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a b s t r a c t

The present work describes the construction and application of a new DNA biosensor for detection of
aflatoxin M1. In order to immobilize a thiol-modified single stranded DNA (ss-HSDNA) probe that specif-
ically bound aflatoxin M1, a self-assembled monolayer of cysteamine and gold nanoparticles on the SAM
were prepared on gold electrodes, layer-by-layer. The assembly processes of cysteamine, gold nanopar-
ticles, and ss-HSDNA were monitored with the help of electrochemical impedance spectroscopy (EIS)
eywords:
flatoxin M1
lectrochemical impedance spectroscopy
iosensor
old nanoparticles
elf-assembled monolayers

and cyclic voltammetry (CV) techniques. K3[Fe(CN)6]/K4[Fe(CN)6] solution was used as a redox probe
for electrochemical measurements. The biosensor provided a linear response to aflatoxin M1 over the
concentration range of 1–14 ng/mL with a standard deviation of ±0.36 ng/mL. Finally, the biosensor was
applied to a series of real milk samples.

© 2011 Elsevier B.V. All rights reserved.
ycotoxins

. Introduction

Extremely serious human health disorders such as hepatocellu-
ar carcinoma, aflatoxicosis, Reye’s syndrome and chronic hepatitis
re caused by aflatoxins (Deshpande, 2002; Cotty and Garcia, 2007;
remmels, 2008). The most important form of exposure is con-
umption of grains contaminated by aflatoxin-producing fungal
trains during growth, harvest, or storage. Aspergillus—Aspergillus
avus, Aspergillus parasiticus, and the rare Aspergillus nomius are
he main producers of aflatoxins (Bakırcı, 2001; Lopez et al., 2001).

hen aflatoxins B1 and B2 are ingested by cows, they are converted
nto their hydroxylated metabolites, which are aflatoxins M1 and

2, respectively (Richard, 2007). Because of the considerable resis-
ance of aflatoxin M1 to industrial processes it may be contained in

ilk and milk-related products. The chemical structure of aflatoxin
1 is given below.
∗ Corresponding author. Tel.: +90 282 2933866; fax: +90 282 2643513.
E-mail addresses: msezginturk@nku.edu.tr, msezginturk@hotmail.com

M.K. Sezgintürk).

956-5663/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2011.02.038
Van Egmond has reported the acute toxicity of aflatoxin M1.
According to this report, aflatoxin M1 can cause vitally important
changes in liver parenchymal cells, dissociation of ribosomes from
the rough endoplasmic reticulum, and proliferation of the smooth
endoplasmic reticulum. Long-term toxicity studies of aflatoxin M1
were reported by van Egmond again. The results concluded that
aflatoxin M1 is a potent liver carcinogen (van Egmond, 1983). More-
over, DNA damage and genotoxicity of aflatoxin M1 were evaluated.
These studies showed that aflatoxin M1 damaged DNA. Another
study showed that it was a genotoxin in mammalian systems in

vivo. (Shibahara et al., 1995; Egmond et al., 2007).

Because control of aflatoxin M1 is vitally important, several
different measurement techniques have been developed. Most of
them require extraction of aflatoxin M1 from its source, purifi-
cation by removing other substances, and finally quantification.

dx.doi.org/10.1016/j.bios.2011.02.038
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:msezginturk@nku.edu.tr
mailto:msezginturk@hotmail.com
dx.doi.org/10.1016/j.bios.2011.02.038
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sually, aflatoxin M1 analyses are performed by ELISA (enzyme-
inked immunosorbent assay) (Kim et al., 2000; El-Nezami et al.,
995; Thirumala-Devi et al., 2002; Lopez et al., 2003; Rodriguez
elasco et al., 2003; Rastogi et al., 2004; Sarimehmetoglu et al.,
004; Logrieco et al., 2005), TLC (thin layer liquid chromatog-
aphy) (Sydenham and Dhephard, 1996; Helrich, 1990; Kamkar,
006) and HPLC (high-performance liquid chromatography) (Cole,
986; Dragacci et al., 2001; Bognanno et al., 2006). Although the
hromatographic methods are well-proven, they have some limi-
ations. For example, they are usually considered as laborious and
ime-intensive. Moreover, they require expensive equipment and

aterials. Immunochemical methods based on the high affinity of
ntigen–antibody interactions provide excellent sensitivity. Differ-
nt assay techniques utilizing RIA (radioimmunoassay), ELISA, ICA
immunoaffinity column assay), and immunoaffinity flouromet-
ic biosensors have been reported (Ricci et al., 2007; Gaag et al.,
003; Chu, 1990; Sibanda et al., 1999; Thirumala-Devi et al., 2002;
agliulo et al., 2005; Radoi et al., 2008; Ricci et al., 2007; Badea

t al., 2004; Micheli et al., 2005). In addition, immunoassays inte-
rated with electrochemical, scanning densitometry, colorimetric,
hemiluminescent, fluorescence and surface plasmon resonance
ransducers have also been developed (Ammida et al., 2004; Ho
nd Wauchope, 2002; Garden and Strachan, 2001; Sapsford et al.,
006; Daly et al., 2000). Parker and Tothill reported an immunosen-
or based on a competitive reaction between the free aflatoxin M1
n the sample and an aflatoxin M1–horseradish peroxidase con-
ugate, for an immobilised monoclonal antibody for aflatoxin M1
Parker and Tothill, 2009). The resulting biosensor was interference
ree and achieved a limit of detection of 0.039 ng/mL with a linear
ynamic detection range up to 1 ng/mL.

In this research, a DNA biosensor was developed to detect
flatoxin M1 in milk and dairy products quickly, practically, and
ccurately. The novelty of the study is its measurement technique,
IS. In literature, electrochemical impedance spectroscopy was
sed to analyze aflatoxin M1 for the first time in this study. In this
cope, it is hoped that this will lead to the development of biosen-
ors utilizing electrochemical impedance spectroscopy (EIS) to
nalyze compounds that have restricted catalytic interaction activ-
ty such as aflatoxins. In recent years, EIS has become a powerful
ool for evaluating many biochemical and biophysical processes. EIS
resents analytical solutions for various processes, and in addition,
cientific studies such as determining membrane specifications,
nd biosensor characterization and fabrication can be realized
sing EIS techniques. Conversely, with enzyme–substrate interac-
ions, biomolecule interactions which have no reaction sequence
fter binding, such as antigen–antibodies, DNA etc., charge transfer
hanges occurring after affinity interactions can also be moni-
ored with the help of EIS[3]. A ss-HSDNA, which was specifically
ound to aflatoxin M1 was immobilized onto gold electrodes with
he help of cysteamine and gold nanoparticles. The differences
etween before and after binding of aflatoxin M1 to the HSDNA
robe were analyzed by cyclic voltammetry and electrochemical

mpedance spectroscopy techniques. Some important optimization
tudies were carried out. Then an aflatoxin M1 calibration curve
as prepared by considering the differences in electron transfer

esistances before and after aflatoxin M1 binding. Real sample anal-
ses were carried out on milk samples.

. Experimental
.1. Materials and methods

All chemicals used were of analytical grade and were used
s received, without any further purification, and were obtained
rom Sigma–Aldrich (USA) company. Aflatoxin M1 (produced by A.
lectronics 26 (2011) 3806–3811 3807

flavus) and 21-mer ss-HSDNA (5′-thiol-(CH2)6-ACT GCT AGA GAT
TTT CCA CAT-3′) were also purchased from Sigma–Aldrich and
Thermo Scientific, respectively. All the electrochemical measure-
ments, including electrochemical impedance spectroscopy, were
carried out by a Potentiostate/Galvanostate [(AutoLAB, PGSTAT
302 (FRA 2-220, ECD-220 Modules)]. The measurements were
controlled with a personal computer running the electrochemi-
cal software package of AutoLAB (GPES and FRA) for parameter
setup, data acquisition, and processing. A three-electrode con-
figuration was employed in all experiments, with potentials
referring to an Ag/AgCl reference electrode. Gold electrodes
(Metrohm, Switzerland) and a platinum electrode (Metrohm,
Switzerland) were employed as a working and an auxiliary elec-
trode (2.0 ± 0.1 mm in diameter), respectively. All measurements
were carried out at a constant temperature with the help of a
cryostat (Lauda RE106, Germany). Before every experiment, the
gold electrode tips were polished using alumina polishing kits
(Metrohm, Switzerland).

2.2. Cleaning procedure for the Au electrode surface

The surfaces of the Au electrodes were first polished with
0.05 �m Al2O3 powder and then washed ultrasonically in deionized
water for 5 min to remove alumina particles. Then the electrodes
were immersed into Piranha (H2O2/H2SO4, 30/70, v/v) solution for
10 s. Following that, the electrodes were washed with ultra pure
water by immersion into water twenty times. In the next step,
the surfaces of the electrodes were dried by pure nitrogen stream.
This polishing and cleaning procedure was repeated before every
electrode preparation step.

2.3. Gold nanoparticle preparation

Gold nanoparticles were prepared according to the literature
(Frens, 1973). Briefly, 1 mL of 1% HAuCl4 was added to 90 mL of H2O
at room temperature. After 1 min of stirring, 2.00 mL of 38.8 mM
sodium citrate was added. One minute later, 1.00 mL of fresh 0.075%
NaBH4 in 38.8 mM sodium citrate was added. The gold nanoparticle
solution was stirred for an additional 5 min and stored in a dark
bottle at 4 ◦C.

2.4. Immobilization of 21-mer ss-HSDNA onto Au electrode
surface

Firstly, a clean gold electrode was immersed into cystamine
solution (10 mM) for 2 h under ambient condition. Then the gold
electrode covered by self-assembled monolayer (SAM) of cys-
teamine was gently washed with absolute ethanol to remove
unbounded cysteamine residues. Then the electrode was dried
with nitrogen stream. Following that, the modified Au electrode
was immersed in the gold nanoparticle solution for 12 h. After this
period the electrode was washed with water to remove unbounded
gold nano particles. Finally, 10 �l of ss-HSDNA, which was specif-
ically bound with aflatoxin M1 was carefully spread over the Au
electrode and allowed to dry at 4 ◦C for 6 h.

2.5. Electrochemical measurements

Faradaic impedance and cyclic voltammetry measurements
were carried out in the presence of 5 mM K3[Fe(CN)6]/K4[Fe(CN)6]

(1:1) solution which served as a redox probe. The redox probe
solution was also contained 0.1 M KCl. For all impedance mea-
surements, a DC potential of 0.18 V was used as a bias potential
in the frequency range of 100,000 to 0.1 Hz. In the experiments, the
alternating voltage was 0.01 V. The impedance data were shown as
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Fig. 1. (A) Cyclic voltammograms for the immobilization steps of the biosensor
[dashed line: ss-HSDNA modified electrode, solid line: bare gold electrode, two
808 E. Dinçkaya et al. / Biosensors an

yquist plots. This is the common representation method of such
pectra.

.6. Measurement procedure

The biosensor based on 21-mer ss-HSDNA was put into the
hermostatic reaction cell containing the working buffer (20 mL,
0 mM, pH 7 phosphate buffer). Following that, aflatoxin M1 stan-
ard solution was injected into the thermostatic reaction cell and
he magnetic stirrer was fixed at a constant speed, and after bind-
ng of aflatoxin M1 to the DNA probe, the biosensor was removed
rom the reaction cell. Then the biosensor was gently immersed
nto the ultra pure water ten times to remove physically adsorbed
flatoxin M1 molecules. Finally, the biosensor was again put into
he cell containing Fe(CN)6

4−/3− redox probe solution and the elec-
rochemical measurements were made as described in the previous
ection. The differences in charge transfer resistance between the
iosensor unbounded and bounded aflatoxin M1 was used to pre-
are aflatoxin M1 calibration curves.

.7. Sample preparation procedure

To understand the performance of the biosensor in real sam-
le analysis, a milk sample purchased from a local market was
sed. In order to remove the milk fat the sample was centrifuged
t 6000 rpm for 15 min. After centrifuging, three completely sepa-
ated phases were obtained. The layer at the top of the centrifuge
ube was the layer of fat. At the middle and bottom were cream and

ilk free from fat, respectively. The milk at the bottom of the tube
as used as a sample. Consequently, any possibly negative effect of

at on the electrochemical impedance spectroscopy measurements
as avoided.

. Results and discussion

.1. Characterization of the biosensor based on 21-mer ss-HSDNA

A self-assembled monolayer of cysteamine was a well-
rganized layer, which showed a special affinity for gold
anoparticles. Fig. 1A shows cyclic voltammograms (CVs) of the
odified gold electrode in 5.0 mM ferricynide/ferrocynide solution.
It is known that the cyclic voltammogram of Fe(CN)6

4−/3− is well
efined. We obtained characteristic CV of the Fe(CN)6

4−/3− redox
ouple at the bare gold electrode. When the electrode was covered
y the cysteamine self-assembled monolayer, the peak current was
lightly increased because the cysteamine was a positively charged
pecies. Because of that it probably adsorbed the negatively charged
erricyanide to the electrode surface. After formation of cysteamine
AM, gold nanoparticles were attached to the –SH residues. The
esults revealed that gold nanoparticles had no effect on the peak
urrent of the redox probe. Finally, the DNA probe was immobilized
nto the modified gold electrode by the linkage between the gold
anoparticles and the –SH residues of the DNA probe. This resulted

n a considerable decrease in the peak current because of the block-
ng effect of the DNA probe on the diffusion of the Fe(CN)6

4−/3−

edox couple.
In electrochemical impedance studies of the biosensor,

mpedance spectrums were recorded as a complex plane where
′ and Z′′ represented the imaginary and real parts of impedance,
espectively. The Rct value was obtained by an equivalent cir-

uit model, which was fitted with a commercial software, Autolab
ata analysis (Eco Chemie, Netherlands). An equivalent circuit was
ound to fit adequately the data over the entire measurement fre-
uency range. This model is given in Supplemental information Fig.
. Fig. 1B illustrates the results of impedance on the gold electrode
lines which overlapped: cysteamine and gold nanoparticles modified electrodes.
Scanning rate 0.05 V/s]. (B) EIS spectrums for immobilization steps of the biosen-
sor [frequency range: 0.1–100,000 Hz, AC potential: 0.01 V, bias potential: 0.18 V],
electrochemical redox probe solution: Fe(CN)6

3−/4− , 0.005 M + 0.1 M KCl.

with different layers. The Rct value was first recorded as approxi-
mately 83 � for the bare gold electrode. The impedance spectrum
of the cysteamine-modified gold electrode was an almost straight
line. It was influenced by an effect stabilizing the electrostatic
interaction between the electrode surface and the redox probe.
Moreover, it caused a small increase in the thickness of the sur-
face. The gold nanoparticles did not alter the Rct value. Due to the
non-conductivity of HS-DNA probe, after application of the DNA
probe, the electron-transfer of [Fe(CN)6]4−/3− was blocked and Rct

increased remarkably. EIS data were consistent with the results
obtained from cyclic voltammetry experiments.

The electroactive surface area of the biosensor was calculated
according to the Randles–Sevcik equation;

Ip = 2.69 × 105An3/2D1/2
0 v1/2C0

where Ip, A, n, D0, � and C0 represent the redox peak current (A), the
effective surface area of the electrode (cm2), electrons per molecule
oxidized or reduced (n = 1), the diffusion coefficient of K3Fe(CN)6
in 0.1 M KCl (0.673 × 10−5 cm2 s−1) (Chailapakul et al., 2000), the
scan rate (V s−1) and the concentration of redox species (mol cm−3).
According to this equation, the electroactive surface area of the
biosensor was 0.043 cm2.

3.2. Optimization of the biosensor based on 21-mer ss-HSDNA

3.2.1. Optimization studies of the biosensor
The working conditions for the biosensor were examined in

terms of temperature, stirring rate, and DC-potential in Faradaic
impedance measurements. A discussion of this appears below.
The effect of temperature on the biosensor response was investi-
gated using the temperatures of 20–35 ◦C. Aflatoxin M1 calibration
graphs drawn using different temperatures are given in Fig. 2.

The results revealed that the temperature considerably affected
the biosensor performance. Typically, when the temperature was
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lectrochemical redox probe solution: Fe(CN)6

3−/4− , 0.005 M + 0.1 M KCl, frequency
ange: 0.1–100,000 Hz, AC potential: 0.01 V, bias potential: 0.18 V, 35 ◦C].

elow 35 ◦C Rct values decreased by at least 65% for high aflatoxin
1 concentrations. For relatively low concentrations the decrease

ate was about 40%. It is likely that the temperature increased
he movement of the molecules and of course the kinetic energy
o transport them onto the electrode surfaces effectively. Conse-
uently, working temperature was chosen as 35 ◦C.

The effect of magnetic stirring at intervals from 100 to 300 rpm
n the biosensor response time was investigated. The calibra-
ion curves obtained in these stirring conditions are shown in
ig. 3.

The experiments showed that the stirring procedure was very
mportant. It was observed that an increase in the rate of stirring
esulted in an increase in charge transfer resistance. Moreover,
ncreasing the stirring rate to over 300 rpm caused the results
o be converted into a meaningless shape. It is likely that at

ver 300 rpm, the bioactive layer of the biosensor was physically
estroyed because of the high stirring rate. The impedance vari-
tions between the two standard concentrations were very low
hen we worked at the speed of 100 rpm. This made obtaining

ensitive and accurate results difficult with the biosensor. Finally,
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ig. 3. The effect of stirring rate on the biosensor response and bioactive layer [stir-
ing rates (rpm): (�) 300, (�) 200, (�) 100. Electrochemical redox probe solution:
e(CN)6

3−/4− , 0.005 M + 0.1 M KCl, frequency range: 0.1–100,000 Hz, AC potential:
.01 V, bias potential: 0.18 V].
Fig. 4. Calibration curve for aflatoxin M1 [working conditions: stirring rate:
100 rpm, electrochemical redox probe solution: Fe(CN)6

3−/4− , 0.005 M + 0.1 M KCl,
frequency range: 0.1–100,000 Hz, AC potential: 0.01 V, bias potential 0.18 V, 35 ◦C].

the best results were obtained by stirring the incubation buffer at
a rate of 300 rpm.

The other important parameter optimized was the DC potential
applied to the system. This DC potential value is also referred to
as the bias potential. From the Lissajous analyses for electrochem-
ical impedance spectroscopy, it is clear that the input signal can be
represented by;

(1)

where v is an applied bias potential and �V is the amplitude of
the sinusoidal perturbation (Orazem and Tribollet, 2008). We know
that the current response is dependent on the characteristics of the
system under study. Moreover, the current density associated with
the capacitive charging of the electrode can be expressed as;

(2)

where it accounts for the difference in the direction of the potential
difference between that used for the Faradaic and that used for the
charging currents. By solution of Eqs. (1) and (2), the value of charge
transfer resistance can be given by;

Rct = 1
[(banFKaexp(ba�)) + (bcnFKcexp(−bc�))]

(3)

As can be understood from Eq. (3), charge transfer resistance is
dependent on the DC potential applied to the system. Our results
showed that Nyquist (Z′ − Z′′) diagrams obtained with different bias
potentials indicated that an increase in the potential resulted in a
considerable decrease in the Rct value of the biosensor. This result
was in good agreement with Eq. (3) because according to Eq. (3), an
increase in the DC potential applied to the system should cause a
decrease in the charge transfer resistance. Moreover, aflatoxin M1
calibration graphs drawn by using a high DC potential had a better
linearity than when using lower DC potentials than 0.1 V. We used
a voltage of 0.18 V as the DC potential applied to the system.

3.3. Analytical characteristics of the biosensor

Under the optimal conditions, aflatoxin M1 was detected and
quantified by the biosensor developed. As shown in Fig. 4, the part

of real impedance increased when the increased aflatoxin M1 was
added to the reaction cell.

The response curve showed a linear range from 1 to 14 ng/mL.
The regression equation was y = 113.32x + 1851.2 with a correla-
tion coefficient of 0.9972, where y was the difference in Z′ between
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Fig. 5. Cyclic voltammograms (A) and EIS spectrums (B) for aflatoxin M1 con-
centrations [scanning rate for CV: 0.05 V/s.] [frequency range: 0.1–100,000 Hz,
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Table 1
The reproducibility of the biosensor based on ss-HSDNA.

Biosensors R2 Linear ranges (ng/mL)

1 0.9913 1–14
2 0.9993 1–14
3 0.9922 1–14
4 0.9890 1–14
5 0.9244 1–14

Aflatoxin M1 detection in milk sample spiked with aflatoxin M1 by the biosensor

Aflatoxin M1 (ng/mL)a

Added Found by the
biosensor

% Recovery
after extraction

% Relative
difference

Standard
deviation

Chailapakul, O., Popa, E., Tai, H., Sarada, B.V., Tryk, D.A., Fujishima, A., 2000. Elec-
trochem. Commun. 2 (6), 422–426.
C potential: 0.01 V, bias potential: 0.18 V] Electrochemical redox probe solution:
e(CN)6

3−/4− , 0.005 M + 0.1 M KCl, 35 ◦C.

efore and after aflatoxin M1 injection, and x was aflatoxin M1 con-
entration. Each measurement was performed at least for three
imes. For preparation of the curve, average values belonging to
ach concentration were used. Besides standard deviations for afla-
oxin M1 concentrations of 1, 2, 4, 6, 8, 10, 12, 14 ng/mL were 2.45%,
.1%, 2.68%, 4.6%, 4.4%, 4%, 3.86%, and 4.1%, respectively. Fig. 5A
hows the Nyquist plot diagrams of the biosensor for different
flatoxin M1 concentrations. It was observed that the semi-circle
iameter in the Nyquist plot increased with increasing aflatoxin M1
oncentration. The low frequency ranges were particularly suitable
or concentration-dependent impedance measurements.

Moreover, the cyclic voltammograms obtained for different afla-
oxin M1 concentrations were in good agreement with impedance

easurements. The results are given in Fig. 5B. Peak currents were
oticeably decreased with an increase in aflatoxin M1 concentra-
ion. The blocking effect of aflatoxin M1 on charge transfer to the
lectrode surface became clear through cyclic voltammetry mea-
urements.

Assay variances were evaluated by the repeatability study. A
tandard sample was analyzed five times for aflatoxin M1 standard
ith a concentration of 6 ng/mL. The average value, standard devi-

tion, and variation coefficient were 5.8 ng/mL, ±0.36 ng/mL, and
.2%, respectively. The results indicated that the anti-aflatoxin M1
ntibody-based biosensor was very reliable with regard to repeata-
ility.

The reproducibility of the biosensor preparation process was
valuated by preparing the calibration graphs and linear detection
anges for aflatoxin M1 consecutively under the same experimental
onditions. The results are summarized in Table 1 below.

The results showed that the biosensor reported here can be uti-
ized for aflatoxin M1 detection and quantification.

A determined unit of aflatoxin M1-spiked milk sample was ana-
yzed with the help of the biosensor. The results are shown in

able 1.The experimental results indicated a good recovery. These
esults showed that the proposed biosensor can be applied success-
ully for the determination of aflatoxin M1, impedimetrically.
0.4 0.428 107 7 4.25

a The average of six measurements; these studies were done using six different
electrodes.

4. Conclusion

In summary, we have developed an immobilization procedure
to construct a DNA biosensor by self-assembled monolayers of cys-
teamine and gold nanoparticles. Cysteamine and gold nanoparticles
should improve the charge transfer of the redox probe through
the electrode surface. Electrochemical impedance spectroscopy
and cyclic voltammetry were successively employed to elucidate
the charge transfer changes occurring during the preparation and
utilization of the biosensor-based DNA probe. Electrochemical
impedance spectroscopy, in fact, was a relatively time-consuming
method. For example, to take an impedance spectrum within a
current region of frequencies required 10–15 min. However, this
method is a very effective tool for probing the characteristics of
a surface modified electrode. Moreover, it is certainly possible to
make quantitative analyses by electrochemical impedance spec-
troscopy. The biosensor reported here is a good example of an
interaction between aflatoxins and DNA on the gold electrode
surface. Moreover, the biosensor exhibited good analytical char-
acteristics, such as higher affinity of aflatoxin M1 towards the DNA
probe, a low quantification limit, and good repeatability and repro-
ducibility. Finally, the biosensor was used for analysis of a series of
real samples.
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