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O–COOH–MWNT/pDA/AuNPs
based electrochemical aptasensor for detection of
AFB1†

Pengfei Wang,‡ab Bin Luo,‡a Ke Liu,a Cheng Wang,a Hongtu Dong,a Xiaodong Wang,a

Peichen Houa and Aixue Li *ab

Aflatoxin B1 (AFB1), one of the most common mycotoxins in food matrixes, has been identified as the most

toxic contaminant withmutagenic, teratogenic, immunosuppressive, and carcinogenic effects. In this study,

an electrochemical aptamer sensor was developed for the on-site detection of AFB1. Carboxylated

graphene oxide (COOH–GO) and carboxylated multi-walled carbon nanotubes (COOH–MWNT)

nanocomposites, dopamine polymers (pDA) and gold nanoparticles (AuNPs) were used to enhance the

electrochemical activity and the biocompatibility of the screen-printed electrodes (SPE). Once AFB1 was

captured by the aptamer immobilized on the electrode surface, the redox current of [Fe(CN)6]
3−/4−

decreased. Therefore, the binding of aptamer (Apt) and AFB1 can be reflected by the change of the peak

current. The as-prepared sensor showed a wide detection range of 0.1 fg ml−1–100 pg ml−1 and a low

detection limit of 15.16 ag ml−1. It is also simple and low-cost, which shows great potential in practical

application.
1 Introduction

Aatoxin (AFT) is a secondary metabolite produced by Asper-
gillus avus. It is also a class of destructive mycotoxins.1 More
than ten kinds of aatoxins have been isolated and identied.
Among the aatoxin family, aatoxin B1 (AFB1) has the most
potent virulent, mutagenic and carcinogenic effects.2 It can lead
to the contamination of a large number of food and agricultural
products, which has the most extensive impact on human life
and causes the greatest loss.3,4 The European Commission has
set 2 ppb or 6.4 nM as the maximum allowable level of AFB1 in
various grains and agricultural by-products.5,6 Therefore, the
development of a rapid and sensitive AFB1 detection method at
various stages of food and agricultural production has become
urgent.

To date, various analytical methods such as high-
performance liquid chromatography,7 tandem mass spectrom-
etry,8 and enzyme-linked immunosorbent assay (ELISA),9 etc.,
have been developed for the detection of AFB1. However, these
methods require expensive equipment and professional opera-
tors, and take a lot of time to process samples, which limit their
application for rapid and on-site analysis. Immunosensors are
jing Academy of Agriculture and Forestry
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mation (ESI) available. See

work.
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a very promising AFB1 detection technology, but their cost is
still high due to the application of antibodies.

Aptamers are short oligonucleotide sequences or short
polypeptides screened in vitro. Compared with antibodies,
aptamers have higher thermal, chemical stability and lower
synthesis costs.10–12 At present, many aptamer sensors capable
of rapid detection in the eld have been developed, showing
great potential in the safe detection of AFB1.13–24 For example,
Abnous et al. developed a p-shaped structure composed of an
aptamer and its complementary strand as a physical barrier on
the electrode surface.25 When AFB1 is detected, the p-shaped
structure is broken down by exonuclease I, and a change in peak
current can be observed. Wang et al. developed a short AFB1

aptamer, which was modied with a blue (MB) tag at the 3′ end
and then immobilized on the electrode surface to recognize the
toxin. In the process of AFB1 binding to aptamer, MB is close to
the electrode surface, and the peak current increases.26

However, for these reported aptamer sensors, complex
manufacturing process, cumbersome reaction steps, and
expensive enzyme are usually needed. Therefore, developing
simple and effective aptamer sensors for AFB1 is still required in
practical applications.

In this study, in order to develop a sensor that can be widely
used in practical production, screen-printed electrodes (SPEs)
with low cost and mature manufacturing technology were
selected. Because of the good catalytic activity and excellent
electrical conductivity, carbon-based nanomaterials, such as
graphene oxide (GO) and carbon nanotubes (MWNT), have
attracted extensive attention. However, if applied alone, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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aggregation or restacking of GO sheets that inevitably occurs
due to the strong p–p interactions. And the high performance
of the CNTs cannot be obtained if they could not uniformly
disperse to form a network sufficient for electrical conductivity.
Recent studies have reported that the above problems could be
solved by introducing MWNTs between the GO nanosheets.27–29

In the composite of GO–MWNT, the good dispersion of MWNTs
can avoid the aggregation of GO sheets, and GO nanosheets also
directly disperse MWNTs as “surfactant’’ to form a three-
dimensional networks. Moreover, the carboxylated graphene
oxide (COOH–GO) and carboxylated multi-walled carbon
nanotubes (COOH–MWNT) have better hydrophilicity,
biocompatibility, and carboxyl functional groups, which will
further enhance the performance of sensor. Due to the good
synergistic effect, the combination of COOH–GO and COOH–

MWNT can oen lead to better electrochemical performance,
which has been conrmed in our previous work.30,31 Therefore,
in this work, the carboxylated GO (COOH–GO) and carboxylated
MWNT (COOH–MWNT) were also used to improve the perfor-
mance of the sensor. Polydopamine (pDA) has the advantages of
abundant functional groups, excellent biocompatibility and
easy preparation, and has been widely used in different elds
including cell sensing, molecular imprinting, and creation of
biocompatible layers., etc. It also has been reported to effectively
amplify charge transfer of mediators.32,33 Therefore, pDA was
applied to enhance the electrochemical activity and the
biocompatibility of the electrode in our work. Gold nano-
particles (AuNPs) were also used not only because they have
excellent catalytic activity and electrochemical stability, but also
because they can rmly bind to –SH contained aptamers.
Finally, a short 28-mer DNA aptamer was immobilized on the
electrodes, which was used to specically recognize AFB1. This
aptamer has been reported to have high binding affinity to
AFB1, and it undergoes a conformational change to form
a hairpin structure upon binding with AFB1.34,35 The as-prepared
Scheme 1 Schematic representation of the sensor fabrication.

© 2022 The Author(s). Published by the Royal Society of Chemistry
electrochemical AFB1 aptamer sensor not only has low limit of
detection (LOD), wide linear detection range, specic recogni-
tion ability and stability, but also is simple and low cost, which
has a wide range of practical application prospects.
2 Material and methods
2.1 Reagents

One short anti-AFB1 aptamer (sequence 5′-SH-(CH2)6-
GCACGTGTTGTCTCTCTGTGTCTCGTGC-3′), named as SH-Apt,
were puried and synthesized by Sangon Biotech (Shanghai,
China). Aatoxin B1 (AFB1), Aatoxin B2 (AFB2), ochratoxin B
(OTB), Zearalenone (ZON), fumonisins B1 (FB1), fumonisins B2

(FB2), and Deoxynivalenol (DON) were purchased from Aladdin
Chemistry Co., Ltd (Shanghai, China). Naon solution (5 wt%),
dopamine hydrochloride, gold (III) chloride trihydrate
(HAuCl4$H2O), 6-Mercapto-1-hexanol (MCH/98 wt%), and Tris-
(2-carboxyrthyl) phosphine hy-drochloride (TCEP/0.5 M) were
purchased from Sigma-Aldrich Co., Ltd. (St. Louis, USA).
Carboxylated graphene oxide (COOH–GO), and Carboxylated
carbon nanotubes (COOH–MWNT) were purchased from
XFNANO materials Tech Co, Ltd. The other reagents are of
analytical grade, and solutions are prepared by dissolving these
reagents in double-distilled water.
2.2 Apparatus

All measurements were carried out on a CHI760E workstation
purchased from Shanghai Chenhua Instrument Co., Ltd.,
China. The different morphologies of the electrodes were
characterized using an electron microscope (SEM) and an
energy dispersive analysis (EDS) system (ZEISS, SEM 500, Ger-
many) The SPE purchased from Ningbo Mxense Biotechnology
Co., Ltd. consisted of a working electrode, a carbon-based
counter electrode, and an Ag/AgCl reference electrode.
RSC Adv., 2022, 12, 27940–27947 | 27941
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Fig. 1 SEM (A–E) and EDS (a–e) analysis of bare SPE, COOH–GO–
COOH–MWNT/SPE, pDA/ COOH–GO–COOH–MWNT/SPE, Au/pDA/
COOH–GO–COOH–MWNT/SPE, and MCH/SH-Apt/Au/pDA/
COOH–GO–COOH–MWNT/SPE.
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2.3 Preparation of COOH–GO–COOH–MWNT
nanocomposite

The COOH–GO–COOH–MWNT nanocomposite is composed of
COOH–GO (1 mg ml−1) with COOH–MWNT (1 mgml−1). Naon
(0.5%) was added to the mixture. The mixed solution is ultra-
sonicated for two hours and a homogeneous dispersion was
obtained.

2.4 Construction of electrochemical aptamer sensor

The fabrication process of the aptamer sensor was shown in
Scheme 1. Firstly, the cleaned bare electrode was scanned in
PBS buffer (0.01 M, pH 7.5, containing 0.1 M KCl) at a constant
potential of 1.7 V for 180 s. Secondly, 4 ml of COOH–GO–COOH–

MWNT nanocomposites were evenly drop-coated on the
working electrode, thirdly, aer dried, 5 mM dopamine (DA)
solution was polymerized on the electrode at 80 mV with a scan
rate of −0.6 v � 0.6 v. Fourthly, the treated electrodes were
immersed in a 0.1 mg ml−1 HAuCl4 aqueous solution, and
a constant potential of −1.3 v was maintained for 1000 s to
deposit AuNPs on the working electrode. Fihly, the aptamer
was immobilized on the electrode by Au–S bond. The aptamers
were mixed with the TCEP solution (0.01 mM) for 2 hours before
use to reduce the oxidized aptamer, and the aptamer were
incubated with the electrode for 1 hour at 25 �C. Finally, the
electrodes were incubated with 2 mM MCH for two hours at
25 �C to prevent non-specic binding of AFB1. PBS buffer was
used to wash the electrode aer each modied step.

2.5 Measurement procedure

The aptamer sensor was incubated with 3 ml of different
concentrations of AFB1 solutions (0.1 fg ml−1–100 pg ml−1) for
1 h at 25 �C. Then PBS buffer (0.01 M, pH 7.5, containing 0.1 M
KCl) was used to remove unbound toxin. Measurements were
performed using differential pulse voltammetry (DPV) in the
presence of 5 mM K3 [Fe(CN)6]/K4 [Fe(CN)6] (1 : 1) mixture as
a redox probe in 0.01 M PBS (pH 7.5, containing 0.1 M KCl). The
pulse period, width and amplitude of the DPV method were
0.2 s, 50 ms and 50 mv, respectively.

3 Results and discussion
3.1 Characterizations of the fabrication of the aptamer
sensor

In this study, the topographical features of the working elec-
trode were observed by SEM. Fig. 1A shows the surface
morphology of the bare electrode. The surface of the electrode is
clean and presents uniform granular carbon material. Aer
modifying by COOH–GO–COOH–MWNT nanocomposite
(Fig. 1B), a three-dimensional network structure formed by
tubular COOH–MWNT and lamellar COOH–GO can be
observed, which can increase the active area and conductivity of
the electrode greatly. Aer DA polymerization occurred on the
electrode (Fig. 1C), obvious particles appeared on the three-
dimensional network structure, which can further increase
the active area and conductivity of the electrode. Fig. 1D shows
the surface morphology of AuNPs/pDA/COOH–GO–COOH–
27942 | RSC Adv., 2022, 12, 27940–27947
MWNT/SPE modied electrode, and the densely arranged gold
nanoparticles (AuNPs) can be clearly observed, which can not
only improve the catalytic activity of the electrode, but also
provide binding sites for aptamers. Aer binding with the
aptamers andMCH (Fig. 1E), the lm on the surface of electrode
becomes denser.

EDS was also used to verify the modication steps of the
sensor. The EDS test results of the bare electrodes are shown in
Fig. 1a. The main element in this step is C, which is due to the
fact that the surface of the SPE electrode is composed of carbon
material. Aer modication of COOH–GO–COOH–MWNT
nanocomposite on the electrode (Fig. 1b), in addition to the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 EIS (A), DPV (B) and ZETA potential (C) characterization: (a), bare electrode, (b), COOH–GO/SPE, (c), COOH–MWNT/SPE, and (d), COOH–
GO–COOH–MWNT/SPE. The EIS and DPV measurement were performed in the presence of 5 mM [Fe(CN)6]

3−/4− in 0.01 M PBS (pH 7.5,
containing 0.1 M KCl).
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original C element, O element was found, because COOH–GO
contains a large number of oxygen-containing groups, and
COOH–MWNT contains a large number of carboxyl groups. In
Fig. 1c, in addition to C and O element, N element is found,
which is attributed to the fact that the aggregated DA contains N
element. Aer modication of AuNPs (Fig. 1d), Au element is
added in the EDS result, which veries the success of modi-
cation of AuNPs. Aer the aptamers and MCH were incubated
with the electrode (Fig. 1e), P and S elements were added in the
EDS spectrogram, because DNA aptamers contains P element
and sulydryl, and MCH also contains sulydryl.

Electrochemical Impedance Spectroscopy (EIS), Differential
Pulse Voltammetry (DPV) and ZETA potentials were all used to
characterize COOH–GO/SPE, COOH–MWNT/SPE and COOH–

GO–COOH–MWNT/SPE. As shown in Fig. 2A, the impedance arc
of the three modied electrodes is smaller than that of the bare
electrode, and the impedance arc of the COOH–GO–COOH–

MWNT/SPE (d) is signicantly smaller than that of COOH–GO/
SPE (b) and COOH–MWNT/SPE (c). In Fig. 2B, the DPV response
of COOH–GO–COOH–MWNT/SPE (d) is signicantly higher
than that of COOH–GO/SPE (b) and COOH–MWNT/SPE (c).
These two results suggested that the conductivity of COOH–GO–
© 2022 The Author(s). Published by the Royal Society of Chemistry
COOH–MWNT composite was superior than COOH–GO or
COOH–MWNT alone. Meanwhile, ZETA potential was also used
to characterize these three materials. The ZETA potential value
of COOH–GO, COOH–MWNT, and COOH–GO–COOH–MWNT
nanocomposites were −29.1, −30.3, and −32.1 respectively.
ZETA potential value of −30 mV was regarded as the dividing
point from incipient instability to moderate stability for carbon-
based nanomaterials dispersion.36 The COOH–GO–COOH–

MWNT nanocomposites was more stable, which consistent with
previous studies, that is, MWNTs can avoid the aggregation of
GO sheets and GO nanosheets also help to disperse MWNTs.
Therefore, in our work, we choose COOH–GO–COOH–MWNT to
modify the electrode.

EIS was also used to characterize individual steps of sensor
modication. As shown in Fig. 3A, a relatively large arc was
obtained at the bare electrode, indicating that the resistance of
the bare electrode was large. When adding COOH–GO–COOH–

MWNT nanocomposites on the working electrode, the arc
became smaller due to that the active area and conductivity of
the electrode can be enhanced by the modication of the
COOH–GO–COOH–MWNT nanocomposite. When pDA and
AuNPs was modied on the electrode, the impedance value
RSC Adv., 2022, 12, 27940–27947 | 27943
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Fig. 3 (A) Nyquist plot of electrode modification, (a–f) are bare SPE, COOH–GO–COOH–MWNT/SPE, pDA/COOH–GO–COOH–MWNT/SPE,
Au/pDA/COOH–GO–COOH–MWNT/SPE, SH-Apt/Au/pDA/COOH–GO–COOH–MWNT/SPE, and MCH/SH-Apt/Au/pDA/COOH–GO–
COOH–MWNT/SPE. (B) CV of the sensor in the presence of 5mM [Fe(CN)6]

3−/4− in 0.01 M PBS (pH 7.5, containing 0.1 M KCl) at scan rates ranging
from 25 to 75mV s−1. (C) Linear fitting of the oxidized peak current (Ipa) and reduced peak current (Ipc) versus the square root of the scan rate (v1/2).
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decreased further as pDA and AuNPs can enhance the active
area and conductivity of the electrode further. When the
aptamer was incubated with the electrode, the arc became
larger due to the non-conductive property of the aptamer. Aer
incubating with the blocker MCH, the resistance further
increased due to that MCH was also unconducive. Fitting by
a simple circuit (the inset in Fig. 3A), the Rct values for each
modication steps were respectively 3.31 kU, 2.52 kU, 2.33 kU,
1.3 kU, 1.51 kU and 1.83 kU for the bare SPE, COOH–GO–
COOH–MWNT/SPE, pDA/COOH–GO–COOH–MWNT/SPE, Au/
pDA/COOH–GO–COOH–MWNT/SPE, SH-Apt/Au/pDA/COOH–

GO–COOH–MWNT/SPE, and MCH/SH-Apt/Au/pDA/COOH–GO–
COOH–MWNT/SPE modied electrode. The EIS result
conrmed the successfully modication of the electrode.

This study also explored the effect of scan rate of cyclic vol-
tammetry scan on electrode performance. The prepared MCH/
SH-Apt/Au/pDA/GO–MWNT/SPE electrode was placed in the
presence of 5 mM [Fe(CN)6]

3−/4− in 0.01 M PBS (pH 7.5, con-
taining 0.1 M KCl) and the scan rate was set at 25–75mv/s. As
shown in Fig. 3B, the current peak of the redox reaction is
positively linearly related to the scan rate range. The linear
relationship between the oxidation peak (Ipa) and reduction
peak (Ipc) currents and the square root of the scan rate (v1/2) is
shown in Fig. 3C. The linear equations were determined to be
Ipa ¼ 5.16 v1/2 (mV s−1) − 6.56 (R2 ¼ 0.9953) and Ipc ¼ −4.83 v1/2

(mV s−1) + 4.56 (R2 ¼ 0.9965). These results showed that the
reaction on the surface of immunosensor was a diffusion-
controlled surface reaction.

3.2 The feasibility of the prepared sensor for detecting AFB1

The feasibility of the prepared sensor for detecting AFB1 was
studied. Aer modication with COOH–GO–COOH–MWNT
(curve b, Fig. 4A), the peak current is higher than that of the
unmodied electrode (curve a). It has been reported that in the
composite of GO–MWNT, MWNTs can avoid the aggregation of
GO sheets, and GO nanosheets can help to disperse MWNTs to
form a three-dimensional networks. Therefore, the combina-
tion of GO and MWNT can oen lead to good synergy effect for
electrochemical sensors. In addition, the carboxylation of these
two carbon materials leads to a large number of carboxyl
27944 | RSC Adv., 2022, 12, 27940–27947
functional groups on their surfaces, which leads to higher
hydrophilicity and biocompatibility, thus further improving the
performance of sensor. Aer pDA (curve c) and AuNPs (curve d)
was electrodeposited and polymerized on the electrode, peak
current was increased further. pDA has abundant functional
groups and excellent biocompatibility. It also can effectively
amplify charge transfer of mediators.24,25 AuNPs have also been
frequently studied for amplifying the electric signal due to their
large specic surface area and good conductivity. Therefore,
peak current was increased further aer pDA (curve c) and
AuNPs (curve d) were modied on the electrode surface. Then
the aptamer (curve e, Fig. 4B) and MCH (curve f) was immobi-
lized on the electrode, the peak current becomes smaller,
because the aptamer and MCH was both insulated, thus
hindering the transfer of signal molecules to the electrode
surface. Aer AFB1 was immobilized on the modied electrode,
the peak current decreased again (curve g). It has been reported
that aer binding with AFB1, the aptamer will undergoes
a conformational change to form a hairpin structure, so the
modied layer on the electrode surface becomes more
compact.37,38 In addition, the AFB1 is also insulated. Therefore,
aer the binding of AFB1, the peak current decreased again.
This result suggests that AFB1 can be detected by the prepared
sensor.

A control sensor without the modication of COOH–GO–
COOH–MWNT nanocomposite and pDA was also prepared. The
AuNPs can't be omitted as they must be used to bind with the
–SH contained aptamers. The prepared MCH/SH-Apt/Au/pDA/
COOH–GO–COOH–MWNT/SPE and control sensor were both
incubated with 100 fg mL−1 AFB1. The change of peak current
DI before and aer incubation with AFB1 was compared (DI ¼
IMCH − IAFB1

). As shown in Fig. 4C, DI of MCH/SH-Apt/Au/pDA/
COOH–GO–COOH–MWNT/SPE was nearly 3 times as that of
control sensor, which conrmed the application of COOH–GO–
COOH–MWNT nanocomposite and pDA can effectively improve
the sensing performance of the prepared AFB1 sensor.

3.3 Optimization for the AFB1 sensor

The effect of the deposition time of AuNPs on the experiment
was investigated. The amount of AuNPs on the surface of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) DPV curves of bare SPE (a), COOH–GO–COOH–MWNT/SPE (b), pDA/COOH–GO–COOH–MWNT/SPE (c) and Au/pDA/COOH–
GO–COOH–MWNT/SPE (d) in the presence of 5 mM [Fe(CN)6]

3−/4− in 0.01 M PBS (pH 7.5, containing 0.1 M KCl). (B) DPV curves of Au/pDA/
COOH–GO–COOH–MWNT/SPE (d), SH-Apt/Au/pDA/COOH–GO–COOH–MWNT/SPE (e), MCH/SH-Apt/Au/pDA/COOH–GO–COOH–
MWNT/SPE (f) and AFB1/MCH/SH-Apt/Au/pDA/COOH–GO–COOH–MWNT/SPE (g) in the presence of 5 mM [Fe(CN)6]

3−/4− in 0.01 M PBS (pH
7.5, containing 0.1 M KCl). (C) Comparison ofDI of theMCH/SH-Apt/Au/pDA/COOH–GO–COOH–MWNT/SPE (a) and the control MCH/SH-Apt/
Au/SPE (b) after binding with AFB1.
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SPE electrode can be controlled by controlling the electrode-
position time. As shown in Fig. S1A,† DI gradually increases
from 800 to 1000 s, with the extension of time, DI decreases.
Therefore, 1000 s was selected as the electrodeposition time.

The number of CV cycles affects the polymerization effect of
DA. As can be seen from Fig. S1B,† DI gradually increases from
20 to 60 cycles, and begins to decline aer 60 cycles. Therefore,
the optimal CV cycles of dopamine polymerization is 60.

The effect of the concentration of aptamer on the sensor
performance was investigated. When the aptamer concentra-
tion was increased from 0.25 mM to 1 mM, DI increased
(Fig. S1C†). However, when the concentration of aptamers
continued to increase, DI decreased, which may mean that the
binding ability of the sensor for aptamer has reached satura-
tion. Finally, it was concluded that the optimal concentration of
aptamer was 1 mM.

The amount of COOH–GO–COOH–MWNT modication also
affects the electrode performance. As shown in Fig. S1D,† DI
increased as the droping volume increased from 3 ml to 4 ml.
When the dropping volume increases further, DI showed an
obvious downward trend, so the dropping volume of COOH–

GO–COOH–MWNT was selected to be 4 ml.
The deposition potential also affects the deposition effect of

gold nanoparticles. It can be seen from Fig. S1E† that the DI
increases from −1.7 V to −1.3 V, and DI gradually decreases as
the potential continues to increase. Therefore, we determined
that −1.3 V is the best potential for gold deposition.

The ratio of COOH–GO to COOH–MWNT also has an
important impact on the performance of the electrode, as
shown in Fig. S1F,† When the ratio of COOH–GO to COOH–

MWNT is 2 : 2, DI reaches the maximum value. Therefore, 2 : 2
was selected as the optimal ratio of COOH–GO to COOH–

MWNT. Based on this ratio, the concentration of COOH–GO–
COOH–MWNT nanocomposites was also optimized. As shown
in Fig. S1G,† when the concentration of nanomaterials
increases to 1 mg ml−1, DI reaches a maximum value. When the
concentration of nanomaterials continue to increase, DI begin
to decrease. So that 1 mg ml−1 was the optimal concentration
for COOH–GO–COOH–MWNT nanocomposites.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The pH value of the electrolyte directly affects the effect of
the test. Electrolytes with different pH values were used for the
test. The results are shown in Fig. S1H.† For the electrolyte with
pH values from 6 to 7.5, DI gradually increases. When the pH
value of electrolyte continue to rise, DI begin to decrease. So that
pH 7.5 was used as the optimal pH for the electrolyte.
3.4 The performance of the AFB1 sensor

The prepared sensors were incubated with different concen-
trations of AFB1(0.1 fg ml−1–100 pg ml−1). The results for each
AFB1 concentration are shown in Fig. 5A. The oxidation peak
current decreases with the increasing concentration of AFB1

because the aptamer–toxin complex hindered the transfer of
signal molecules to the electrode surface. The change of current
response (DI) was positively correlated with the concentration of
AFB1 in the range of 0.1 fg ml−1 to 100 pg ml−1, and the
regression equation is DI (mA) ¼ 0.5637.log CAFB1

(fg ml−1) +
1.5073 and the correlation coefficient (R2) is 0.9880. The LOD
reached 15.14 ag ml−1 (S/N ¼ 3). The LOD and linear range of
the prepared sensor is comparable to or better than some AFB1

sensors previously reported39–45 (Table S1†). The high perfor-
mance of the prepared sensors is mainly due to that the appli-
cation of COOH–GO–COOH–MWNT nanocomposite, pDA and
AuNPs greatly increases the surface activity area, conductivity
and biocompatibility of the sensor.

The prepared sensor is used to detect 100 fg ml−1 of AFB2,
OTB, FB1, FB2, ZON, and DON, respectively. The results are
shown in Fig. 6. DI of the sensor for other interfering substances
is signicantly lower than that of AFB1, and it can be concluded
that the selectivity of the sensor is excellent. The prepared
sensor detected the same AFB1 solution for 6 times, the RSD was
6.62% (Fig. S2†). Six sensors were used to detect the same AFB1

solution, and the RSD was 7.25% (Fig. S3†). In addition, the
prepared sensors were stored in the refrigerator for two weeks,
and the same concentration of AFB1 were detected every two
days. The RSD of the 14 days measurement results was 8.09%
(Fig. S4†). The test results prove the high stability and repro-
ducibility of the sensor.
RSC Adv., 2022, 12, 27940–27947 | 27945
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Fig. 5 (A) DPV responses of the aptasensor after 60min incubation with 0, 0.0001, 0.001, 0.01, 0.1,1, 10 and 100 pgmL−1 AFB1. (B) The calibration
plot for DI and the logarithm of AFB1 concentration.

Fig. 6 Sensor responses to different interferences at 100 fg ml−1.

Table 1 The recoveries of AFB1 in milk samples (n ¼ 3).

Added AFB1 (pg ml−1)
Found (pg
ml−1) Recovery (%) RSD (%)

0.1 0.10 102.49% 6.90%
1 0.94 94.21% 7.53%
10 10.05 100.51% 12.51%
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3.5 Real sample analysis

To verify the practicability of this sensor, it was applied to detect
AFB1 in milk, which was purchased from local supermarket.
The milk was diluted and different concentration of AFB1 was
spiked.46,47 As shown in Table 1, the recoveries are 102.49%,
94.21% and 100.51%, respectively. The results show that the
sensor has great application potential for monitoring AFB1 in
real samples.
4 Conclusions

In summary, an aptamer electrochemical sensor for AFB1

detection was developed based on COOH–GO–COOH–MWNT
27946 | RSC Adv., 2022, 12, 27940–27947
nanocomposites, pDA and AuNPs fabricated SPE electrode. Due
to the excellent catalytic activity, biocompatibility and electro-
chemical stability of the nanomaterials, and high affinity and
specic recognition capabilities of the aptamers, the as-
prepared electrochemical AFB1 sensor not only has low LOD,
wide linear range, excellent selectivity and stability, but also is
simple and low cost, which could be considered as a promising
tool towards AFB1 detection in practical application.
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