.A.).
Binding buffer was used during the aptamer selection as well as
the electrochemical experiments which consist of 50 mM Tris,
pH 7.5, 150 mM NaCl, 2 mM MgCl2. Elution buffer is 7 M
urea in binding buffer. Tris−EDTA buffer (TE buffer) is 10
mM Tris, pH 7.4, 1 mM EDTA. A phosphate-buffered saline
PBS solution (10 mM, pH 7.4) was used for the preparation of
the antibody and washing of the okadaic acid beads in the
ELISA experiments. MES buffer, 0.9% NaCl, pH 4.7 was used
for coupling of okadaic acid with the DADPA beads. All
solutions were prepared using Milli-Q grade water.

Instrumentation. Electrochemical experiments were car-
ried out using a model 660D potentiostat/galvonastat (CH
Instruments Inc. U.S.A.), controlled by a personal computer via
a CH Instruments software. A three-electrode system was used
for all the electrochemical measurements, consisting of a gold
working electrode, a Ag/AgCl electrode as the reference, and a
Pt wire as the auxiliary electrode. The UV and fluorescence
measurements were performed using NanoDrop 2000C
spectrophotometer and NanoDrop 3300 fluorospectrometer,
respectively (Fisher Scientific, Canada). Circular dichroism
(CD) measurements were done using Jasco-810 spectropo-
larimeter.

Methods. Coupling of Okadaic Acid to Agarose Beads.
An amount of 100 μg of okadaic acid was first dissolved in 100
μL of methanol and then diluted to 1 mL with coupling buffer.
A volume of 2 mL of DADPA beads was washed several times
with coupling buffer. An amount of 30 mg of EDC was
dissolved in 0.5 mL of coupling buffer and mixed with the
okadaic acid solution. Then, the mixture was immediately
added to washed agarose beads and the final volume was made
up to 4 mL with coupling buffer. The mixture was rotated for 3
h at room temperature. After the reaction, the beads were
washed with 1 M NaCl solution in order to remove the excess
unreacted toxin. Then, the beads were equilibrated with 0.2 M
carbonate buffer, pH 8.5, and 20 mg of sulfo-NHS acetate was
added in order to quench the unreacted amine groups on the
beads. The mixture was rotated for another hour, after which
the beads were washed extensively with binding buffer (50 mM
Tris, pH 7.5, 150 mM NaCl, 2 mM MgCl2). The DTX-1 and
DTX-2 beads were also prepared following the same protocol.
The success of the immobilization of OA, DTX-1, and DTX-2
on the beads was confirmed by direct ELISA using the toxin-
conjugated beads and free beads as a control. ELISA was
performed by incubating the beads with anti-OA-mAb (diluted
1:1000 in PBS buffer pH 7.4) for 1 h after washing with PBS
buffer and blocking with 1% BSA solution. Then the beads
were washed again, and a secondary antibody was added and
incubated for another 1 h. After washing and incubating the
beads for 15 min with stabilized chromogen (TMB) solution, a
blue color was produced in the toxin-coated beads; while no
color was observed when the free beads were used which
confirms the success of the coupling reaction. During the
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SELEX rounds, the ELISA experiments for OA-coated beads
were repeated several times to eliminate the possibility of OA
leaching from the beads during the storage, and all the
experiments confirmed the presence of okadaic acid and the
stability of the beads. Simultaneously, negative beads were
prepared for the counter selection round by adding 40 mg of
sulfo-NHS acetate to 500 μL of DADPA beads equilibrated in
carbonate buffer, pH 8.5. Finally, the positive OA beads and the
negative beads were stored in binding buffer containing 0.02%
sodium azide at 4 °C until use.
In Vitro Selection of the DNA Aptamer. The library and the

primer sets were designed according to a protocol reported
previously.24 A random ssDNA library (1015 oligonucleotides)
was used which consisted of a central random region of 60
nucleotides flanked by two fixed regions of 18 nucleotides-
sequences at the 3′ and 5′ ends. These regions represent the
primer binding sites for the amplification (5′-ATACCAGCTT-
ATTCAATT-N60-AGATAGTAAGTGCAATCT-3′). An
amount of 100 μL of OA beads was washed several times
with binding buffer. Amounts (3 nmol at the first selection
round and 150 pmol in the subsequent rounds) of ssDNA pool
were heated to 90 °C for 5 min, cooled at 4 °C for 10 min, kept
at 25 °C for 5 min, and then added to the washed OA beads in
300 μL binding buffer in a centrifuge filter tube. The mixture
was incubated at room temperature with end-over-end rotation
for 2 h. The beads were then washed with binding buffer. Then,
the DNA bound to OA beads was eluted with 400 μL aliquots
of elution buffer for six times with heating at 90 °C for 10 min
until no DNA is detected. The eluted DNA was desalted and
concentrated by an ultrafiltration device. In a counter selection
round, the DNA pool was first incubated with the negative
beads; washed DNA was collected, subjected to the same
heating and cooling treatment, and subsequently incubated
with OA beads. The selected DNA pools were amplified by
PCR in 15 parallel 75 μL reactions each containing 2 units of
Taq Plus and polymerase buffer, 2 mM MgCl2, 200 μM dNTP,
and 0.2 μM of forward and reverse primers. The primers were
designed and modified with fluorescein and a PEG linker
followed by a poly-A tail as reported previously.24,25 Forward
primer was 5′-fluorescein-ATACCAGCTTATTCAATT-3′;
reverse primer was 5′-poly(dA20)-PEG6-AGATTGCACT-
TACTATCT-3′. PCR conditions were as follows: 94 °C for
10 min, followed by 25 cycles of 94 °C for 1 min, 47 °C for 1
min, 72 °C for 1 min, and a final extension step of 10 min at 72
°C. PCR products were dried by a SpeedVac, resuspended in
50:50 water and formamide and heated to 55 °C for 5 min. The
relevant DNA strand (labeled with fluorescein) was separated
from the double-stranded PCR product in 12% denaturing
PAGE and eluted from the gel band by freeze−thaw cycle.
Eluted ssDNA in TE buffer was concentrated, desalted by
ultrafiltration, quantified by UV, and used for the next selection
round.
Cloning and Sequencing of Selected DNA. After 18

selection rounds where DNA recoveries began to plateau, the
selected ssDNA was amplified with the nonmodified primer set
and cloned into pCR2.1-TOPO vector using the TOPO TA
cloning kit. Colonies were grown on LB-agar medium
supplemented with ampicillin, X-Gal, and IPTG. Positive
colonies were picked and grown in liquid media. ssDNA
inserts were PCR-amplified using the M13 forward and reverse
primer sites within the vector and sequenced. Sequences of the
selected ssDNAs were analyzed and aligned using PRALINE.26

Dissociation Constants Determination by Fluorescence
Assay. The selected aptamers sequences were amplified by
PCR with the labeled primers used during the selection rounds,
and the fluorescein-labeled sequences were separated by gel
electrophoresis as described above. Different concentrations of
each sequence (0−300 nM) in binding buffer were incubated
with 20 μL of OA beads in a centrifuge tube after being
subjected to the heating and cooling treatment as described
above in the selection step. The fluorescence of the eluted
DNA from each sample was measured, and the saturation curve
was obtained. The dissociation constant (Kd) for each sequence
with OA was calculated by nonlinear regression analysis.

Analysis of the Conformation Change of the Aptamer
Using Circular Dichroism. Circular dichroism spectroscopy
was used to examine the conformational change in the aptamer
(OA32) with OA. The assay was performed using solutions of
DNA aptamer: 0.67 μM with 0.67 μM OA in a 1 cm path
length, quartz cuvette in an optical chamber. The chamber was
deoxygenated with dry purified nitrogen (99.99%) before use
and kept in the nitrogen atmosphere during experiments. Each
CD spectrum was collected from 230 to 340 nm at 0.1 nm
intervals, the accumulation of three scans at 20 nm/min, with a
1 nm bandwidth and a time constant of 1 s.

Preparation of the Aptamer-Modified Electrodes. Prior to
modification, the gold electrodes (2 mm in diameter) were
polished with alumina slurry (Al2O3) of various particle sizes
(1.0, 0.3, and 0.05 μm), followed by washing with Milli-Q
water, ultrasonication for 5 min, and drying in a nitrogen
stream. The electrodes were then cleaned in piranha solution
(3:1 mixture of concentrated H2SO4 and 30% H2O2 for 10
min) and washed with Milli-Q water. Next, the electrodes were
electrochemically cleaned in 0.1 M H2SO4 by cyclic
voltammetry scanning between 0.0 and 1.6 V for 5 min,
followed by washing with ultrapure water and drying under
nitrogen. Then, the aptamer sequence with the highest affinity
to OA was immobilized on the gold electrodes by immersion in
1 μM solution of the 5′-disulfide terminated aptamer in binding
buffer for 24 h. After modification, the electrodes were rinsed
with binding buffer solution, followed by incubation in 1 mM 6-
mercapto-1-hexanol (MCH) in 10 mM phosphate buffer, pH
7.0 for 30 min. The modified electrodes were then washed
thoroughly with binding buffer and immediately used in the
electrochemical experiments, or kept in binding buffer solution
at 4 °C until further use.

Electrochemical Measurements. For the okadaic acid
detection, specificity and cross-reactivity experiments, a 5 μL
droplet of OA, MC-LR, DTX-1, or DTX-2 in binding buffer
was added onto the aptamer-modified gold electrodes surface
and incubated for 30 min. The electrodes were then washed
with binding buffer to remove the nonspecifically bound toxins
and subjected to electrochemical measurements. The CV
experiments were conducted at a scan rate of 100 mV/s. The
electrochemical impedance spectroscopy (EIS) measurements
were recorded over a frequency range from 10 kHz to 0.1 Hz
using an alternative voltage with an amplitude of 10 mV,
superimposed on a dc potential of 0.23 V (vs a Ag/AgCl
reference electrode). The impedance data were plotted in the
form of a complex plane diagram (Nyquist plot) with a
sampling rate of 25 points per decade. The obtained spectra
were fitted using the CH Instruments fitting program. All the
EIS and CV measurements were recorded in a 0.1 M PBS
buffer solution containing 5 mM [Fe(CN)6]

3−/4− redox pair
(1:1 molar ratio).
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■ RESULTS AND DISCUSSION

Okadaic Acid Aptamer Selection. We immobilized OA
on DADPA agarose beads by coupling the terminal carboxylic
groups on the toxin with the amine groups on the beads via
EDC/NHS chemistry. This design keeps the rest of the
functional groups on the OA molecule accessible for DNA
binding during the selection. The remaining free amino groups
on the beads were blocked with sulfo-NHS acetate in order to
reduce the nonspecific binding of the beads with the DNA.19 A
DNA library consisting of 1015 random 60-nucleotide
sequences was screened against OA beads in a SELEX
procedure. A counter selection was performed after the fourth
round to eliminate the DNA sequences which bind to the
agarose beads. After 18 rounds of selection, when significant
enrichment of okadaic acid binding DNA was observed
(Supporting Information Figure S2), the selection cycles were
stopped and the eluted DNA from the last round was cloned.
We randomly selected 42 clones for sequencing, and the
identified sequences were analyzed by multiple sequence

alignment using the PRALINE software26 and then grouped
into eight families based on their similarities. Significant
consensus regions between the sequences in each group were
observed, and some sequences were identical (Supporting
Information Figure S3). Therefore, one sequence from each
group was randomly chosen for further binding affinity studies
with OA as shown in Table 1. Binding assays using a constant
amount of OA beads and different concentrations of
fluorescein-labeled aptamers (0−300 nM) were performed
using the same SELEX conditions. The beads were washed
several times, and the bound aptamers were eluted. The
fluorescence of the eluted aptamers was then measured and
plotted versus the aptamer concentration used for binding. The
dissociation constants (Kd) of the selected aptamers were
calculated by nonlinear regression analysis; Figure 1A is an
example of OA34 sequence. Six aptamers have shown good
affinity to OA ranging from 77 to 980 nM, and two aptamers
did not exhibit binding. The highest affinity to OA was
obtained for aptamer (OA34) with a Kd of 77 nM and therefore

Table 1. Sequences and Dissociation Constants (Kd) between OA and Selected Aptamers

group clone no. aptamer sequence Kd (nM)

A OA 24 GGCGGACCAAGGGGACACCACAGATGAATGTACAGTACCATGTTACTGCGCCCGTAGGTG 126
B OA 21 GGGGCAACAAACACGGAAGAAAATGAATCTACATACGTGGACATATATCCTGCCGCGTG 983
C OA 34 GGTCACCAACAACAGGGAGCGCTACGCGAAGGGTCAATGTGACGTCATGCGGATGTGTGG 77
D OA 18 GGCCGCGAGAGAGACAACAAGGATATATATTATATGTCGGTTGTAGTGTTGGGTTGCG −
E OA 11 GGGACAGCGGAGGTCTCCCACCCACCGGCCCCTGCGGCACACCAACCTGTATGGATGCG 131
F OA 32 GCCATGACAACCAGAGGTACCCCCGCCCACCAGCCCCGAAGTCTGTCAGCCTAGTTGTTG 380
G OA 6 GGCCACCAACGAGAGTCAGAAAACCATGGTGGGTATACCAGGAGGTCCATGCGTGCTGTG −
H OA 22 CCACACAACAGCCTACGTGGATACACCACATACATCCCATAACCCCGTGTCATGTGTCG 183

Figure 1. (A) Fluorescence binding assay of aptamer OA34 with OA beads (black curve), negative (red curve), DTX-1 (blue curve), and DTX-2
beads (green curve). The Kd of OA−aptamer was determined to be 77 nM. Each point is the mean of three experiments, and error bars represent the
standard deviations of the measurements. (B) Circular dichroism spectra of 0.67 μM aptamer OA34 in binding buffer before (black) and after (red)
binding with 0.67 μM of OA at room temperature.

Scheme 1. Fabrication of the Impedimetric Aptasensor Based on Label-Free Target-Induced Folding of the Aptamer
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was used for further experiments. The binding of OA34 was
tested with the negative agarose beads, and the cross-reactivity
with DTX-1 and DTX2 beads was also assessed. As shown in
Figure 1A, OA34 did not exhibit binding to both negative,
DTX-1. and DTX-2 beads. These results indicate the high
selectivity of OA34 against DTX-1 and DTX-2, toxins closely
related to OA differing only by two methyl groups. We then
used circular dichroism in order to gain insight on the
conformation of the free and target-bound form of OA34. As
shown in Figure 1B, before the addition of OA into the solution
containing aptamer, the circular dichroism spectrum of the
aptamer showed a positive band at 277 nm and a negative band
at about 245 nm. Upon OA binding, an increase of the
ellipticity at 277 and 245 nm was observed. This change in the
CD spectra indicates the folding of the aptamer into a different
conformation upon binding with OA.
Impedimetric Aptasensor for OA Detection. The

aptamer with the highest affinity to OA (OA34) was then
used to fabricate a label-free aptasensor based on EIS detection.
EIS is a powerful, nondestructive technique able to monitor the
change of the interfacial properties at the electrode surface
upon any modification.10 As shown in Scheme 1, the aptasensor
was constructed using a self-assembled monolayer (SAM) of
disulfide-modified aptamer on a polycrystalline gold electrode.
Then the aptamer-modified electrodes were blocked by MCH
in order to minimize the nonspecific adsorption of the aptamers
on the gold surface which could affect the efficiency of the
sensor.27−30 The detection mechanism of the aptasensor is
based on probing the change in the impedimetric signal caused
by the change of the aptamer conformation upon aptamer−
toxin binding.
The characterization of the aptasensor fabrication steps was

performed using CV and EIS. Figure 2A shows the cyclic
voltammograms of the bare Au, Au/aptamer, Au/aptamer/
MCH, and after binding with 60 ng/mL OA in 5 mM solution
of [Fe(CN)6]

4−/3− couple in PBS buffer. The [Fe(CN)6]
4−/3−

redox probe exhibited a characteristic reversible behavior on the
bare gold electrode (Figure 2A, black curve) with a peak-to-
peak separation of almost 80 mV, indicating a clean gold
surface. After the immobilization of the aptamer (Figure 2A,
red curve) the peak-to-peak separation increased, and a
substantial decrease in the peak current was also observed.

This change is due to the negative charge on the DNA aptamer
which repels the negatively charged [Fe(CN)6]

4−/3− anions,
retarding the electron transfer between the redox probe and the
electrode surface. Then, a further increase in the peak-to-peak
separation was observed after blocking the electrodes with
MCH (Figure 2A, green curve) indicating an additional
decrease of the electron-transfer rate due to the filling of
some empty spaces on the gold surface. However, after the
incubation of the aptasensor in 60 ng/mL OA, the redox peaks
current increased and the peak-to-peak separation was
decreased (Figure 2A, blue curve). This result suggests a
conformation change within the aptamer upon binding with
OA, thereby favoring the access of the [Fe(CN)6]

3−/4− redox
couple to the sensor surface.
Figure 2B shows the Nyquist plots for the bare Au, Au/

aptamer, and Au/aptamer/MCH and after binding with OA.
Each spectrum is composed of a semicircular part in a high-
frequency region and a linear part in a low-frequency region,
corresponding to the electron-transfer process and the diffusion
process, respectively. The impedance spectra were fitted by a
modified Randles equivalent circuit (shown in the inset of
Figure 2B) consisting of the solution resistance (Rs), charge-
transfer resistance (Rct), constant phase element (CPE), and
Warburg impedance (Zw).

31,32 The diameter of the semicircle
corresponds to the charge-transfer resistance. The bare gold
electrode shows a characteristic very small semicircle domain
which indicates very fast electron-transfer process with a
diffusion-limiting step (Figure 2B, black curve). The self-
assembly of the negatively charged aptamer on the electrode
surface significantly increase the diameter (Figure 2B, red
curve) of the semicircle which indicates an increase in the
charge-transfer resistance due to the repulsion of the aptamer
on the electrode surface with the [Fe(CN)6]

4−/3− anions. After
the incubation with MCH the Rct was further increased due to
the filling of some of the exposed gold areas which introduces a
barrier to the interfacial electron transfer (Figure 2B, green
curve). After okadaic acid binding, a large drop in Rct was
observed (Figure 2B, blue curve). This decrease in the Rct is
consistent with the CV behavior explained above and is likely
due to the conformational change of the aptamer upon binding
with the toxin to a more compact structure. The decrease of the

Figure 2. Cyclic voltammetry (A) and Nyquist plots (B) of 5 mM [Fe(CN)6]
4−/3− redox couple in PBS, pH 7.4, for bare Au electrode (black), Au/

aptamer (red), Au/aptamer/MCH (green), and after binding with 60 ng/mL OA (blue). The cyclic voltammetry was performed at a scan rate of 100
mV/s, and the EIS was performed using a frequency range of 104 to 0.1 Hz, a dc potential of +0.23 V, and ac amplitude of 5 mV. The inset in panel B
is the equivalent circuit applied to fit the impedance spectra.
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Rct induced by aptamer−target binding has been previously
observed elsewhere.33,35,36

It is well-established that the addition of MCH to form a
mixed monolayer with thiol-modified DNA is an essential step
to control the film formation process and preserve the
conformation of the surface-anchored DNA oligonucleotides.37

Here, we utilized an 5′HO−(CH2)6−S−S−(CH2)6 modified
aptamer to coimmobilize self-assembled monolayer of the OA
aptamer and MCH, where the disulfide bond would break upon
chemisorption and a mixed SAM would form. With the aim of
studying the effect of adding extra MCH on the sensor
response, a treatment of the aptamer−MCH modified
electrodes was carried out with different concentrations of
extra MCH. Figure 3A shows the different responses of the
aptasensors blocked with different concentrations of MCH after
incubation with 30 ng/mL OA solution. The aptasensor
response quantified as ((Ro − R)/Ro %) increased by the
addition of extra MCH from 0 to 1 μM. These results indicate
that the coimmobilization process was not enough to remove
the physisorbed DNA on the gold surface or to retain the
conformation of the surface-attached DNA which affects the
binding with OA. We found that, when the electrodes were
incubated with an extra 1 μM concentration of MCH, the
binding and, consequently the sensor response, was signifi-
cantly improved. However, adding even higher concentration of
MCH caused the aptasensor response to decrease again which
could be due to the blocking of most of the pinholes on the
gold surface. This higher coverage of the gold surface decreased
the electron-transfer rate, and subsequently the change in the
resistance upon target binding was decreased. Therefore, 1 μM

of extra MCH was chosen for blocking the electrodes in the
subsequent experiments.
Since the assay time is a very important factor for biosensor’s

performance and their practical application, it was also crucial
to optimize the incubation time of OA on the aptasensor. The
aptasensor’s response was monitored after incubating 30 ng/
mL OA on the aptasensor at different time points. Figure 3
shows a significant difference in Rct as sensor response with
increasing incubation time. The maximum response ((Ro − R)/
Ro %) was observed after 45 min incubation, after which a very
small increase in response signal was observed. Therefore, 45
min was chosen as the optimum binding time in the following
experiments.
We then studied the aptasensor impedimetric response

toward okadaic acid concentrations in the range of 100 pg/mL
to 100 ng/mL. As shown in Figure 4A, marked drops in the
diameter of the semicircle were observed with increasing
concentrations of OA due to conformation change of the
aptamer molecules upon binding with OA as explained above.
A calibration plot based on the percentage change in the Rct
after the OA binding is shown in Figure 4B. The data points in
the calibration curve represent three independent measure-
ments, and the error bars show the standard deviations ranging
from 1.0% to 7.0%, indicating good reproducibility of the
aptasensor response. A good linear relationship was obtained in
the concentration range from 100 pg/mL to 60 ng/mL which
can be represented by the linear regression equation (Ro − R)/
Ro % = 12.75 + 1.19C [ng mL−1], R = 0.994, with a detection
limit (LOD) of 70 pg/mL. The limit of detection (LOD) was
calculated from 3(Sb/m), where Sb is the standard deviation of

Figure 3. (A) Effect of MCH concentration and (B) the effect of the OA incubation time on aptasensor response toward 30 ng/mL OA in 10 mM
PBS (pH 7.4) containing 5 mM [Fe(CN)6]

4−/3− redox couple.

Figure 4. (A) Nyquist plots of the aptasensor after incubation with different concentrations of OA 0.00, 0.1, 1.0, 10, 20, 30, 40, 50, and 60 ng/mL.
(B). The calibration curve for OA, plot of ΔRct/Ro% vs COA. The error bars show the standard deviation of three repetitive measurements.
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the measurement signals for the blank and m is the slope of the
analytical curve. This detection limit is lower than the detection
limit of the available commercial ELISA kit as well as than other
reported immunosensors11,13

In order to understand the effect of the gold surface
immobilization of the aptamer on its binding affinity with OA,
we calculated the dissociation constant of OA−aptamer using
EIS. The calculations are based on the classical Langmuir
isotherm,1 which assumes equal binding energy for all binding
sites on the surface and that the ability of the molecule to bind
is independent of whether adjacent sites are filled. The
equilibrium of OA and its aptamer (AP) binding can be
represented as follows:

− ⇌ +[AP OA] [AP] [OA]

so the Kd = ([AP][OA])/[AP−OA]. Assuming that the surface
coverage of the aptamer−OA complex [AP−OA] is θ, the
surface coverage of unbound aptamer [AP] will be (1 − θ), so
Kd = (1 − θ)[OA]/θ.
On the basis of the Langmuir model, we assume that the

change of Rct is directly related to the OA−aptamer binding
according to the equation:

θΔ = ΔR Rsat

where ΔR = (Ro − R)/Ro and ΔRsat is the maximum aptasensor
response (Ro − Rsat)/Ro. A linearized form of the Langmuir
isotherm can be represented by the following equation:34−38

Δ
=

Δ
+

Δ
C

R
C

R
K
R( ) ( )

OA OA

sat

d

sat

By plotting COA/ΔR as a function of the molar concentration of
OA (COA) (Figure 5A) while avoiding the responses from low
OA concentrations, Kd can be obtained by dividing the y-
intercept by the slope. Using this method we obtained a Kd of
74 ± 6.2 nM, which is in very good agreement with the value
obtained by the fluorescence assay in solution. This result
indicates that the binding affinity of the aptamer with OA was
not affected by the disulfide modification and the subsequent
immobilization on the gold surface.
A preliminary application of the proposed OA aptasensor in

real samples was examined by performing measurements for
spiked uncontaminated shellfish extracts. The extraction was
done following the protocol reported previously, and then the
samples were spiked with 10 ng/mL OA. The recovery percent

calculated using the calibration curve performed in binding
buffer was about 92% demonstrating possible applicability of
the aptasensor in real samples.
Negative control experiments using MC-LR and assessment

of cross-reactivity to DTX-1 and DTX-2 were also performed
using 10 ng/mL of each toxin. As shown in Figure 5B, no
significant response (change in the Rct) was obtained with all
the nontargeted toxins. In particular, the aptasensor did not
exhibit cross-reactivity to DTX-1 and DTX-2. These results
confirm that the developed aptasensor is very selective to OA.
We believe that the continual selection of high-selectivity
aptamers against other analogues and their integration in a
single biosensor device will facilitate routine monitoring of the
OA group of toxins with more accurate estimate of toxicity.

■ CONCLUSION

This work shows the first selection, identification, and
biosensing application of DNA aptamers for the marine toxin
okadaic acid. The highest affinity aptamer (Kd = 77 nM)
showed remarkable sensitivity and selectivity for OA against
DTX-1 and DTX-2. We showed that the affinity of the aptamer
toward OA was preserved and not affected by surface
immobilization. The circular dichroism spectra also demon-
strated the conformation change of the aptamer upon OA
binding which can be exploited in several biosensing
applications. Through monitoring of the OA binding induced
conformational change within the aptamer, we achieved a limit
of detection of 70 pg/mL with a label-free aptasensor based on
electrochemical impedance spectroscopy. We believe that the
continual emergence of novel library-selected, high-affinity
aptamers will open the way to a variety of biosensing
architectures, particularly for sensitive and high-specificity
small-molecule toxin detection in complex samples.
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the best linear fit to the experimental data from which the dissociation constant (Kd) was determined. (B) Comparison of the response of the
aptasensor after incubation with 10 ng mL−1 OA, binding buffer, MC-LR, DTX-1, and DTX-2.
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