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Abstract: The detection of aflatoxin B1 (AFB1) has recently garnered much attention on the issue
of food safety. In this study, a novel and sensitive aptasensor towards AFB1 is proposed using an
Exonuclease III (Exo Il)-integrated signal amplification strategy. This reported sensing strategy is
regulated by aptamer-functionalized nanobeads that can target AFB1; furthermore, complementary
DNA (cDNA) strands can lock the immobilized aptamer strands, preventing the signal amplification
function of Exo III in the absence of AFB1. The presence of AFB1 triggers the displacement of
c¢DNA, which will then activate the Exo Ill-integrated signal amplification procedure, resulting
in the generation of a guanine (G)-rich sequence to form a G-4/hemin DNAzyme, which can
catalyze the substrate of ABTS to produce a green color. Using this method, a practical detection
limit of 0.0032 ng/mL and a dynamic range of detection from 0.0032 to 50 ng/mL were obtained.
Additionally, the practical application of the established sensing method for AFB1 in complex
matrices was demonstrated through recovery experiments. The recovery rate and relative standard
deviations (RSD) in three kinds of cereal samples ranged from 93.83% to 111.58%, and 0.82% to 7.20%,
respectively, which were comparable with or better than previously reported methods.
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1. Introduction

Aflatoxin B1 (AFB1) produced by the Aspergillus species is one of the most toxic
mycotoxins occurring in agricultural products, and it can directly contaminate cereals like
corn, wheat, barley, millet, and their by-products [1-3]. Exposure to this toxic substance can
lead to serious consequences for human health, including hepatotoxicity, carcinogenicity,
teratogenicity, and mutagenicity [4,5]. For this reason, many countries and organizations
have established maximum residue limits (MRLs) of AFB1 in cereal foodstuffs to ensure
food safety. For example, the U.S. FDA established 20 ng/kg as the MRLs of AFB1 in most
of that country’s cereals [6].

Up to now, numerous analytical techniques have been employed for quantitative
determination of AFB1, such as thin layer chromatography (TLC) [7], high performance
liquid chromatography (HPLC) [8], and liquid chromatography-mass spectrometry (LC-
MS) [9]. These instrumental analytical methods have high sensitivity, good repeatability,
and strong stability for AFB1 detection. However, they constantly require expensive
instruments and highly trained personnel, and the complex sample processing stage is
cumbersome and time-consuming. Issues such as these restrict their applications in the
economical and easy-to-use monitoring of AFB1 [10].

Nucleic acid aptamer, which is referred to as a “chemical antibody”, has been widely
used as a replacement of the traditional antibody in analytical chemistry with some remark-
able advantages over the antibody [11,12]. For example, these include higher chemical
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stability, cost-effective production and extended storage, and the fact that the aptamer can
be artificially synthesized in vitro with a similar binding affinity to the antigen-antibody
interaction [13]. Many biosensors for AFB1 have been devised using antibody-mimetic ap-
tamers. One of the most important features of the aptamer is that it can be easily designed
and modified for introducing signal amplification strategies to improve the method’s detec-
tion sensitivity [14]. Exonuclease III (Exo III) has been employed as an enzyme-catalyzed
target-recycling signal amplification for ultrasensitive target detection because the signaling
probes can be selectively digested by Exo III with a target DNA cycling [15,16]. It is able to
produce a superimposed concentration of a certain signal DNA to finally achieve signal
amplification [17]. Exo III-based methods are sensitive and selective for the detection of
targets in appropriate conditions because these methods have excellent characteristics [18].
Some studies have designed the produced signal DNA as a guanine (G)-rich sequence
strand which can be folded into a highly ordered G-quadruplex (G-4) structure through the
hydrogen bonding of Hoogsteen base pairs between guanine G and the interaction between
cations and quadruplex structures [19-21]. The stable G-4 can be combined with hemin
to catalyze H,O, and 2,2'-diazo-bis (3-ethyl-Benzothiazoline-6-sulfonic acid) diamine salt
(ABTS) so that it changes from colorless to green [22,23]. Based on this principle, signal
amplification and the detection of metal ions [24,25], DNA [26], organic molecules, and
proteins are possible [27].

Herein, we designed a novel Exo IlI-assisted signal amplification strategy for colori-
metric sensing of aflatoxin B1. A nano aptasenor was firstly established by modifying
AFB1-specific aptamers on the surface of magnetic nanobeads, and then the binding site
of the aptamer strand was blocked through the hybridization with its complementary
DNA (cDNA). In the signal amplification procedure, a G-rich strand DNA (52) and its
complementary strand DNA (S1) were designed to form a duplex DNA with 3’ overhangs
containing more than 4 bases, which inhibits the catalytic activity of Exo III. The target AFB1
molecule can trigger the release of cDNA due to the specific interaction between AFB1 and
the aptamer strand. The released cDNA can hybridize with the S1-52 double-strand DNA
to form a blunt end which will be degraded by Exo III from the 3’-end of the S1 strand.
The released cDNA can trigger another Exo Ill-induced signal amplification process, while
the S2 strand can form a G-4 structure DNAzyme. In the presence of hemin, the G-4/hemin
DNAzyme shows peroxidase-mimicking catalase activity which will catalyze the colorless
ABTS to form green ABTS?*. Based on this, AFB1 could be quantitatively detected by
monitoring the increase of the absorbance value. In this study, the developed sensor was
successfully employed to detect AFB1 in three kinds of cereal samples. We found that
the detection limit of the amplification procedure-introduced sensing strategy has high
selectivity, high sensitivity and low cost, and furthermore does not require any complex
chemical modification.

2. Materials and Methods
2.1. Reagents and Standards

Standards of AFB1, AFM1, ochratoxin A (OTA), fumonisin B1 (FB1), T2 toxin (T2),
deoxynivalenol (DON), and zearalenone (ZEN) were purchased from Pribolab Co., Ltd.
(Shenzhen, China). The TE buffer was purchased from Solarbio Co., Ltd. (Beijing, China).
The 2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diamine salt (ABTS) was pur-
chased from Meryer Co., Ltd. (Shanghai, China). Hemin was obtained from Sigma Co.,
Ltd. (Saint Louis, MI, USA). Streptavidin immobilized magnetic beads were purchased
from Beaverbio Co., Ltd. (Jiangsu, China), while the commercial ELISA kit for AFB1 was
bought from MEIKE Co., Ltd. (Jiangsu, China). Other reagents used in this experiment
were sourced from Sinopharm Chemical Regent Co., Ltd. (Shanghai, China). The working
buffer, consisted of 10 mM Tris-HCL buffer that contained 50 mM NaCl, 10 mM MgCl,,
and 100 mM KCI, PH 8.0. The ABTS incubation buffer consisted of 5 mM Na, HPO,-12H,O
and 5 mM C¢HgOy7-HyO, pH 3.6, and stored at 4 °C. The ABTS working solution contained
100 pL of 72 mM ABTS, 10 uL 30% H»O,, and 890 ul. ABTS incubation buffer.
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Lastly, the AFB1 aptamer, cDNA, S1 and S2 oligonucleotides were synthesized by
Sangon Biotechnology Co., Ltd. (Shanghai, China). The sequences of the oligonucleotides
are as follows:

FAM-labeled AFB1 aptamer: 5-FAM-TGC ACG TGT TGT CTC TCT GTG TCT CGT
GCTTIT TT-3;

BHQ1-labeled cDNA: 5'-AGA CAA CAC GTG CAA TAA C-BHQ1-3;

AFBI aptamer: 5'- TGC ACG TGT TGT CTC TCT GTG TCT CGT GCT TTT TT-Biotin-3/;

cDNA: 5-AGA CAA CAC GTG CAA TAA C-3/;

S1: 5-AAA ACC CAA AAC CCA AAA CCC TGC ACG TGT TGT CT-3/;

S2: 5'-CAC ATG CTG GGT TTT GGG TTT TGG GTT TTG GGA GCT A-3'.

2.2. Instrumentation

Fluorescence spectra and fluorescence intensity were measured by a F-320 fluorescence
spectrophotometer manufactured by Gangdong Sci. & Tech. Co., Ltd. (Tianjin, China).
The emission spectrum was recorded in the 515-700 nm wavelength range under the excitation
at 492 nm, while the slit width was set to 10 nm. A microplate reader from Thermo Scientific
Co., Ltd. (Shanghai, China) functioned to read the colorimetric value at 415 nm. A metal bath
in the experiment was obtained from Shanghai Longyue Instrument Equipment Co., Ltd.

2.3. Optimization of AFB1-Induced cDNA Displacement from Aptamer

FAM-labeled aptamer (50 pL, 500 nM) was injected in a 200 uL tube, and then 50 pL
of different concentrations of BHQ1-labeled cDNA were added (0 nM, 125 nM, 250 nM,
500 nM, 1000 nM, and 1500 nM). Then the tubes were placed in the metal bath and incubated
at 37 °C for about 30 min. The fluorescence intensity at 525 nm was recorded with the
excitation at 492 nm. The hybridization ratio of the aptamer and cDNA was optimized.

For the optimization of hybridization time between aptamer and cDNA, FAM-labeled
aptamer (50 uL, 500 nM) and BHQ1-labeled cDNA (50 uL, 500 nM) was first mixed adequately,
and then incubated at 37 °C for 3 min, 5 min, 10 min, 15 min, 20 min, and 30 min, respectively.
The fluorescence intensity at 525 nm was recorded with the excitation at 492 nm.

Lastly, the reaction time between the aptamer—-cDNA and AFB1 was optimized.
The FAM-labeled aptamer (50 pL, 500 nM) and BHQ1-labeled cDNA (50 uL, 500 nM)
were first mixed adequately, and then 50 uL of 2 ng/mL AFB1 was added and incubated at
37 °C for 10 min, 20 min, 30 min, 40 min, 50 min, and 60 min, respectively. Fluorescence
intensity at 525 nm was recorded with the excitation at 492 nm.

2.4. Optimization of G-4/Hemin Colorimetric Conditions

For optimizing the hemin concentration, 20 puL of 1 uM S2 was put into a 96-well
microtiter plate and 35 uL of working buffer was added to it. Then, 60 pL of different
concentrations of hemin (0, 0.5, 1, 2, 4, 8, 16, and 32 uM) were added, and they were put
into an incubator at 37 °C for 10 min. Following that, 40 uL of ABTS working solution
was added and incubated at 37 °C for 10 min. Finally, the absorbance value at 415 nm
was measured.

For the optimization of the hemin incubation time, 20 pL of 1 uM 52 was put into a
96-well microtiter plate and to it was added 35 pL of working buffer. Then, 60 uL of 4 uM
hemin was added to assess the reaction in a 37 °C incubator for different amounts of time
(0, 5, 10, 15, 20, 25, and 30 min). After that, 40 uL of ABTS working solution was added
to see the reaction in a 37 °C incubator for 10 min. Lastly, the absorbance value at 415 nm
was measured.

For the optimization of the colorimetric temperature, 20 uL of 1 uM S2 was put into
a 96-well microtiter plate and to it was added 35 uL of working buffer. Following this,
60 pL of 4 uM hemin was added to see the reaction for 10 min at temperatures of 4 °C,
25°C, 37 °C, and 50 °C, respectively. Then, 40 uL. of ABTS working solution was added
and incubated at 37 °C for 10 min. Completing this process was measuring the absorbance
value at 415 nm.
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2.5. Detection of AFB1 Using the Developed Aptasensor

The 60 pL of streptavidin immobilized magnetic beads (1 mg/mL) were put into a
1.5 mL tube, and then washed twice with 200 uL of working buffer after the magnetic
separation. Next, 100 uL aptamer (200 nM) was situated in the washed beads to test the
reaction for 30 min in a shaker (150 rmp) at 37 °C. The beads were subsequently washed
twice with 200 pL of working buffer in a magnetic field, followed by adding 100 pL of
AFB1 with different concentrations (0, 0.0032, 0.016, 0.08, 0.4, 2, 10, 50 ng/mL) in a metal
bath for 20 min under 37 °C for reaction purposes. In the next step, 100 pL of cDNA
(200 nM) was added after being twice washed with 200 pL of working buffer. The mixture
was placed in a metal bath at 37 °C for 3 min, and then the tubes were positioned in a
magnetic field. Then 10 pL of supernatant was put into 40 uL of a pre-processed 51-S2
duplex solution. It should be noted that the 1 pM of S1 and 1 uM of S2 were equally
mixed and pretreated at 95 °C for 3 min, and then cooled to room temperature naturally.
With this done, 5 uL of Exo III (10 U/uL) was added for incubation lasting 1 h at 37 °C.
After that, 60 pL of hemin (4 tM) was added and incubated for 10 min at 37 °C. Finally,
40 pL of ABTS working solution was added and subjected to a reaction for 8 min in an
incubator at 37 °C. The absorbance value at 415 nm was recorded using a microplate reader.

2.6. Treatment of the Real Cereal Samples

Maize, millet, and sorghum were first ground and filtered with a mesh size of 2 mm.
Next, varying concentrations of AFB1-spiked samples (0.5 g) were extracted using 2 mL
methanol-water mixture (70:30, v/v) and shook continuously for 10 min. After centrifuga-
tion for 10 min (6000 rmp/min), the supernatant and dilute were taken 5 times to obtain
the sample extract that would be used for testing.

3. Results and Discussion
3.1. Principle of the Signal Amplification-Based Aptasensor

As shown in Figure 1, in this amplification reaction system, the designed DNA probes
S1 and S2 can be hybridized to form a stable toehold duplex structure (S1/52), and in this
case, the quadruplex-forming oligomer (52) strand will not form a stable G-quadruplex
structure. In the presence of AFB1, the aptamer immobilized on the magnetic nanobead
opens to combine with the target AFB1, inducing the conformational change of the ap-
tamer and releases its complementary primer chain (cDNA) from the magnetic nanobeads.
The cDNA is the starting strand that triggers the amplification cycle. When the duplex
probe (51/52) is challenged with the released cDNA, the primer cDNA can hybridize with
its complementary sequence parts in the duplex probe (51/52), and the hybridization
leads to a blunt 3'-terminus, which can be catalyzed by Exo III. Subsequently, the cDNA
and a quadruplex-forming oligomer (G-4) can be released. The intriguing interaction
between the G-4 structure and its specific ligand, hemin, brings about a peroxidase-like
activity to catalyze the colorless ABTS? into green ABTS** under the influence of H,O5.
During the Exo III catalysis stage, the retrieved cDNA is ready to bind to another S1/52
probe to activate a new cycle, generating a concomitant increase in the catalysis ability of
the G-4 DNA enzyme.



Foods 2021, 10, 2568

50f13

r _____________________________________________ |
1
: o :

|
I U M :
: = > 1
- |
! l’ I
: ) !
|
I J ! Recycle 1
! LEENNw ’L\' i .
- |

|
|
: ABTS I
| S “IILTITT,
: H>0: - :
I Hemin 1
S e D P S PP P PN
D R B e e e 1
: O Streptavidin-magnetic beads A Biotin u AFB1 ’ EXOIII
| s Aptamer strand e cDNA e S] e S2 :

Figure 1. Schematic illustration of the Exo III-induced signal amplification aptasensor for the
colorimetric detection of aflatoxin B1 (AFB1).

3.2. Optimization of AFB1-Induced cDNA Displacement from Aptamer

The AFB1-induced displacement of the cDNA from the aptamer is the key not only
for the recognition unit of the target but also for the starting unit of the amplification
reaction. We tested the feasibility of this process for AFB1 detection employing a FRET
analysis [28,29]. We labeled the anti-AFB1 aptamer and its complementary DNA with a
fluorescence probe (FAM) and quencher probe (BHQ1), respectively. When AFB1 was not
present, the FAM-labeled aptamer hybridized with the BHQ1-labeled cDNA, generating
a decreased fluorescence signal. When AFBI1 existed in the buffer solution, the signal
significantly increased, which confirmed the displacement of the cDNA from the aptamer.
To design the truncated cDNA probe, we divided the structure of the reference aptamer
into two halves based on previous reports describing AFBl-aptamer kissing complexes [30].
Furthermore, we assumed that the first part of the aptamer contained 14 nucleotides from
the 5’end (1 to 14) and might form a kissing complex and facilitate AFB1-aptamer complex
formation. Thus, its complementary cDNA (14 nucleotides-length) was designed by using
UNAFold for the competitive displacement assay.

As can be seen from Figure 2A, fluorescence intensity of the FAM-aptamer in the
duplex dropped to 85% due to FAM-BHQ1 pairing. When 2 ng/mL AFB1 existed in the
solution, there was a significant increase in the fluorescence intensity of the aptamer—cDNA
duplexes (about 72%), which revealed the formation of the aptamer-AFB1 complex and
subsequent dissociation of BHQ1-labeled complementary cDNA. The fluorescence for
switching in the duplex was monitored by increasing this fluorescence intensity, which
confirmed that separation of the aptamer-cDNA pair did occur.
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Figure 2. (A) Fluorescence effect of FAM-aptamer and BHQ1-cDNA in the structure-switch displace-
ment assays. (B) Optimization of the hybridization ratio of aptamer and cDNA. (C) Optimization
of the hybridization time of aptamer and cDNA. (D) Optimization of the reaction time between the
aptamer—-cDNA and AFB1. F and FO0 are respectively the fluorescence intensity in the presence and
absence of AFB1.

In order to obtain better cDNA displacement efficiency, the hybridization ratio of the
aptamer and cDNA was first optimized. As shown in Figure 2B, the fluorescence of the
aptamer—cDNA duplex decreased when the hybridization ratio (aptamer: cDNA) changed
from 1:0.25 to 1:3, which indicated that the formation of the duplex specifically depended
on the concentration of the cDNA probe. When the hybridization ratio reached 1:1, the
FAM fluorescence quenching efficiency achieved virtually the same. Although higher
quenching efficiency generated for the duplex contains a larger concentration of cDNA
(1:2 and 1:3), the hybridization ratio of 1:1 was selected for the following experiment. It
took into account that the excess of cDNA may cause a higher signal background in the
cDNA-induced signal amplification process.

Figure 2C presents the ideal time required for the aptamer-cDNA hybridization when
the ratio of cDNA /aptamer was set as 1:1, determined in the single-variable experiment.
After 3 min, the reduced value of the fluorescence signal slows down, which strongly
suggested that the free aptamer strands and the cDNA strands in the solution almost form
the aptamer—cDNA duplexes in a short time, and induce the FRET between the FAM and
BHQ1. On this basis the aptamer—cDNA hybridization time was determined to be 3 min.
In addition, the aptamer is the key as the recognition unit of the target. Thus, the incubation
time between the aptamer and AFB1 was greatly improved (Figure 2D). As time passed
from 10 min to 60 min, the fluorescence recovery (F-Fy) gradually increased. After 20 min,
the fluorescence recovery value tended to be stable although it fluctuated, which re-
vealed that most of the AFBl-aptamer recognizing and binding process could finish within
20 min. Therefore, the AFBl-aptamer reaction time of 20 min was chosen to ensure that
the sufficient combination of aptamer and AFB1 was realized. In the optimized scenario,
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2 ng/mL of AFB1 can induce about 4 times the signal recovery in the aptamer—-cDNA
duplex system.

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.3. Optimization of G-4/Hemin Colorimetric Conditions

The G-rich sequences associate with hemin to form massive peroxidase-mimicking
DNAzymes [31], which can catalyze the oxidation of the colorless ABTS?~ to green-colored
ABTS?* in the presence of HyO,. The concentration of hemin, the G-4/hemin incuba-
tion time, and the incubation temperature wielded great influence on the formation of
the G-4/hemin complex, thereby affecting the catalytic oxidation of ABTS. We firstly
studied the colorimetric effect of the hemin concentration in the presence of 1 uM G-4
strand (S2), finding that a small colorimetric response (background) was obtained for the
hemin probe free solution. In addition, the absorbance value of the G-4/hemin colori-
metric system at 415 nm increased upon increasing the concentration of hemin (from 0 to
32 uM) in the 0.11-2.65 a.u. range (Figure 3A). According to Figure 3B, the absorbance
value also gradually rises along with the increasing interaction time between the hemin
and the G-4 from 0 to 30 min. In addition, it was found here that the absorbance value in-
creased when the experiment working temperature was ramped up (Figure 3C). Based on
the above optimization, the hemin concentration, incubation time, and working tem-
perature of the G-4/hemin colorimetric system were set to 4 pM, 10 min, and 37 °C,
respectively, to obtain a desirable optical density value of 1 a.u. After adding ABTS in the
G-4/hemin, the absorbance values increased rapidly, and it only needed 8 min to reach 1 a.u.
(Figure 3D), which indicated that the G-4/hemin has a high catalytic activity towards ABTS.
For this reason, the explicit catalytic time of 8 min was selected as being ideal for colorimet-
ric analysis.
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Figure 3. Optimization of the G-4/hemin colorimetric conditions. (A) Concentration of hemin.
(B) Incubation time of between G-4 and hemin. (C) Working temperature. (D) Reaction time between
G-4/hemin and ABTS.
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3.4. Verification of the Exo Ill-Induced Signal Amplification Procedure

We designed a duplex DNA probe with one DNA strand containing a G-4 DNA se-
quence, and this G-4 sequence will be covered by a complementary sequence in the duplex
DNA, which hampers the ability of the G-4 probe to form a G-4 structure. Meanwhile, the
duplex DNA probe is constructed as protruding to ensure the probe cannot be digested by
Exo III. In the presence of cDNA, the cDNA can hybridize with the ssDNA at the 5'end
of the duplex with leads to create a cleavage site. Exo III can then catalyze the stepwise
removal of mononucleotides from this 5 terminus, releasing the cDNA and the G-4 se-
quence. The released G-4 sequence forms a G-4 structure by self-folding, which binds to
hemin to form the DNAzyme. The released cDNA binds to another 3'-end of the duplex to
trigger a new hydrolysis reaction, leading to significant amplification of the signal. In order
to verify the performance of this cDNA-induced amplification procedure, we challenged it
with a series of cDNA concentrations. The colorimetric signal increased with the cDNA
concentration up to 500 nM (Figure 4). There was a linear relationship between the signal
and the concentration of cDNA in the 0 to 125 nM range and a correlation coefficient of
0.9961 was obtained. This result indicated that the release of the G-4 sequence greatly
depended on the concentration of cDNA.
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Figure 4. Colorimetric signal changes in the G-4/hemin mixture as a function of the concentration of
perfectly matched cDNA. (A) Calibration curve for determination of the cDNA; (B) Linear correlation
at a concentration range of 0-125 nM.

3.5. Construction of the Signal Amplification-Based Nanosenosr for AFB1 Detection

A novel nanosensor was constructed by combining the AFBl-induced aptamer-
structure switch process and the Exo Ill-induced colorimetric signal amplification pro-
cedure. In order to reduce the detection background caused by the excess of cDNA in
the aptamer-structure switch process, we applied the aptamer-immobilized magnetic
nanobeads. They served as the sensing platform to remove the aptamer and aptamer-
combined cDNA through magnetic separation. It is worth noting that the introduction of
nanobeads can improve the modification efficiency and the stability of the sensing.

Under optimized experimental conditions, the sensitivity of the proposed sensor for
AFBI1 detection was examined in the working buffer. Figure 5 displays colorimetric signals
of the sensing system corresponding to a series of different concentrations of AFB1. As can
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be seen, the colorimetric signal increases when the concentration of AFB1 is elevated from
0.0032 ng/mL to 50 ng/mL.

0.80 1

y =0.0257In(x) + 0.6837
R2=0.9968

Absorbance
S o o o
(@) (@)Y ~J ~J
= W =] W
1 1 1 1

V.55

11 1 SN T —
0.001 0.01 0.1 1 10

logC(AFB1/ppb)

Figure 5. Linear relationship between the colorimetric signal and concentration of AFB1 on logarith-
mic scales. Each data point represents an average of 3 measurements (each error bar indicates the
standard deviation).

By plotting the colorimetric signal vs. the concentration of AFB1, a calibration detec-
tion line is obtained for AFB1 detection. The colorimetric signal varies linearly with the
AFB1 concentration in the range from 0.0032 ng/mL to 50 ng/mL with a good regression
coefficient of 0.9968. The practical detection limit for AFB1 is defined as 0.0032 ng/mL
when applying it in the gradient diluted AFB1 solution. Such a detection limit is signif-
icantly improved compared to other commonly used approaches or is comparable with
many methods coupled with complicated signal amplification strategies for AFB1 detection
(Table 1).

Table 1. Comparison of the developed aptasensor with other different detection methods for AFB1

determination.
Detection LOD
Methods Sensing PLATFORM Range Reference
(ng/mL)
(ng/mL)
Electrochemistry SPCE/GO-aptamer/MB 0.05-6.0 0.05 [32]
. Gold
Electrochemistry electrode/MB/ Aptamer 0.6-150 0.6 [33]
Fluorescence TPE-Z/GO/aptamer 0.25-3 0.25 [34]
Fluorescence AuNPs-aptamer/QDs 3.1-125 1.06 [35]
Surface-enhanced Poly (N-acr'yloyl 10-100 10 [36]
Raman glycinamide)
Immunochromatographic AuNPs/aptamer 0-50 1.05 [37]
. . Magnetic .
Colorimetric assay 0.0032-50 0.0032 This work

nanobeads/aptamer
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To evaluate the selectivity of our proposed aptasensor for the detection of AFB1, mon-
itoring the color change of the solution against other control targets is done by examining
DON, OTA, T2, FB1, ZEN, and AFM1 [38]. As shown in Figure 6, the presence of even a
10-fold excess (100 ng/mL) of the control targets causes insignificant color changes in the
solutions, while the presence of a smaller concentration of AFB1 (10 ng/mL) results in a
substantial increase in the colorimetric signal. More importantly, the mixture of the control
molecules and AFB1 wields only a slight influence on the colorimetric signal, revealing that
our fabricated colorimetric amplification approach is highly selective for AFB1 detection,
and other targets have no interference.
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Figure 6. Selectivity investigation of the proposed sensor for DON, OTA, T2, FB1, ZEN, and AFM1
(final concentration 100 ng/mL). The concentration of AFB1 is 10 ng/mL.

This sensor was designed to detect AFB1 in cereals, and the sample extract may influ-
ence the aptamer-AFB1 recognition and signal amplification procedure, and subsequently
the guide detection performance. To study the matrix effect, we applied the developed
aptasensor in the extract solution and established the extract-calibrated detection curve.
As shown in Figure S1, the detection line developed in the extract also demonstrated a high
linear relationship. The calibration equation obtained from this curve was y = 0.017Inx
+ 0.706 with a correlation coefficient of R? = 0.9958. The practical detection limit is also
defined to be 0.0032 ng/mL when used in different concentrations of AFB1 in the extract.
In order to evaluate the practical application of the proposed aptasensor, we challenged it
by using three kinds of cereal samples (10 pug/kg, 20 nug/kg, and 40 ug/kg of AFB1 were
spiked to corn samples; and 2.5 ug/kg, 5 ug/kg, and 10 ng/kg of AFBlwere spiked to
millet and sorghum samples) in identical experimental procedures. The analysis results
are summarized in Table 2. The average recovery of the developed sensor ranged from
93.83-111.58%, with the relative standard deviation (SD) varying from 0.82% to 7.20%.
The results of the commercial ELISA kit matched well with those obtained from our devel-
oped sensor, with a recovery from 83.01% to 94.81%, indicating that the proposed aptasen-
sor can be used as a robust and sensitive detection method for AFB1 in
cereal samples.
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Table 2. Applications of the developed sensor for AFB1 in different cereal samples and verification
with a commercial ELISA kit. (n = 3).

This Work Commercial ELISA Kits
Sample Spiked Found R Found R
AFB1 (ug/kg) oun ecovery oun ecovery
(ug/kg) (%) (ng/kg) (%)

10 11.02 £0.72  110.26 +7.20 8.30 = 0.24 83.01 +2.37
corn 20 18.77 4+ 0.37 93.83 + 1.88 17.80 4+ 0.31 89.27 +1.57
40 38.27 £ 0.61 95.69 £ 1.53 3792 +1.14 94.81 + 2.86
25 2.36 +0.02 94.53 + 0.82 2.23 +0.05 89.18 + 1.86
millet 5 4.86 +0.17 97.12 £ 3.40 4.68 +0.18 93.6 0 & 3.56
10 11.16 £ 0.38  111.58 £3.79 8.31 £ 0.15 83.07 147
2.5 2.39 +0.03 95.65 + 1.14 2.15 4+ 0.03 86.03 +1.37
sorghum 5 5.13 +£0.10 102.66 + 2.02 434 +0.11 86.86 +2.24
10 11.10 £ 0.21 110.96 + 2.05 9.25 4+ 0.25 92.51 + 2.48

4. Conclusions

In this paper we developed a novel colorimetric nano aptasensor for ultrasensitive
detection of AFB1. It is achieved by combining a magnetic nanobeads-based aptamer-
structure-switch assay and an Exo Ill-assisted signal amplification approach. This biosensor
demonstrated a higher sensitivity (0.0032 ng/mL) compared with most of the detection
methods devised in other research. The practical application of this sensor was also verified
through a recovery experiment in three different kinds of cereals by using commercial
ELISA Kkits as a comparison. This ultrasensitive biosensor is a potentially versatile and
modular sensing platform for the detection of numerous harmful substances by simply
changing other aptamers into molecular recognition probes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10112568 /51, Figure S1: Extract-calibrated detection curve.

Author Contributions: Conceptualization, F.Z.; Formal analysis, R.L.; Investigation, Y.C.; Method-
ology, Y.C. and M.L.; Project administration, S.W. and X.W.; Writing—original draft, Y.C. and FZ.;
Writing—review & editing, FZ.,R.L., Y.S., and X.W. All authors have read and agreed to the published
version of the manuscript.

Funding: Please add: This research was funded by the Industrial Innovation Team Program of
Modern Agricultural Industry Technology System of Hebei Province (NO. HBCT2018030208), the
special fund for researchers from Hebei Agricultural University (NO.7013002093 and NO.7013002066),
and the Food Processing Discipline Group of Hebei Agricultural University (NO.2020-09).

Acknowledgments: Authors would like to acknowledge Hebei Agricultural University for providing
instruments used in the experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ji, X;; Zhang, Q.; Zheng, W.; Yao, W. Morphological and molecular response of small intestine to lactulose and hydrogen-rich
water in female piglets fed Fusarium mycotoxins contaminated diet. J. Anim. Sci. Biotechnol. 2019, 10, 9. [CrossRef] [PubMed]

2. Ma, R; Zhang, L.; Liu, M,; Su, Y.T,; Xie, WM.; Zhang, N.Y,; Dai, ].E; Wang, Y.; Rajput, S.A.; Qi, D.S,; et al. Individual and
Combined Occurrence of Mycotoxins in Feed Ingredients and Complete Feeds in China. Toxins 2018, 10, 113. [CrossRef] [PubMed]

3. Zhao, L,; Zhang, L.; Xu, Z,; Liu, X,; Chen, L.; Dai, J.; Karrow, N.A.; Sun, L. Occurrence of Aflatoxin B1, deoxynivalenol and
zearalenone in feeds in China during 2018-2020. J. Anim. Sci. Biotechnol. 2021, 12, 74. [CrossRef]

4. Sun, L.H.; Zhang, N.Y.; Zhu, M.K,; Zhao, L.; Zhou, ].C.; Qi, D.S. Prevention of Aflatoxin B1 Hepatoxicity by Dietary Selenium Is
Associated with Inhibition of Cytochrome P450 Isozymes and Up-Regulation of 6 Selenoprotein Genes in Chick Liver. J. Nutr.
2015, 146, 655-661. [CrossRef]

5. Zhang, N.Y;; Qi, M.; Zhao, L.; Zhu, M.K,; Guo, J.; Liu, ].; Gu, C.Q.; Rajput, S.A.; Krumm, C.S.; Qi, D.S.; et al. Curcumin Prevents
Aflatoxin B(1) Hepatoxicity by Inhibition of Cytochrome P450 Isozymes in Chick Liver. Toxins 2016, 8, 327. [CrossRef]

6. Wang, Y,; Lu, M,; Tang, D. Novel photoluminescence enzyme immunoassay based on supramolecular host-guest recognition

using L-arginine/6-aza-2-thiothymine-stabilized gold nanocluster. Biosens. Bioelectron. 2018, 109, 70-74. [CrossRef]


https://www.mdpi.com/article/10.3390/foods10112568/s1
https://www.mdpi.com/article/10.3390/foods10112568/s1
http://doi.org/10.1186/s40104-019-0320-2
http://www.ncbi.nlm.nih.gov/pubmed/30805184
http://doi.org/10.3390/toxins10030113
http://www.ncbi.nlm.nih.gov/pubmed/29518909
http://doi.org/10.1186/s40104-021-00603-0
http://doi.org/10.3945/jn.115.224626
http://doi.org/10.3390/toxins8110327
http://doi.org/10.1016/j.bios.2018.03.007

Foods 2021, 10, 2568 12 0f 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Bacaloni, A.; Cavaliere, C.; Cucci, F; Foglia, P.; Samperi, R.; Lagana, A. Determination of aflatoxins in hazelnuts by various sample
preparation methods and liquid chromatography-tandem mass spectrometry. J. Chromatogr. A 2008, 1179, 182-189. [CrossRef]
[PubMed]

Sheijooni-Fumani, N.; Hassan, J.; Yousefi, S.R. Determination of aflatoxin Bl in cereals by homogeneous liquid-liquid extraction
coupled to high performance liquid chromatography-fluorescence detection. J. Sep. Sci. 2011, 34, 1333-1337. [CrossRef] [PubMed]
Warth, B.; Sulyok, M.; Krska, R. LC-MS/MS-based multibiomarker approaches for the assessment of human exposure to
mycotoxins. Anal. Bioanal. Chem. 2013, 405, 5687-5695. [CrossRef]

Abnous, K.; Danesh, N.M.; Alibolandi, M.; Ramezani, M.; Sarreshtehdar Emrani, A.; Zolfaghari, R.; Taghdisi, S.M. A new
amplified pi-shape electrochemical aptasensor for ultrasensitive detection of aflatoxin B1. Biosens. Bioelectron. 2017, 94, 374-379.
[CrossRef] [PubMed]

He, X,; Ying, Y.; Zhao, X.; Deng, W.; Tan, Y.; Xie, Q. Cobalt-doped tungsten trioxide nanorods decorated with Au nanoparticles
for ultrasensitive photoelectrochemical detection of aflatoxin B1 based on aptamer structure switch. Sens. Actuators B Chem.
2021, 332. [CrossRef]

Wei, M.; Zhao, E; Xie, Y. A novel gold nanostars-based fluorescent aptasensor for aflatoxin Bl detection. Talanta 2020, 209, 120599.
[CrossRef] [PubMed]

Li, Y.; Zhao, Q. Aptamer structure switch fluorescence anisotropy assay for aflatoxin B1 using tetramethylrhodamine-guanine
interaction to enhance signal change. Chin. Chem. Lett. 2020, 31, 1982-1985. [CrossRef]

Tan, H.; Ma, L.; Guo, T.; Zhou, H.; Chen, L.; Zhang, Y.; Dai, H.; Yu, Y. A novel fluorescence aptasensor based on mesoporous silica
nanoparticles for selective and sensitive detection of aflatoxin B1. Anal. Chim. Acta 2019, 1068, 87-95. [CrossRef]

Chen, P; Huang, K.; Zhang, P.; Sawyer, E.; Wu, Z.; Wei, X.; Ying, B.; Geng, J. Exonuclease IlI-assisted strand displacement
reaction-driven cyclic generation of G-quadruplex strategy for homogeneous fluorescent detection of melamine. Talanta 2019, 203,
255-260. [CrossRef] [PubMed]

Yang, X.; Wang, L.; Pang, L.; Fu, S.; Qin, X.; Chen, Q.; Man, C.; Jiang, Y. A novel fluorescent platform of DNA-stabilized silver
nanoclusters based on exonuclease III amplification-assisted detection of Salmonella Typhimurium. Anal. Chim. Acta 2021, 1181.
[CrossRef] [PubMed]

Ren, Y.; Gao, P,; Song, Y.; Yang, X.; Yang, T.; Chen, S.; Fu, S.; Qin, X.; Shao, M.; Man, C.; et al. An aptamer-exonuclease III (Exo
III)-assisted amplification-based lateral flow assay for sensitive detection of Escherichia coli O157:H7 in milk. J. Dairy Sci. 2021,
104, 8517-8529. [CrossRef] [PubMed]

Wang, X.; Xu, C.; Wang, Y.; Li, W.; Chen, Z. Electrochemical DNA sensor based on T-Hg-T pairs and exonuclease III for sensitive
detection of Hg2+. Sens. Actuators B Chem. 2021, 343, 130151. [CrossRef]

Bai, D; Ji, D.; Shang, J.; Hu, Y,; Gao, J.; Lin, Z.; Ge, J.; Li, Z. A rapid biosensor for highly sensitive protein detection based on
G-quadruplex-Thioflavin T complex and terminal protection of small molecule-linked DNA. Sens. Actuators B Chem. 2017, 252,
1146-1152. [CrossRef]

Balasubramanian, S.; Hurley, L.H.; Neidle, S. Targeting G-quadruplexes in gene promoters: A novel anticancer strategy? Nat. Rev.
Drug Discov. 2011, 10, 261-275. [CrossRef]

Javan Kouzegaran, V.; Farhadi, K.; Forough, M.; Bahram, M.; Persil Cetinkol, O. Highly-sensitive and fast detection of human
telomeric G-Quadruplex DNA based on a hemin-conjugated fluorescent metal-organic framework platform. Biosens. Bioelectron.
2021, 178, 112999. [CrossRef] [PubMed]

Lu, L.; Mao, Z.; Kang, T.S.; Leung, C.H.; Ma, D.L. A versatile nanomachine for the sensitive detection of platelet-derived growth
factor-BB utilizing a G-quadruplex-selective iridium(III) complex. Biosens. Bioelectron. 2016, 85, 300-309. [CrossRef] [PubMed]
Lu, L.; Wang, W.; Wang, M.; Kang, T.S.; Lu, ].J.; Chen, X.P.; Han, Q.B.; Leung, C.H.; Ma, D.L. A luminescent G-quadruplex-selective
iridium(iii) complex for the label-free detection of lysozyme. |. Mater. Chem. B 2016, 4, 2407-2411. [CrossRef]

Saran, R.; Yao, L.; Hoang, P,; Liu, ]J. Folding of the silver aptamer in a DNAzyme probed by 2-aminopurine fluorescence. Biochimie
2018, 145, 145-150. [CrossRef]

Wu, Y; Shi, Y,; Deng, S.; Wu, C.; Deng, R.; He, G.; Zhou, M.; Zhong, K.; Gao, H. Metal-induced G-quadruplex polymorphism for
ratiometric and label-free detection of lead pollution in tea. Food Chem. 2021, 343, 128425. [CrossRef]

Ren, R;; Bi, Q,; Yuan, R.; Xiang, Y. An efficient, label-free and sensitive electrochemical microRNA sensor based on target-initiated
catalytic hairpin assembly of trivalent DNAzyme junctions. Sens. Actuators B Chem. 2020, 304. [CrossRef]

Zhao, H.; Ma, C.; Chen, M. A novel fluorometric method for inorganic pyrophosphatase detection based on G-quadruplex-
thioflavin T. Mol. Cell. Probes 2019, 43, 29-33. [CrossRef] [PubMed]

Guo, J.; Mingoes, C.; Qiu, X.; Hildebrandt, N. Simple, Amplified, and Multiplexed Detection of MicroRNAs Using Time-Gated
FRET and Hybridization Chain Reaction. Anal. Chem. 2019, 91, 3101-3109. [CrossRef] [PubMed]

Ma, X.; Li, H.; Qiao, S.; Huang, C.; Liu, Q.; Shen, X.; Geng, Y.; Xu, W.; Sun, C. A simple and rapid sensing strategy based on
structure-switching signaling aptamers for the sensitive detection of chloramphenicol. Food Chem. 2020, 302, 125359. [CrossRef]
Li, Y,; Sun, L.; Zhao, Q. Aptamer-Structure Switch Coupled with Horseradish Peroxidase Labeling on a Microplate for the
Sensitive Detection of Small Molecules. Anal. Chem. 2019, 91, 2615-2619. [CrossRef]

Zhu, L.; Li, G.; Shao, X.; Huang, K.; Luo, Y.; Xu, W. A colorimetric zinc(I) assay based on the use of hairpin DNAzyme recycling
and a hemin/G-quadruplex lighted DNA nanoladder. Mikrochim. Acta 2019, 187, 26. [CrossRef]


http://doi.org/10.1016/j.chroma.2007.11.081
http://www.ncbi.nlm.nih.gov/pubmed/18093601
http://doi.org/10.1002/jssc.201000882
http://www.ncbi.nlm.nih.gov/pubmed/21491592
http://doi.org/10.1007/s00216-013-7011-1
http://doi.org/10.1016/j.bios.2017.03.028
http://www.ncbi.nlm.nih.gov/pubmed/28319905
http://doi.org/10.1016/j.snb.2021.129528
http://doi.org/10.1016/j.talanta.2019.120599
http://www.ncbi.nlm.nih.gov/pubmed/31892078
http://doi.org/10.1016/j.cclet.2020.01.022
http://doi.org/10.1016/j.aca.2019.04.014
http://doi.org/10.1016/j.talanta.2019.05.020
http://www.ncbi.nlm.nih.gov/pubmed/31202335
http://doi.org/10.1016/j.aca.2021.338903
http://www.ncbi.nlm.nih.gov/pubmed/34556234
http://doi.org/10.3168/jds.2020-19939
http://www.ncbi.nlm.nih.gov/pubmed/33896635
http://doi.org/10.1016/j.snb.2021.130151
http://doi.org/10.1016/j.snb.2017.07.181
http://doi.org/10.1038/nrd3428
http://doi.org/10.1016/j.bios.2021.112999
http://www.ncbi.nlm.nih.gov/pubmed/33493897
http://doi.org/10.1016/j.bios.2016.05.026
http://www.ncbi.nlm.nih.gov/pubmed/27183280
http://doi.org/10.1039/C6TB00426A
http://doi.org/10.1016/j.biochi.2017.07.001
http://doi.org/10.1016/j.foodchem.2020.128425
http://doi.org/10.1016/j.snb.2019.127068
http://doi.org/10.1016/j.mcp.2018.12.003
http://www.ncbi.nlm.nih.gov/pubmed/30572018
http://doi.org/10.1021/acs.analchem.8b05600
http://www.ncbi.nlm.nih.gov/pubmed/30657312
http://doi.org/10.1016/j.foodchem.2019.125359
http://doi.org/10.1021/acs.analchem.8b05606
http://doi.org/10.1007/s00604-019-3996-2

Foods 2021, 10, 2568 13 0f 13

32.

33.

34.

35.

36.

37.

38.

Goud, K.Y.; Hayat, A.; Catanante, G.; Satyanarayana, M.; Gobi, K.V.; Marty, ].L. An electrochemical aptasensor based on function-
alized graphene oxide assisted electrocatalytic signal amplification of methylene blue for aflatoxin B1 detection. Electrochim. Acta
2017, 244, 96-103. [CrossRef]

Wang, C.; Li, Y.; Zhao, Q. A competitive electrochemical aptamer-based method for aflatoxin B1 detection with signal-off response.
Anal. Methods 2020, 12, 646-650. [CrossRef]

Jia, Y.; Wu, E; Liu, P; Zhou, G.; Yu, B.; Lou, X.; Xia, F. A label-free fluorescent aptasensor for the detection of Aflatoxin B1 in food
samples using AIEgens and graphene oxide. Talanta 2019, 198, 71-77. [CrossRef] [PubMed]

Sabet, ES.; Hosseini, M.; Khabbaz, H.; Dadmehr, M.; Ganjali, M.R. FRET-based aptamer biosensor for selective and sensitive
detection of aflatoxin B1 in peanut and rice. Food Chem. 2017, 220, 527-532. [CrossRef] [PubMed]

Szlag, V.M.; Rodriguez, R.S.; Jung, S.; Bourgeois, M.R.; Bryson, S.; Purchel, A.; Schatz, G.C.; Haynes, C.L.; Reineke, T.M.
Optimizing linear polymer affinity agent properties for surface-enhanced Raman scattering detection of aflatoxin B1. Mol. Syst.
Des. Eng. 2019, 4, 1019-1031. [CrossRef]

Zhang, S.; Zhao, S.; Wang, S.; Liu, J.; Dong, Y. Development of Lateral Flow Immunochromatographic Strips for Micropollutant
Screening Using Colorants of Aptamer-Functionalized Nanogold Particles, Part II: Experimental Verification with Aflatoxin Bl
and Chloramphenicol. J. AOAC Int. 2018, 101, 1408-1414. [CrossRef] [PubMed]

Li, Z.; Xue, N.; Ma, H.; Cheng, Z.; Miao, X. An ultrasensitive and switch-on platform for aflatoxin B1 detection in peanut based
on the fluorescence quenching of graphene oxide-gold nanocomposites. Talanta 2018, 181, 346-351. [CrossRef] [PubMed]


http://doi.org/10.1016/j.electacta.2017.05.089
http://doi.org/10.1039/C9AY02276G
http://doi.org/10.1016/j.talanta.2019.01.078
http://www.ncbi.nlm.nih.gov/pubmed/30876604
http://doi.org/10.1016/j.foodchem.2016.10.004
http://www.ncbi.nlm.nih.gov/pubmed/27855935
http://doi.org/10.1039/C9ME00032A
http://doi.org/10.5740/jaoacint.18-0056
http://www.ncbi.nlm.nih.gov/pubmed/29743135
http://doi.org/10.1016/j.talanta.2018.01.039
http://www.ncbi.nlm.nih.gov/pubmed/29426523

	Introduction 
	Materials and Methods 
	Reagents and Standards 
	Instrumentation 
	Optimization of AFB1-Induced cDNA Displacement from Aptamer 
	Optimization of G-4/Hemin Colorimetric Conditions 
	Detection of AFB1 Using the Developed Aptasensor 
	Treatment of the Real Cereal Samples 

	Results and Discussion 
	Principle of the Signal Amplification-Based Aptasensor 
	Optimization of AFB1-Induced cDNA Displacement from Aptamer 
	Optimization of G-4/Hemin Colorimetric Conditions 
	Verification of the Exo III-Induced Signal Amplification Procedure 
	Construction of the Signal Amplification-Based Nanosenosr for AFB1 Detection 

	Conclusions 
	References

