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satisfying results.

In this study, an electrochemical impedance biosensor for cyanobacterial toxin microcystin-LR (MC-LR)
detection has been developed. MC-LR aptamers were immobilized on the gold electrode through Au-S
interaction, in the presence of target (MC-LR); the binding of MC-LR and aptamers probe led to a
complex formation change on the electrode surface and resulted in the impedance decreasing. The
decrease rate had a linear relationship with logarithm of the MC-LR concentration in the range of
1.0x1077-5.0x 10~ "' mol/L, with a detection limit of 1.8 x 10~ mol/L. The sensor has good
selectivity and stability, it has been applied to detect MC-LR in three kinds of real water samples with

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Cyanobacteria can form blooms in water and become a global
environmental issue, which causes a threat to the ecological,
recreational and esthetic values of water sources. Cyanotoxins are
a group of cyclic polypeptides produced by different species of
cyanobacteria cells. In the situation of cell rupture, a mass of
toxins were released into the water, causing a series of public
health and environment problems. The basic molecule structure
of microcystins is p-Ala-L-X-erythro-f-methyl-p-iso-Asp-L-Y-
Adda-p-iso-Glu-N-methyldehydro-Ala [1]. Micro-cystin-LR, which
contains leucine (X represented) and arginine (Y represented) in
the main variant positions, is the most frequent and toxic variant
among the more than 80 microcystins identified to date [2,3].
Meanwhile, it is also the most extensively studied one.

It had been confirmed that microcystins were responsible for
some poisonings of animals and humans where water sources
contained toxic cyanobacteria blooms [4]. Fujiki and co-workers
[5] had reported that microcystins were potent and specific in
inhibiting protein phosphatases 1 and 2A (PPl, PP2A). Acute or
prolonged exposure to microcystins would cause liver damage,
followed by a massive intrahepatic hemorrhage and probably
leading to death. Therefore, in 1998, WHO had given a provisional
guideline value for total microcystin-LR (MC-LR) in drinking water
of 1 pg/L (equivalent to 1.0 x 10~° mol/L). Thus, development of a
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sensitive method for microcystin-LR detection and qualification is
quite necessary.

Methods developed for MC-LR detection had been reported
massively [6-10]. Conventional methods for microcystin analysis
involve high performance liquid chromatography (HLPC) or
enzyme-linked immunosorbent assay (ELISA). Pyo et al. [11] had
compared the HPLC method and immunochromatography
method for the analysis of cyanobacterial toxins with the low
detection limit of 0.5 pg/mL for HPLC and 200 pg/mL for the
fluorescence immunochromatographic strip, respectively. Lei and
co-workers [12] developed an ELISA-like method, time-resolved
fluorescence immunoassay, based on anti-microcystin-LR mono-
clonal antibodies and europium-labeled antimouse IgG conjugate
for microcystin detection. It exhibited a typical sigmoidal
response for MC-LR in the range of 0.005-50 ng/mL, with a wide
quantitative range between 0.01 and 10 ng/mL. These methods
showed a good limit of detection (LOD), but the procedures were
complex and needed time-consuming sample preparation.

Aptamers are selected in vitro by the SELEX process from large
random-sequence oligomers [13,14]. Aptamer-based biosensors
had revealed a bright prospect because of their excellent features.
They can recognize a wide range of targets, such as small
molecules, proteins, viruses and even cells, with high affinity
and specificity. In addition, aptamers are easy to manipulate and
synthesize. These characters facilitate the application of aptamers
in developing sensing platform.

Electrochemical impedance spectroscopy (EIS) is one of the
frequently used methods in the development of electrochemical
aptasensor for monitoring the interaction between aptamers and
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biomolecules at electrode surface, which owns excellent advan-
tages, such as high sensitivity, ease of performance and use of
simple equipment [15]. For example, Chen and co-workers [16]
applied EIS technique in a three-dimensional ordered macropor-
ous gold film modified electrode for C-reactive protein (CRP)
detection. The CRP concentration was measured through the
increase of impedance values in the corresponding specific bind-
ing of CRP antigen and CRP antibody. Recently, Nguyen and co-
workers [17] had employed the EIS technique to investigate
physical parameter changes of a nanobiosensor during virus
capture.

In this study, combining the merits of high selectivity of
aptamers and high sensitivity of impedance method, a novel,
simple and rapid detection electrochemical impedance spectro-
scopy biosensor for MC-LR has been developed. The proposed
biosensor has been applied to detect the MC-LR in real water
samples with satisfying results.

2. Experimental
2.1. Materials and reagents

The single-strand DNA (ssDNA) aptamer for MC-LR used in this
study was chosen and designed according to the prior reported
literature [18]. In order to modify the aptamer onto the electrode
surface, a thiol had been added at its 5’ end. This functionalized
aptamer was synthesized by Sangon (Shanghai, China), purified
by high-performance liquid chromatography, and used as
received. The sequences were shown as follows:

5-SH-TTT TTG GGT CCC GGG GTA GGG ATG GGA GGT ATG
GAG GGG TCC TTG TTT CCC TCT TG-3’

Microcystin-LR, sodium monohydrogen phosphate, sodium
dihydrogen phosphate, potassium ferricyanide, potassium ferro-
cyanide were purchased from Sigma (St. Louis, MO). All chemicals
were of analytical grade and used as received. Standard
microcystin-LR samples had been dissolved by 100 mmol/L
Tris-HCl buffer (pH 7.4, containing 200 mmol/L NaCl) to get
various concentrations of microcystin-LR. DNA solution was
prepared by dissolving DNA into 0.05 mol/L (pH 7.4) phosphate
buffer solutions (PBS). Deionized water (18.4 MQ) purified by a

milli-QTM used

experiment.

system (Millipore) was throughout the

2.2. Sensor preparation

The gold electrodes (3 mm in diameter) were polished firstly
with aqueous slurries of 1.0 um, 0.3 pm and 0.05 pm «-Al,03
powders on a polishing microcloth, followed by an ultrasonic bath
for 5 min to prevent the invisible alumina particles from adsorb-
ing over the electrode surface. Then, the electrode was washed
with Milli-Q water for 5 min and dried in a nitrogen stream to
obtain clean gold electrode surface, and then they were further
cleaned and activated in a fresh 0.5 mol/L H,SO, solution through
cyclic voltammetry (CV) scanning in the range of 0~ +1.65V
until ideal CV grams were reached. Finally, the solution contain-
ing 10 pmol/L thiolated aptamer probes was dropped on the
electrode surface and covered by a closed container for 2 h at
37 °C to form an aptamer-immobilized electrode. Then the mod-
ified electrodes were incubated with different concentrations of
MC-LR at room temperature for 4 h. Then the electrode was
rinsed again with Milli-Q water for 5 min to remove the excess
of material that were not immobilized over the electrode surface.

2.3. Measurement

All electrochemical measurements were carried out on a
CHI660D electrochemical analyzer (Chenhua Instruments, Shanghai,
China). Electrochemical impedance spectroscopy (EIS) studies were
performed in 10 mmol/L [Fe(CN)g]>~/Fe[(CN)s]*~ solution contain-
ing 0.1 mol/L KCl with a three-electrode system; a gold electrode
was used as the working electrode after pre-immobilization with
aptamers, an Ag/AgCl electrode and a Pt wire had been used as
reference electrode and counter electrode, respectively. Impedance
measurements were recorded between 0.1 MHz and 1Hz at a
sinusoidal voltage perturbation of 5 mV amplitude.

3. Results and discussion
3.1. The principle of the biosensor

The mechanism of the electrochemical impedance biosensor is
described in Fig. 1. An alkanethiol moiety was modified to the
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Fig. 1. Mechanism of the electrochemical impedance biosensor for MC-LR detection.
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5’-end of the 56-mer DNA aptamer; hence, aptamers would be
well immobilized on the gold electrode surface through Au-S
covalent bonds and a monolayer on the electrode surface formed.
This keeps the external redox mediator, [Fe(CN)g]>~/4~, from
penetrating to the gold electrode surface and a bigger electro-
chemical impedance can be detected. A Randles equivalent circuit
has been used to fit the obtained impedance spectra, which
contains the electrolyte solution resistance R, the surface electron
transfer resistance R that reflects the surface property of the
electrode, the Warburg impedance Z,, and the constant phase
element related to double layer capacitance Cy;

The modified electrode was then incubated into the target
solution (MC-LR). MC-LR would bind with the aptamer and was
captured on the electrode surface, which changed the structure of
the aptamers. This change made the [Fe(CN)s]>~/4~ reach the
electrode surface more freely, resulting in a decrease in R
[19,20]. And the decrease of the R, (impedance) had a relation-
ship with the MC-LR concentration. Thus, the concentration of
MC-LR could be detected indirectly by the electrochemical
impedance changes.

3.2. Effect of aptamer-immobilization time and sensor incubation
time

The aptamer-immobilization time had a great effect on the
performance of the proposed sensor. As shown in Fig. 2A, the
impedance increases with the increase of time. When it reached
2 h, the impedance had reached a plateau, this meant the surface
of the electrode had been full covered by the modified aptamer or
reached equilibrium. Hence, 2 h was the optimal time to modify
the aptamer onto the electrodes surface.

The effect of sensor incubation time on the impedance detec-
tion was investigated. The electrochemical impedance of the
proposed biosensors at different incubation times in
1.0 x 102 mol/L MC-LR solution under 37 °C has been shown in
Fig. 2B. The results showed that the impedance decreased rapidly
from 1 to 4 h, and then achieved equilibrium at 4 h. Hence, 4 h
was chosen as the optimal incubation time for the following
experiment.

3.3. Calibration curve and reproducibility

The impedance decrease rate is calculated by the following
equation:

0(%) —1— < Rct(after) )

where 0(%) is the impedance decrease rate, Rcypeforey iS the
impedance of electrode before incubation with MC-LR, and
Rerafiery is the impedance of electrode after incubation with MC-
LR. As shown in Fig. 3, the impedance decreases with the
increasing of MC-LR concentration, and the decrease rate 6(%)
has a linear relationship with the logarithm of the MC-LR
concentration in the range of 1.0 x 1077-5.0 x 10~ '! mol/L. The
linear regression equation is

0(%)=9.97241gC+111.24, R=0.9972

where C represents the concentration of MC-LR and R is the
correlation coefficient. The LOD is calculated to be 1.8 x 10~ ' mol/L
(defined as S/N=3), which is one order lower than the enzyme-
linked immunosorbent assay (ELISA) reported previously [12].

The reproducibility of the proposed aptasensor was also
examined by detecting the impedance spectra of the different
functionalized electrodes at the same concentration
(1.0 x 1072 mol/L) of MC-LR. The relative standard deviation
(RSD) of the resulting impedances was 3.52% (n=>5). It is indicated
that the proposed sensing platform has good reproducibility.
Furthermore, the developed biosensor was tested after 4 weeks
of storage (soaked in PBS solution) at room temperature, and the
EIS response did not change greatly (R, reaches 95% of the freshly
prepared one), which indicated that the proposed method has
good stability.

3.4. Interference study and sample analysis

The specificity of the proposed biosensor had been studied by
choosing microcystin-RR (MC-RR, one of the microcystins muta-
tions, where both X and Y represented arginine) as interference.
As shown in Fig. 4, with the increasing of MC-RR concentration,
the interferences will become big. However, the impedance
changing rate at 1.0 x 10~4 mol/L MC-RR was only 28% of that
with 1.0 x 10~° mol/L MC-LR and the same concentration of MC-
RR caused only about 10% impedance changing rate. The results
showed that high concentration of MC-RR may cause some
interference. Since the concentration of MC-RR in real samples
was much lower than MC-LR, little MC-RR interference would be
found in real sample detection for proposed sensor.

To investigate the application of the proposed sensor in real
samples, the MC-LR in three water samples (lake water, river
water and tap water) had been studied. The lake water was from
Fuzhou University and river water from Minjiang River in Fuzhou.
As shown in Table 1, concentrations of MC-LR in the water
samples were 2.94 x 107 1%, 1.57 x 10~ '°, 0 mol/L, respectively.
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Fig. 2. (A) The change of impedance at different aptamer-immobilization times. The aptamer was immobilized on the electrode surface by dropping a droplet of 10 pmol/L
thiolated aptamer probes and covering by a closed container under 37 °C. (B) The change of impedance at different incubation times. The modified Au electrode was
incubated with 1 x 10~° mol/L MC-LR solution at room temperature. All impedances were recorded in a 10 mmol/L [Fe(CN)g]*> /4~ solution containing 0.1 mol/L KCI, using
a frequency range of 1 Hz-1 MHz, a bias potential of +0.225V and an AC amplitude of 5 mV.
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Fig. 3. (A) Impedance spectra (Nyquist plots) of electrodes incubated with different concentrations of MC-LR: (a) 1.0x10~7 mol/L; (b) 1.0 x 10~ mol/L;
(c) 1.0x 10~ mol/L; (d) 1.0 x 10~ '® mol/L; and (e) 5.0 x 10~ "' mol/L. (B) The linear relationship between the impedance decreased rate () and logarithm of the
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Fig. 4. Impedance decrease at 1.0 x 10"°mol/L MC-LR and different MC-RR
concentrations: (a) 1.0 x 104 mol/L; (b) 1.0 x 10~> mol/L; (c) 1.0 x 10~¢ mol/L;
(d) 1.0x10"7mol/L; (e) 1.0x10¥mol/L; (f) 1.0x10"°mol/L; and
(g) 1.0 x 10~ '° mol/L.

Table 1
Determination and recoveries of MC-LR in different water samples (n=3).

Samples Content Added amount  Found amount  Recovery RSD

(mol/L) (mol/L) (mol/L) (%) (%)

Lake 294%x10°'° 1.0x10°1° 1.02x 10710 102.2 3.7
water 20x10°1° 1.82x10°1° 91.2 4.2
3.0x10°1° 293x10°1° 97.7 3.9

River  157x107' 1.0x10°'° 0.94x10-1° 94.2 4.1
water 20x10°1° 2.21x10°10 110.5 4.0
3.0x10°1° 341x10°1° 113.7 39

Tap - 1.0x10°1° 1.08 x 10~ 1° 107.9 3.0
water 20x10°1° 1.99x 1010 99.5 3.3
3.0x10°1° 3.07x10°1° 102.3 2.6

“~" means not detected.

recovery was investigated by adding two different amounts of
MC-LR into all the three samples, and the recovery was calculated
as 91.2-113.7%. Therefore, the developed sensor might be
preliminarily applied for the determination of MC-LR in water
sample.

4. Conclusion

A label-free EIS biosensor for MC-LR based on ssDNA-aptamer
had been developed. DNA aptamers modified on the gold electrode
can capture the MC-LR which resulted in the decreasing of impe-
dance. The reason may lie in the fact that the conformational

changes of the aptamer on the electrode surface made
[Fe(CN)s]> /4~ reach the electrode surface more freely. The sensor
exhibited high sensitivity and specificity. It showed a good linear
relationship with the logarithm of the MC-LR concentration in the
range of 1.0 x 1077-5.0 x 10~ " mol/L. And the LOD was calculated
to be 1.8 x 10~ ! mol/L, which was much better than that in most of
the detecting methods to our knowledge. The proposed method had
been applied to detect MC-LR in water sample with satisfying
results.
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