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GRAPHICAL ABSTRACT

e An electrochemical aptasensor based
on boron-doped diamond s
designed.

e The aptasensor is highly sensitive
and specific to trace aflatoxin B1
detection.

e The aptasensor shows high stability,
repeatability, reusability and
practivability.
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An electrochemical aptasensor for detecting trace aflatoxin Bi (AFB1) is designed and fabricated con-
sisting of aptamers and gold nanoparticles on conductive boron-doped diamond (BDD) electrode. By
examining the relative impedance shift from electrochemical impedance spectroscopy as a function of
AFB; concentration, the low detection limit (wide linear relationship range) of the aptasensor is realized
tobe 5.5 x 107 mol L™ (1.0 x 107 3-1.0 x 1078 mol L™ 1). The variation in impedance property of the

aptasensor is determined by the specific adsorption of AFB; molecules to the aptamer at a certain
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concentration covering the electrode. By means of multiple characteristic processes, it is demonstrated
that the constructed aptasensor is favorable for testing the trace AFB; with high specificity, sensitivity,
stability, repeatability, and reusability, which lead to a possibility to achieve high performance biosensor
for practical application to quantitatively detract trace AFB; in environments.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Being the toxic secondary metabolites produced by fungi, the
mycotoxins are ubiquitous in food, feed and environment, which are
injurious to human and animal health upon ingestion, inhalation, or
skin contact [1,2]. The aflatoxins are one of the most relevant groups
of mycotoxins found in food, which have strong toxicity and exist
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everywhere. At present, there are four kinds of aflatoxins, aflatoxin
B1 (AFB1), aflatoxin B, (AFB), aflatoxin G; (AFG;), aflatoxin G,
(AFG;), and two additional metabolites of aflatoxin M; (AFM;) and
aflatoxin M, (AFM>) [3]. Among them, AFB; widely exists in the
moldy human food and animal feed, which can lead to hepatic
cancer and even death, and AFB; is thus categorized as a first-grade
carcinogen [4,5]. Moreover, AFB, is heat-resistant with a cracked
temperature higher than 268 °C, and may survive in regular cooking
procedures [6]. The European Union sets a limit of 2.0 pg/kg (6.4 nM)
on AFB; in peanuts, and nuts and their processed products [7]. Thus,
an effective technique to detect trace AFB; is necessary.
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The typical techniques, such as thin-layer chromatography [8,9],
high-performance liquid chromatography [10,11], and enzyme-
linked immunosorbent method [12,13] have been developed to
detect AFB;. The detection limit of these techniques is from 10~° to
10~7 mol L~! (Table 1). However, some methods (for example, the
gas chromatography [14] and liquid chromatography [15]) are high
cost and have complex procedures far from fulfilling modern
detection requirements. Recently, electrochemical method had
attracted more attentions to detect trace AFB4, due to its advantages
of easy operation, high sensitivity and selectivity, low reagent
consumption, wide dynamic range, low detection limit, and low
cost [16,17]. Several kinds of electrochemical sensors have been
reported based the electrodes of glassy carbon [18], screen printed
bipolar electrode [19], and carbon nanotubes [20]. Importantly,
aptamer was introduced on the electrochemical electrode to
significantly increase the specificity and sensitivity of the sensors
[21—-26], as shown in Table 1. Although detection limit of AFB; can
reach as low as 1072 to 10" mol L', the related poor repeatability
and narrow detection range of these AFB; sensors degraded the
applications of these sensors.

It is known that boron-doped diamond (BDD) has been widely
employed as an important electrode material to fabricate high
performance electrochemical sensors, because of its wide potential
window, chemical inertness, low resistance, mechanical rigidity,
and low background current [27—29], which have been applied as
the electrode material to construct high-performant electro-
chemical aptasensor [30—32]. However, there are a few BDD-
related electrochemical sensors reported to detect trace AFB; in
previous literature. In this paper, an aptasensor, consisting of BDD
electrode modified with Au nanoparticles (Au-NPs), aptamers, and
6-mercapto-1-hexanol (MCH), is designed and performed to detect
AFB.. By testing the relative impedance shift at varying AFB; con-
centration, a low detection limit of 5.5 x 10~ mol L! and a wide
linear relationship range of 1.0 x 107-1.0 x 1078 mol L' are
realized, showing high specificity and sensitivity for AFB; detection.
The stability, repeatability, and reusability of the aptasensors are
examined. Moreover, the aptasensor can precisely detect the AFB;
concentration in minced peanut powder.

2. Experimental section
2.1. Procedures

The design and manufacturing process of MCH/Aptamers/Au-
NPs/BDD (MAABD) aptasensors are presented in Fig. 1 and Fig. S1.

2.1.1. Preparation of MAABD electrodes

The polycrystalline BDD films were deposited on p-type silicon
(100) substrates by microwave plasma chemical vapor deposition
(MPCVD) method (Fig. S1a). Then, a thin Au layer (thickness of
about 25 nm) was sputtered on the BDD surface (Fig. S1b). The Au-
NPs/BDD electrode was thermally treated in air at 800 °C for 1 min
to form Au-NPs by a dewettability process (Fig. S1c). The aptamer
selected is a class of single-stranded oligonucleotide that could
bind specifically to the target of AFB; with a base sequence of 5'-SH-
(CH;)6-GTT GGG CAC GTG TTG TCT CTC TGT GTC TCG TGC CCT TCG
CTA GGC CCA CA-3' [33]. After modification of 5’-end of the
aptamer with a mercapto group for 12 h at 37 °C, the aptamer was
bonded to Au-NPs by the Au—S bonds to construct the aptamers/
Au-NPs/BDD (AA/BDD) electrode (Fig. S1d). After cleaning in
deionized water, the AA/BDD electrodes were soaked in a
1 pmol L~' MCH, and assembled at room temperature for 1 h. The
MCH molecules were adsorbed on the surfaces of AA/BDD elec-
trodes with aptamer covering (Fig. S1e). MCH/aptamers/Au-NPs/
BDD (MAABD) aptasensors were then fabricated after being
washed with phosphate buffer saline (PBS) (Fig. S1f).

2.1.2. Electrochemical tests and detection of AFB;

The electrochemical tests were carried out in a mixed electrolyte
containing 5 mmol L~! Fe(CN)2~/Fe(CN)&~ redox probe and
0.1 mol L' KCl. Electrochemical impedance spectroscopy (EIS)
measurements were carried out at perturbation amplitudes at si-
nusoidal voltages of 5 mV and frequency of 102 to 10> Hz.

The MAABD aptasensors were employed to detect AFB; con-
centrations in PBS. The AFB; were added to PBS by the standard
addition method to prepare PBS with AFB; at various concentra-
tions. In a typical AFB; detection process, a MAABD aptasensor was
immersed in PBS containing AFB; at a certain concentration for
15 min, and then taken out to be rinsed with deionized water to
remove non-specific absorbed AFB,. From EIS measurements, the
cleared aptasensor was measured in the electrolyte. Before each
procedure, a measurement of Ry (initial impedance value of the
bare aptasensor) was carried out firstly. The relative impedance
shift (RIS) was defined by (Rct-Reto)/Reto, Where Rt is the impedance
value after the aptasensor contacted AFB, and the RIS is dependent
on the AFB; concentration. For the next measurement using the
same aptasensor, the electrode (rinsed with Ethylene Diamine
Tetraacetic Acid (EDTA)) was immersed in PBS containing AFB; at a
certain concentration for 15 min, then rinsed with deionized water
followed by measurement in the electrolyte containing the redox
probe and KCl. After detection and recycling, an aptasensor was
used to detect the different concentrations of AFB;.

Table 1

The detection limit and linear range of aflatoxin B; (AFB;) detection by various methods.
Methods Detection limit (M) Linear range (M) References
thin layer chromatography 32 x 107° 6.4 x 107°-3.2 x 10°8 [8]
liquid chromatography 13 x 1077 13 x 1077-3.8 x 1077 [10]
enzyme-linked immunosorbent 32 x 10710 13 x108-19 x 1077 [12]
Electrochemistry:silica gel—ionic liquid biocompatible film 32 x 107" 32 x10719-32 x 1078 [17]
electrochemistry:polythionine/gold nanoparticles 22 x 10710 1.9 x 107°-7.7 x 10~° [18]
electrochemistry:96-well screen-printed microplate 9.6 x 107! 1.6 x 1071964 x 107° [19]
electrochemistry:single-walled carbon nanotubes/chitosan 1.1 x 1071 32 x 107132 x 1077 [20]
EA: complementary DNA 2.0 x107° 2.0 x1079-4.0 x 107 [21]
EA: fluorescent ternary CdZnTe quantum dots 64 x 107! 1.6 x 1071932 x 1077 [22]
EA: real time polymerase chain reaction 8.0 x 1071 1.6 x 10712-1.6 x 1077 [23]
EA: semiconductor quantum dots 1.4 x 1071 1.6 x 1071"-1.6 x 1077 [24]
EA: ferrocene/B-cyclodextrin 1.6 x 10714 32 x1073-32 x 1078 [25]
EA: graphene oxide/aptamer multi-anodized anodized aluminum 42 %x 10710 32 x107°-64 x 1078 [26]
EA: MCH/Aptamers/Au-NPs/BDD 5.5 x 1071 1.0 x 1073-1.0 x 1078 This work

Abbreviation: EA (electrochemical aptasensor).
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Fig. 1. (a) SEM images of the BDD film and Au-nanoparticles (Au-NPs) on the film. The inset of (a) is the high-magnitude image of Au-NPs. (b) Schematic diagram of the aptasensor

structure consisting of BDD, Au-NPs, aptamer, and MCH.

The sample of trace AFB; in peanut samples was fabricated and
detected. Fresh peanut samples purchased from a local market
were ground first. The ground peanut powder (6 g) were added to
PBS, and then treated with ultrasonic shock for 15 min, followed by
centrifugation for 10 min. The whey solution was taken for filtra-
tion. The 20 mL PBS with varying concentrations of AFB; was pre-
pared by standard addition method.

2.2. Characterization and electrochemical measurements

The surface morphology and crystal structure were character-
ized by scanning electron microscopy (SEM, FEI magellan 400)
equipped with an energy-dispersive X-ray spectrometer (EDS,
OXFord Max 150). X-ray diffraction technique (XRD, RigakuD/Max-
RA), and Raman spectroscopy (Renishaw in Via Raman microscope
equipped with 532 nm laser excitation). All electrochemical tests
were performed at room temperature in a three-electrode system
of an electrochemical workstation (CHI 760 E). BDD electrodes with
a geometric area of 0.21 cm? were used as working electrodes, a
platinum wire as the auxiliar electrode, and a saturated calomel
electrode as the reference electrode in the electrochemical tests.

3. Results and discussion
3.1. Characterization of Au-NPs/BDD electrodes

Observed from SEM images (Fig. 1a and Fig. S2a), the poly-
crystalline BDD films are mainly composed of (111) and (110) grains
with average size of 1.8 pm, which is consistence with the XRD
result (Fig. S3a). The Raman spectrum of the BDD films shows the
asymmetric characteristic diamond band at ~1330 cm~! and the
broad peak centered at ~1200 cm ™!, which is attributed to the Fano
effect and increased density of states by heavy boron doping of
about 10%° cm ™3 resulting in metallic type conductivity of BDD [34].
The Au-NPs with an average size of ~13 nm are uniformly deposited
on the BDD surfaces, with a density of about 3.2 x 10" cm~? (Fig. 1a
and Fig. S2b). The presence of Au NPs on the BDD films is further
confirmed EDS element mapping (Fig. S2c).

3.2. Electrochemical impedance characterization of MAABD
aptasensor

In Fig. 2a, the impedance of the BDD electrodes (425 Q) de-
creases to 166 Q for the Au-NPs/BDD electrodes, indicating that the
introduction of Au-NPs improves the conductivity, due to the
enhanced electron transfer of Au-NPs [35,36]. After the aptamers
are modified on Au-NPs/BDD electrodes, the impedance value
greatly increases to 1367 Q, due to the electrostatic repulsion

between the negatively charged aptamer and the Fe(CN)2 /4" redox

probe on the Au-NPs/BDD electrode surface [37]. When AFB;
molecules contact the aptasensor surface, the aptamer will spe-
cifically adsorb the AFB; forming a surface spatial conformation,
which will hinder Fe3~ and Fe*~ ions transferring in the electrolyte
near the electrode surface, and then the electrode impedance
would increase. With further increasing the adsorption of AFB;, the
coverage of AFB; on electrode enhances gradually, resulting in the
increase of impedance of electrode. In a certain examination region,
the impedance values linearly increase dependent on the increase
of AFB; concentration.

By adding MCH to the AA/BDD surfaces, the impedance value
increases to 3002 Q, because MCH further prevents the redox probe
from attaching to the conductive Au-NPs/BDD electrode. In Fig. 2b,
for the response of AFB; on various electrodes, the impedance
signals from BDD electrodes and Au-NPs/BDD electrodes with and
without AFB; are nearly the same, indicating the electrodes are not
responsive to AFB;. It is noted that increase of impedance for
MAABD sensor is significant with adding AFB; with respect to the
case of without AFBy, which is more sensitive than that for AA/BDD
sensor. Therefore, the aptasensor of MAABD is suitable for detecting
trace AFB; with high sensitivity.

3.3. MAABD aptasensors for AFB; detection

Fig. 3a shows the impedance spectra of the MAABD electrodes
exposed to AFB; at different concentrations. The impedances are
obtained using the equivalent circuit (the inset of Fig. 3a). In Fig. 3b,
the RIS increases linearly with increasing AFB; concentration in the
region of 1.0 x 1073-1.0 x 10~ mol L™, following the equation of
I = Ip+AlogC, where I is RIS, and Cis the AFB; concentration, Iy and A
are the fitting parameters. The fitted I (A) is 209.84 (13.89), and the
correlation coefficient (R%) is 0.997. The detection limit of the
MAABD aptasensors is calculated according to the response of three
standard deviations of zero concentration-response based on the
equation of 3S = Ip+AlogC, where S is standard deviation [30,38].
The standard deviation of a blank sample on an aptasensor is
relative standard deviation (RSD) = 0.15%, n = 3. The detection limit
of the aptasensor for AFB; is estimated to be 5.5 x 10~ mol L™},
which is relatively lower than most previous reports by various
detection methods, as listed in Table 1.

The high performance MAABD electrodes for AFB; detection can
be explained from the following aspects. First, the conductive BDD
electrode has wide potential window, excellent structural stability,
low background current, and fouling resistance, which could
enhance the detection performance and significantly reduce the
background signals and various interferences from the electrode.
However, for most other substrates (i.e., glassy carbon [18], carbon
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Fig. 3. (a) Impedance spectra (Nyquist plots) of MAABD aptasensor incubated at AFB; concentrations in the region of 1.0 x 107>~1.0 x 108 mol L~ measured in redox probe/KCI
electrolyte, for comparison. The inset in (a) is the equivalent circuit of impedance. (b) The calibration plot of relative impedance shift (RIS, AR.) as a function of AFB; concentration

following a linear relation.

tubes [20]), their intrinsic narrow potential window, unstable sur-
face and strong background signal would interfere with the signals
of AFB1. Secondly, after Au-NPs were sputtered on the BDD film, the
surface area of Au-NPs/BDD electrode (0.88 cm? estimated by cyclic
volt-ampere method [30]) is three times that of BDD electrode
(0.28 cm?). The cyclic volt-ampere results (Fig. S4) suggest that the
Au-NPs/BDD could provide more active sites for bonding oligonu-
cleotide aptamers [39]. At the meantime, the impedance of the Au-
NPs/BDD electrodes decreases to a certain content (Fig. 2a). Third,
the aptamers screened by exponential enrichment (SELEX) have
better specific binding to AFB, [40]. The detection limit was further
extended to lower levels. Finally, the absorbed MCH molecules can
hold the aptamers and arrange the aptamers vertically on the
electrode surfaces to capture more AFB; molecules [32], and
furthermore, the MCH molecules can occupy the redundant active
sites without aptamers on Au-NPs and BDD surfaces, which can
effectively reduce the non-specific adsorption [30,41].

The specificity of the aptasensors for AFB; detection was
examined by introducing some selected interferences having
similar structure to AFBy. The aflatoxin B, (AFB,), aflatoxin Gq
(AFG1), aflatoxin G, (AFG;), and mixture of (AFB; + AFGq + AFG;)
were respectively added into the solutions having AFB; at a con-
centration of 5.0 x 10~° mol L™, and the concentrations for those
mixtures are 100 times that of the AFB;. The relative impedance
response was measured for the specificity of MAABD aptasensors
(Fig. 4a). The initial impedance of the pure AFB; is set as the
standard, and experimentally, the corresponding percentage
change of impedance for those mixed solutions measured are as
low as —2.1%—2.8%, meaning a high specificity of AFB; for MAABD

aptasensors realized. The examinations of individual AFB, AFB;,
AFG4, and AFG; on the aptasensors (Fig. S5) further verify the above
conclusion.

In addition, the stability of the blank MAABD aptasensors was
tested by a relative impedance response in Fe(CN)6>~/4~/KCl elec-
trolyte. In the process, the test on the first day is performed as the
1st cycle, and then the aptasensor was cleaned by PBS and deion-
ized water to be stored in a refrigerator at 4 °C. After 24 h interval,
the same aptasensor was tested under the same condition for the
2nd cycle. Following the same cyclic process, the data from 10 days
were collected (Fig. 4b) for the comparison. The fluctuation of
relative impedance response for the same aptasensor is within
in —3.4%—6.4% corresponding to the standard of 1st cycle, indi-
cating that the MAABD aptasensors have excellent stability feature.
Furthermore, in order to examine the repeatability of aptasensors, a
recyclable test was carried out during two groups of measurement
cycles with removing/re-adsorbing AFB; on the cleaned MAABD
surface, and shown in Fig. S6. Evidently, an excellent repeatability
of the aptasensor is demonstrated for the AFB; detection.

3.4. Detecting the recovery rate of AFB; in real sample

To test the potential practical application of the MAABD apta-
sensor, the detection examination was performed on a minced
peanut powder sample with adding AFB; at various concentrations.
In Fig. S7, the impedance has an enhanced shift tendency with
increasing the AFB; concentration, and a linear relationship is in the
region of 1.0 x 107 13-1.0 x 108 mol L~ The recovery and RSD of
the peanut sample with varying AFB; concentrations
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Table 2
Recovery and relative standard deviation (RSD) of AFB; tested at different concen-
trations in peanut powders.

Samples Added AFB; (mol L~!') Detected (mol L~!) Recovery (%) RSD (%)
1 0 Undetectable

2 1.00 x 10713 0.96 x 10713 96 3.2

3 1.00 x 102 1.09 x 10712 109 44

4 1.00 x 10~ 1.04 x 1071 104 3.9

(1.0 x 107321.0 x 10~"" mol L") are summarized in Table 2. The
recoveries are of 96—109% and the RSD are smaller than 4.4%. This
result indicates that the MAABD aptasensor is suitable to detect the
trace AFB; in some practical samples with high specificity and
sensitivity.

4. Conclusions

In this paper, the BDD-based aptasensor was designed and
fabricated to detect trace AFB,. A linear range of 1.0 x 10718 -
1.0 x 108 mol L~! and a detection limit of 5.5 x 10~ mol L~! have
been achieved, showing high sensitivity and specificity for AFBq
detection. The detection is superior to most previous electro-
chemical sensors, mainly attributed to the synergistic effect of BDD,
Au-NPs, aptamers and MCH. The stability, repeatability, and reus-
ability of the aptasensor are demonstrated. Moreover, the apta-
sensor is performed to examine the trace AFB; in real peanut
sample. These results in the work are helpful to construct novel
diamond-based sensors to detect various substances with high
sensitivity and specificity for environmental pollution detection
and monitoring.
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