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A B S T R A C T

Developing a simple and reliable method for the detection of the highly concerning mycotoxin, aflatoxin B1
(AFB1), is of great importance to food safety monitoring. In this study, a simple electrochemical aptasensor was
presented for the detection of AFB1 based on the host-guest recognition between ferrocene and β-cyclodextrin
(β-CD). Fc-labeled aptamer of AFB1 first hybridized with its complementary Fc-cDNA. Two ferrocene molecules
were brought closely together and couldn’t enter into the cavity of β-CD modified on the electrode. Negligible
signal could be observed. Once AFB1 captured the aptamer from the AFB1-sensitive dsDNA, Fc-cDNA was re-
leased and subsequently entered into the cavity of β-CD to form inclusion complexes, giving rise to an distinct
increase of Ret and peak current because of the molecular recognition of β-CD. AC impedance method is more
sensitive than DPV method. The electrochemical aptasensor displayed a sensitive response to AFB1 in a wide
linear range of 0.1 pg/mL to 10 ng/mL, with a low detection limit of 0.049 pg/mL (0.147 pmol/mL) by AC
impedance detection, which is 10–100 lower than previously reported methods. The aptasensor has good se-
lectivity and reliability, which has been successfully applied to the determination of AFB1 in real peanut oil
samples with recoveries ranging from 94.5% to 106.7% and inter-assay RSD lower than 11.51%.

1. Introduction

As is known to all that toxigenic fungi can produce agricultural
commodity contamination mycotoxins (Lin et al., 2015). Aflatoxins are
toxic and generally identified as potent carcinogens, mutagens and
teratogens. Among the aflatoxin family, aflatoxin B1 has the highest
toxicity in known chemical carcinogens owing to its teratogenic, he-
pato-toxic, carcinogenic and mutagenic adverse effects toward humans
(Reddy et al., 2009; Hontanaya et al., 2015). Especially, when the grain
crops are stored in hot and humid environment, intermediate medium
for genetic toxicity might be produced, which is a great cause of acute
cancer, liver damage and liver cirrhosis (Zhao et al., 2017a, 2017b).
Thus, taking into account the risks of AFB1, the development of reliable
and sensitive analytical methods for the determination of trace AFB1 is
essential for food safety. Up to now, many typical instrumental analy-
tical methods have been reported for AFB1 detection, including high
performance liquid chromatography (HPLC), liquid chromatography
combined with mass spectrometry and thin layer chromatography (Ma
et al., 2016a, 2016b; Zhou et al., 2016; Annunziata et al., 2017; Irakli

et al., 2017). Although these assays have good sensitivity, they are
limited to well-trained operators and expensive instruments.

Aptamers are sequence of single-chain oligonucleotides with high
affinity and specific recognition capabilities for the targets via the
formation of distinct secondary and specific tertiary structures (Knight
et al., 2009; Mayne et al., 2018). They have many applications in
bioimaging and therapeutics and as recognition elements in many
biosensing platforms, such as protein, toxins, peptides and cells (Gao
et al., 2017; Lin et al., 2017; Zhao et al., 2017a, 2017b; Xu et al., 2018).
They are isolated from combinatorial oligonucleotide libraries con-
taining 104–1015 different sequences by an in vitro process known as
Systematic Evolution of Ligands by EXponential enrichment (SELEX)
(Xu et al., 2016; Platt et al., 2009). In addition, aptamers can also be
easily functionalized with various fluorescent groups, functional
groups, biotins and proteins, simplifying detection processes and
making the sensing platform more flexible and multifunctional.

Electrochemical detection, a powerful analytical technique, has
been widely applied for the large-scale applications in environmental
monitoring and food safety, due to its simple operation, low
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background signal, quick response and high sensitivity (Xia et al.,
2017). β-cyclodextrin (β-CD), a kind of oligosaccharides with external
hydrophilic groups and internal hydrophobic groups, has the property
of supramolecular host-guest chemistry. The host-guest molecular re-
cognitions are dependent on their molecular structure but not covalent
bonds (Sun et al., 2016; Guo et al., 2018). Based on the size/shape-fit of
the guest molecules and the inner cavity of β-CD, guest molecules can
bind into inner cavity of β-CD to form stable inclusion complex
(Freeman et al., 2009; Rekharsky and Inoue, 1998). Owing to its stable
host-guest interaction, great biocompatibility and good water solubi-
lity, β-CD has been widely applied in various electrochemical bio-
sensors in recent years (Mukdasai et al., 2018; Kubendhiran et al.,
2018).

In this paper, a new electrochemical aptasensor for the detection of
AFB1 was designed based on the smart host-guest recognition between
ferrocene (Fc) and β-CD. To improve the electron transfer property of
the bare GC electrode, gold nanoparticles were deposited on the surface
of the GC. Then, electrochemical polymerization of β-CD was carried
out on the surface of the AuNPs/GC electrode by cyclic voltammetry.
Without AFB1, ferrocene (Fc)-labeled probe DNA (Fc-cDNA) hybridized
with Fc-labeled aptamer. Two ferrocene molecules were brought closely
together and can’t be recognized by β-CD. Once AFB1 captured the
aptamer from the hybridization structure, Fc-cDNA were released and
bound into β-CD. As a result, strong electrochemical signal were ob-
tained. Thus, an inexpensive electrochemical aptasensor was success-
fully developed for simple and facile detection of AFB1 in real peanut
oil by directly measuring the current or electron transfer resistance (Ret)
changes.

2. Experiment section

2.1. Materials and reagents

Aflatoxin B1 (AFB1), Aflatoxin B2 (AFB2), ochratoxin A (OTA),
fumonisin B1 (FB1), zearalenone (ZEN), deoxynivalenol (DON) were
purchased from Pribolab Pte. Ltd (Singapore). Staphylococcal en-
terotoxin B (SEB) was purchased from Toxin Technology, Inc. (Sarasota,
FL, USA). β-cyclodextrin (β-CD) and HClO4 were obtained from
Shanghai Reagent Company (Shanghai, China). Chloroauric acid
(HAuCl4) was purchased from Sinopharm Chemicals Reagent Co. Ltd
(Shanghai, China). All other chemicals were of analytical reagent grade.
All solutions were prepared using ultrapure water (18.2 MΩ cm at
25 °C) from a Milli-Q water purification system (Barnstead, Thermo
Scientific, USA).

DNA hybridization buffer (H-buffer) contained 10mM Tris-HCl,
0.1 M NaCl (pH 7.4). The reaction buffer (R-buffer) was composed of
0.1 M PB solution (pH 7.4, 0.1 M KCl). The cDNA and AFB1 aptamer
were synthesized by Sangon Biotech Co. Ltd. (Shanghai, China). And
the sequences were listed as follow:

AFB1 aptamer: 5′GT TGG GCA CGT GTT GTC TCT CTG TGT CTC
GTG CCC TTC GCT AGG CCC ACA-Fc 3′
cDNA: 3′AGC GAT CCG GGT GT-Fc 5′

2.2. Instrumentation

All cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) spectra were conducted on a CHI 660D electrochemical analyzer
(Chenhua Instruments, Shanghai, China). A conventional three-elec-
trode cell was used with a saturated calomel electrode (SCE) as the
reference electrode, a platinum wire as the counter electrode and glassy
carbon electrode as the working electrode. AC impedance was achieved
on Gamry Reference 600 potentiostat/galvanostat/ZRA (USA). All the
electrochemical experiments were performed at room temperature.

2.3. Preparation of the pβ-CD/AuNPs/GC electrode

The modification of bare GC electrode was prepared according to
the previously reported method (Li et al., 2017). In brief, the pre-
treated GC electrode was immersed in HAuCl4 aqueous solution (2%)
and kept at a constant potential of − 0.2 V for 60 s to electrodeposit
gold nanoparticles (AuNPs) on the surface of GC electrode. The ob-
tained electrode was washed with ultrapure water, allowed to dry in air
and defined as AuNPs/GC electrode. Then, the AuNPs/GC electrode was
immersed in 0.04M β-CD/1M HClO4 aqueous solution. And electro-
chemical polymerization of β-CD was carried out on the surface of the
AuNPs/GC electrode by cyclic voltammetry in the potential range from
0 to 1.3 V with a scan rate of 100mV/s for 30 cycles under N2 atmo-
sphere. The prepared electrode was cleaned carefully with ultrapure
water and named as pβ-CD/AuNPs/GC electrode. The mechanism of
electropolymerization of β-CD is explained as follows. First, the primary
carbon of β-CD is oxidized into aldehyde group or carboxyl group
(Alarcon-Angeles et al., 2010). Next, the oxidized β-CD moleculars with
aldehyde group or carboxyl group reacts with another β-CD molecular
to form dimers. By repeating scanning, the degree of polymerization
increased. And finally, the polymers are electropolymerized on the
surface of electrode (Morales et al., 2003; Angeles et al., 2011). Finally,
the pβ-CD/AuNPs/GC electrode was incubated with BSA solution (1%)
for 60min at 37 °C to avoid the nonspecific absorption.

2.4. Preparation of AFB1-sensitive dsDNA

According to the previous reports (Xu et al., 2017; Fan et al., 2016;
Wu et al., 2018), 5 μL of Fc-cDNA (25 μM) and 5 μL of Fc-labeled AFB1
aptamer (25 μM) were mixed with 20 μL of H-buffer, followed by
heating to 95 °C for 5min and then naturally cooling down to room
temperature for 2 h. Then AFB1-sensitive dsDNA was obtained.

2.5. Determination of AFB1 by electrochemical measurements

60 μL of different concentrations of AFB1 diluted by R-buffer was
incubated with AFB1-sensitive dsDNA solution for 60mins at 37 °C.
Strong affinity between AFB1 and aptamer made Fc-cDNA release from
the AFB1-sensitive dsDNA. Then 10 μL of mixture solution was dropped
on the surface of the pβ-CD/AuNPs/GCE for 60min incubation. Fc-
cDNA was assembled on the electrode based on the unique host-guest
interaction between β-CD and Fc. Then, the electrode was rinsed
thoroughly with 10mM PB solution (pH 7.4) and dried with a stream of
nitrogen. Finally, the electrode was immersed in 0.1M PB solution (pH
7.4, 0.1M KCl) for the DPV detection with a fixed pulse amplitude of
0.05 V. For the AC impedance intensity measurement, the prepared Fc-
cDNA/pβ-CD/AuNPs/GC electrodes were also immersed in 0.1M KCl
aqueous solution containing 5mM K3 [Fe(CN)6]/K4[Fe(CN)6]. And the
impedance spectra were recorded in the range of 0.1 Hz–100 kHz with
AC amplitude of 5mV.

3. Results and discussion

3.1. Principle of electrochemical sensing strategy

Detailed mechanism for the quantitative detection of AFB1 based on
smart host-guest recognition is illustrated in Scheme 1. The AFB1-sen-
sitive dsDNA was designed as the probe which was benefited from the
tendency of AFB1 aptamer to form a duplex structure with its com-
plementary cDNA. The principle of the size and shape matching was the
most essential factor to influence the host-guest interaction. According
to the result of DFT calculations (Jiang et al., 2017), the length and
width of ferrocene were 4.4 Å and 3.5 Å, respectively (Fig. 1A). The
internal diameter of β-cyclodextrin cavity was about 6.0–6.5 Å
(Fig. 1B). So, only one ferrocene molecule could enter into the β-cy-
clodextrin cavity to form inclusion complexes based on the hydrophobic
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interaction between internal group of β-CD and Fc. However, two
paratactic ferrocene molecules could not enter into the cavity of β-CD
because of their unmatched size.

In the absence of AFB1, the dimension of paratactic ferrocene la-
beled on AFB1-sensitive dsDNA was too large to enter into the cavity of
β-CD (route a). Weak current response and Ret value was observed
(curve a). In the presence of AFB1, the AFB1 aptamer was captured
from the hybridization structure due to the higher affinity of the ap-
tamer to the target (AFB1). Fc-cDNA was released and captured by β-CD
polymerized on the electrode (route b). As a result, current and Ret

increased obviously, which depended on the amount of captured Fc-
DNA (curve b). Therefore, the electrochemical aptasensor has prospect
to be used for AFB1 detection.

3.2. Characterization of the preparation of pβ-CD/AuNPs/GC electrode

The morphology of the bare GC, AuNPs/GC and pβ-CD/AuNPs/GC
had been investigated by SEM. Before modification, nothing could be
observed on the bare GC electrode (Fig. 2A). After the electrodeposited
of Au on the GC electrode, a layer of homogeneous AuNPs was formed

on the surface of GC electrode (Fig. 2B). It was clear that AuNPs on the
GC electrode provided a large surface area for the electropolymeriza-
tion of pβ-CD. The inset was the detailed porphology of the AuNPs. The
function of AuNPs on the polymerization of β-CD and the detection
performance is showed in Fig. S1. As is shown in Fig. 2C, the surface of
the pβ-CD/AuNPs/GC electrode was much different from that of the
AuNPs/GC electrode. Well-distributed film was observed on AuNPs/GC
electrode, indicating the successful electropolymerization of pβ-CD.

It is well known that electrochemical impedance spectroscopy (EIS)
is one of the most powerful tools to study the interfacial properties of
electrodes. It was also applied to evaluate the stepwise fabrication of
electrode by using [Fe(CN)6]3−/4− as redox probe (Xiong et al., 2015;
Zhu et al., 2015). The value of the diameter of the semicircle reflects the
interfacial charge-transfer resistance (Ret), which is the most directive
and sensitive parameter in response to the changes at the electrode/
solution interface (Deng et al., 2009; Bardea et al., 1999). As is shown
in Fig. 3A, the bare GC electrode showed a small semicircle domain (Ret

= 202.1Ω, curve a), implying a fast charge-transfer process. After
coated with AuNPs, the Ret value decreased obviously (Ret = 77.2Ω,
curve b), suggesting that the electron transfer ability of the GC

Scheme 1. Schematic illustration of the fabrication of the electrochemical aptasensor for AFB1 and its detection strategy.
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Fig. 1. (A) The molecular model of Fc and calculated dimensions. (B) The cavity diameter of β-cyclodextrin. (C) DPV curves of the pβ-CD/AuNPs/GC electrodes
incubated with and without AFB1 (100 nM) in the same condition.
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electrode was enhanced due to the excellent electrochemical properties
of AuNPs. Due to the poor electronic conductivity of β-CD, the elec-
tropolymerization of β-CD film on the GC electrode blocked the elec-
tron transfer of [Fe(CN)6]3−/4− on the electrode, resulting in an in-
crement Rct of 106.7Ω (curve c). When Fc-cDNA was introduced to the
electrode based on the host-guest recognition, Ret value increased ob-
viously (4160.5Ω, curve d). These results certified each step of mod-
ification on the electrode.

The modification processes of the Fc-cDNA/pβ-CD/AuNPs/GC
electrode were also characterized by cyclic voltammetry (CV). Fig. 3B
showed the well-defined redox peak of [Fe(CN)6]3−/4− were observed
at the GC electrode (curve a). When the electrode was modified with
AuNPs film, the corresponding redox peak currents increased ob-
viously, suggesting that AuNPs could promote the electron transfer
(curve b). After electropolymerization of pβ-CD on the AuNPs/GC
electrode, the peak current decreased due to the poor electronic con-
ductivity of pβ-CD film (curve c). Upon the successful formation of an
inclusion complex between Fc and β-CD, both of the oxidation peak and
reduction peak of [Fe(CN)6]3−/4−showed obvious shift (curve d).
These results also demonstrated that the Fc-cDNA/pβ-CD/AuNPs/GC
electrode had been fabricated successfully.

3.3. Optimization of reaction conditions

The detection sensitivity of the proposed electrochemical aptasensor
was influenced by the detection conditions. In order to optimize the key

parameters, a series of experiments were done to test the influence of
incubation time, reaction temperature and electropolymerization cycle
number of β-CD on the detection of AFB1. Fig. S2A showed that the
value of current leveled off in the 60min with the increasing time,
therefore, 60min was selected as the best incubation time for AFB1 and
AFB1-sensitive dsDNA. As is shown in Fig. S2B, From 15 to 37 °C, the
value of peak current increased sharply, while it decreased when the
temperature is higher than 37 °C. Thus, 37 °C was selected as the op-
timal reaction temperature to examine the response of the electro-
chemical aptasensor. Fig. S2C showed the influence of electro-
polymerization cycle number of β-CD on the response peak current
obtained on the pβ-CD/AuNPs/GC electrode. The current value in-
creased with the increase of electropolymerization cycle number of β-
CD. When the cycle number was 30, it reached a plateau and then
decreased. In order to ensure the sufficient amounts of β-CD on the
surface of AuNPs/GC electrode, the electropolymerization cycle
number of β-CD was chosen as 30 in the following assays of AFB1. All of
the parameters made the probe an excellent candidate designed for
biological applications.

3.4. Analytical performance of the proposed electrochemical aptasensor for
AFB1 detection

For the purpose of investigating the sensitivity of the designed ap-
tasensor, different concentrations of AFB1 (0.1 pg/mL–10 ng/mL) were
measured under the above optimized experimental conditions. As is

Fig. 2. SEM images of (A) GC, (B) AuNPs/GC and (C) pβ-CD/AuNPs/GC electrodes.

Fig. 3. (A) Nyquist plots recorded at (a) bare GC, (b) AuNPs/GC, (c) pβ-CD/AuNPs/GC, (d) Fc-cDNA/pβ-CD/AuNPs/GC electrodes in 0.1M KCl aqueous solution
containing 5mMK 3 [Fe(CN) 6]/K 4 [Fe(CN) 6]. (B) Cyclic voltammograms of (a) bare GC, (b) AuNPs/GC, (c) pβ-CD/AuNPs/GC, (d) Fc-cDNA/pβ-CD/AuNPs/GC
electrodes in 5mM [Fe(CN) 6] 3-/4- solution. Scan rate, 100mV/s.
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shown in Fig. 4A, the peak value at 0.35 V in DPV increased with the
increasing AFB1 concentration. A strong correlation between the elec-
trochemical signal and the logarithm of AFB1 concentration (lg CAFB1)
ranging from 1 pg/mL to 10 ng/mL was obtained. The linear regression
equation was expressed as Y=0.23568x+ 0.01105, R= 0.99874
(Fig. 4B). AFB1 activity down to 0.511 pg/mL (1.533 pmol/mL) could
be calculated according to Fig. 4B (LOD=3σ, σ means standard de-
viation of blank).

Furthermore, the quantitative detection was also detected by AC
impedance. Compared with DPV, AC impedance had a broader linear
range and lower LOD in AFB1 detection. A linear relationship between
the value of the Ret (diameter of the semicircle) and the logarithm of
AFB1 concentration (lg CAFB1) was found in the range of 0.1 pg/
mL–10 ng/mL (Fig. 4C). The correlation equation was
Y= 1.13647x+ 2.17915 (R=0.9979). The detection limit, three
times of standard deviation of blank, was calculated to be 0.0491 pg/
mL (0.1473 pmol/mL) (Fig. 4D). Therefore, the following detection was
conducted by AC impedance. Table S1 summarized a comparison of the
analytical performances of other previous methods for the detection of
AFB1. As a result, the calculated detection limit is about 10–100 times
lower and the linear range is wider than most of them when AC im-
pedance detection was used.

3.5. Selectivity, stability and reproducibility of the electrochemical
aptasensor

The specificity of the aptasensor was further demonstrated by using
other kinds of toxins including AFB2/AFB1, AFB2, FB1, DON, ZEA, SEB
and OTA as control. As is shown in Fig. S3A, the presence of the other
kinds of toxins led to negligible enhancement in the value of Ret com-
pared to AFB1 at the same conditions. Therefore, the proposed elec-
trochemical aptasensor exhibited good selectivity in discriminating
AFB1 and other toxins.

What's more, we further tested the stability of the aptasensor. The
long-term stability of the aptasensor was evaluated by storing the Fc-
cDNA/pβ-CD/AuNPs/GC electrode at 4 °C and measuring the values of
Ret at different times (1 day, 2 days, 5 days, 10 days, 15 days) under the
same conditions (Fig. S3B). The values of Ret had no obvious difference
and the relative standard deviations were less than 6.8%, suggesting
that the proposed aptasensor had a satisfying stability for AFB1 detec-
tion. Reproducibility of the electrode was tested by regenerating the
electrode 6 times for the same concentration of AFB1, results showed
that the relative standard deviations were lower than 5.3%.

3.6. Detection of AFB1 in real peanut oil samples by the proposed method

To investigate the potential application of the electrochemistry
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strategy in food safety, the developed electrochemical aptasensor was
applied to detect AFB1 in real peanut oil samples. We spiked AFB1
standards with different concentrations (0.2, 1.5, 10, 100, 10000 pg/mL
into blank peanut oil (diluted in 1:10 ratio with the reaction buffer).
Results are summarized in Table 1. As shown in the table, the recoveries
of the spiked samples ranged from 94.5% to 106.7%, with an inter-
assay RSD lower than 11.51%, thus further indicating that the proposed
aptasensor can be used for AFB1 detection in foodstuff with the satisfied
results.

4. Conclusions

In summary, a simple electrochemical aptasensor based on the host-
guest recognition between Fc and β-CD has been developed for sensitive
determination of AFB1 by both DPV and AC impedance. The proposed
aptasensor exhibited excellent performances in low detection limits and
wide linear ranges. Although the proposed electrode can not be re-
generated, it has good reproducibility and is highly sensitive and easy-
operated when compared with the previously reported aptasensor. This
strategy could also be applied to fabricate other aptasensors for various
targets detection by replacing the corresponding aptamer.
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