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ARTICLE INFO ABSTRACT

Keywords: Aflatoxin B1 (AFB1) is a potent toxin in food, necessitating rapid, instant, and sensitive detection. We have
Aflatoxin Bl engineered an electrochemical sensor to monitor AFB1 using a system composed of Fe304-NH4/AuNPs/apt-S1.
Electrochemistry The aptamer specifically recognizes AFB1, while ‘S1° is functionalized with methylene blue to enhance the
;\:;flllf:lt lon strategy current. The RecJf exonuclease promotes the formation of the electrochemical strategy. The Fe304 component,

with its magnet properties, enables a rapid separation of solids and liquids without the need for instrumentation.
The sensor exhibits a linear range for AFB1 ranging from 1 ng to 10 pg. The regression equation is I(nA) = 446.8
x logc+2085 (where I and c represent the peak current and AFB1 concentration, respectively). The correlation
coefficient is 0.9508, and the detection limit is 3.447 nM. The relative standard deviation of AFB1 in peanut oil
ranges from 4.80% to 6.80%. These results demonstrate that the sensor has high sensitivity, stability, repeat-
ability, and specificity for AFB1 detection.

1. Introduction

About 20 derivatives of the aflatoxin family, including B1, B2, G1,
and G2, with the most common types ranked by toxicity as AFB1 >
AFM1 > AFG1 > AFB2 > AFG2 (Abdolmaleki et al., 2022). The Inter-
national Agency for Research on Cancer (IARC) classifies AFB1 as a
Group 1 and 2B human carcinogen due to its hepatocarcinogenic,
mutagenic, and genotoxic properties (Lei, Zhang, & Qi, 2013; Marchese
et al., 2018). AFB1 is commonly found in numerous food products, such
as milk, seed-based foods, and fatty oils. Excessive ingestion of aflatoxin
can damage tissues and organs, potentially leading to cancer, terato-
genesis, mutations, and even death (Chavarria et al., 2017; Rushing &
Selim, 2019).

Peanut oil, the fifth most extensively used oil in confectionery fac-
tories, candies, and pastries, is rich in fatty acids and carbohydrates,
offering high nutritional and commercial value (Tosun & Ayyildiz,
2013). However, peanut oil is also prone to aflatoxin contamination. The
study indicated that the pooled prevalence of AFB1 in peanut oil is
47.9%; AFB2, 46.45%; AFG1, 46.92%, and AFG2, 54.01% (Fakhri,
Omar, Mehri, Hoseinvandtabar, & Mahmudiono, 2023). China is the
world’s largest market for the production and consumption of peanuts
and their derivatives, particularly peanut oil (Dean, 2021). The National
Standard of the People’s Republic of China (GB 2761-2017) sets a limit
of 20 pg/kg for AFB1 in peanut oil. Permissible limits for AFB1 in food
range from 0 to 40 parts per billion (ppb), while the level in animal feeds
is about 300 ppb (Fasihi-Ramandi, Bayat, Kachuei, & Golmohammadi,
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2023). Wild et al. stated that human ingestion of AFB1 at doses of
approximately 20-100 pg-kg ™! bw per day for 1-3 weeks could result in
toxicity or death (Wild and Gong, 2010). Consequently, rapid detection
of AFBI1 in peanut oil is imperative to safeguard public health and
maintain stringent food quality control.

Conventional methods for detecting AFB1 in food mainly involve
techniques such as High-Performance Liquid Chromatography (HPLC),
Isotope Dilution Liquid Chromatography Tandem Mass Spectrometry
(ID-LC-MS/MS), Enzyme-Linked Immunosorbent Assay (ELISA), and
Thin Layer Chromatography (TLC). However, these methods have dis-
advantages such as laborious sample preparation, high cost, complex
data analysis, and the need for professional testing. Therefore, devel-
oping a convenient, rapid, and economical method to detect AFB1 is
important.

Electrochemical biosensors offer good selectivity, high sensitivity,
and simple operation, making them one of the most commonly
employed detection methods in scientific research (Xu, Wang, Ding, &
Luo, 2021). Aptamers (apt) are single-stranded DNA or RNA oligonu-
cleotide sequences characterized by high affinity and specificity for the
target, low cost, easy modification, and high stability (Qian et al., 2018;
Wang et al., 2018). Gold nanoparticles (AuNPs) have unique optoelec-
tronic, physical, and chemical properties, along with biocompatibility
and easy functionalization with various ligands (Wang, Ding, Zhang, &
Jiang, 2023). The terminal ends of aptamers are usually modified with
disulfide groups, amino groups, ferrocene, and thiols, which can be
readily bound to electrode surfaces or gold nanoscale (Wu, Baker, & Lai,
2017; Wu & Lai, 2017). Self-assembly of thiol-terminated oligonucleo-
tides on gold surfaces can be achieved mainly through the formation of
Au-S bond covalent linkages, a direct and simple method of oligonu-
cleotide functionalization of gold nanosurfaces (Tani, Thomson, & Butt,
2001).

Methylene blue (MB) is a phenothiazine that can interact with DNA
in three modes: intercalation, groove binding, and electrostatic binding
(Khadieva et al., 2021; Vardevanyan, Antonyan, Parsadanyan, Sha-
hinyan, & Petrosyan, 2021; Zhang & Tang, 2004). Due to its good sol-
ubility and strong redox signal, MB is widely used for labeling DNA
sequences or as an electrochemical signal generator for insertion into
DNA single or double strands (Abedi, Raoof, Mohseni, & Bagheri
Hashkavayi, 2023; Han, Liu, Yang, & Wang, 2019; Miao et al., 2016).
The interaction between the target and the aptamer causes changes in
the distance between the electrochemical label and the electrode sur-
face, affecting electron transfer efficiency (Yu, Sutlief, & Lai, 2018).

Therefore, we aim to fabrication of an electrochemical sensor that
enables the rapid separation and detection of AFB1 in peanut oil. First,
an electrochemical signal amplification system will be established for
the cyclic reaction of Fe304-NH,4/AuNPs/apt-S1 and AFB1. The aptamer
specifically recognizes AFB1, while ‘S1’ is functionalized with MB to
enhance the electrical signal. RecJf exonuclease facilitates electro-
chemical signal amplification. The incorporation of Fe304-NH,4 nano-
particles serves a dual purpose: providing a platform for the
immobilization of AuNPs and aptamers and enabling quick separation of
the solid-liquid mixture due to its magnetic properties. We then aspirate
the supernatant solution to detect its electrical signal. This study will
provide a promising method for the conventional detection of AFB1 in
peanut oil.

2. Materials and methods
2.1. Chemical reagents

Chloroauric acid was purchased from Dulei Biotechnology Co. Ltd.
(Nanjing, China). Sodium hydroxide was acquired from the Tianjin
Damao Chemical Reagent Factory (Tianjin, China). Trisodium citrate
was purchased from Chengdu Kelong Chemical Reagent Factory
(Chengdu, China). The aptamer (5 to 3, AGTTGGG
CACGTGTTGTCTCTCTCTGTGTCTCGTGCCCTTCGCTAGGCCCACA-SH)
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(Tan et al., 2019) and complementary strand DNA (S1, 5 to 3,
GACAACACGTGCCCAACT-MB) were obtained from Shanghai Sangong
Bioengineering Co. Ltd. (Shanghai, China). Ferric chloride hexahydrate,
ferrous chloride tetrahydrate, n-hexane, and trifluoroacetic acid were
sourced from Aladdin Biochemistry and Technology Co. Ltd. (Shanghai,
China). RecJf exonuclease was acquired from Beyotime Biotechnology
Co. Ltd. (Shanghai, China). Aflatoxin B1 was procured from Shanghai
McLean Biochemical Science and Technology Co. Ltd. (Shanghai,
China). Aflatoxins B2, M1, G1, and G2 were purchased from Shanghai
Yuanye Biotechnology Co. Ltd. (Shanghai, China).

2.2. Instruments

This study utilized a portable electrochemistry workstation IGS1200
(China) with iLAB portable electrochemistry software, a UV-Vis
photometer (Agilent CARY3500, USA), a multifunctional enzyme la-
beling instrument (Berten Instruments Ltd., Synergy H1, USA), a High-
Performance Liquid Chromatography instrument (HPLC) (Agilent
Technologies Ltd. 1260 Infinity II), a transmission electron microscope
(Hitachi H7650), a vibrating sample magnetometer (LakeShore7404,
USA), and a scanning electron microscope (SEM) (TESCAN, Czech Re-
public) MIRA LMS).

2.3. Synthesis of Fe304-NH4/AuNPs

Synthesis of gold nanoparticles: 1 mL of 1% chloroauric acid was
added to 100 mL of ultrapure water and heated to boiling with contin-
uous stirring. Then, 1.5 mL of 1% trisodium citrate was rapidly added,
and the mixture was stirred for 15 min. The color of the solution grad-
ually changed from grey to black and then to a stable purplish red (Frns,
1973Frens, 1973).

Synthesis of Fe304-NH4 (Fang, Chen, Zhang, & Chen, 2016; Guan
et al.,, 2019; Wang et al., 2014): 1 g of prepared Fe3O4NPs was ultra-
sonically dispersed in 50 mL of a 20% ethanol solution. Then, 1 mL of (3-
aminopropyl)-triethoxysilane (APTES) was added. A black suspension
with fine particles was obtained by sufficiently oscillating the mixture
for 10 h at room temperature in a water oscillating shaker at 150 r/min,
producing amino-carbonated magnetic FegO4NPs. The resulting nano-
particles were separated, washed three times with a 20% ethanol solu-
tion, and dried for future use.

2.4. Establishment of standard curve

The electrochemistry test was conducted using a screen-printed
electrode setup consisting of a saturated silver-silver chloride (Ag/
AgCl) reference electrode, a platinum counter electrode, and a working
electrode. The test parameters for the electrochemistry were: scanning
region: —0.4 to —1.1 V, scanning rate: 50 mV/s, and resting time: 2 s.
Under optimal experimental conditions, differential pulse voltammetry
(DPV) was used to determine the reduction peak currents of AFB1 at
various concentrations (1 ng/mL, 2 ng/mL, 5 ng/mL, 10 ng/mL, 100 ng/
mL, 1000 ng/mL, and 10,000 ng/mL) in a 0.1 M KCl solution. A standard
curve was established by studying the relationship between current
values and AFB1 concentration.

2.5. Pre-treatment and testing conditions for peanut oil

The treatment and detection methods were mainly based on the
determination of aflatoxins B and G in foods according to national food
safety standards (GB5009.22-2016), with appropriate adjustments.
Sample extraction: 5 g of peanut oil (accurate to 0.01 g) was weighed
into a 50 mL centrifuge tube. Then, 20 mL of a methanol-water solution
(v: v, 7:3) was added, vortexed, mixed well, and placed on a shaking
table for 20 min. The mixture was centrifuged at 6000 r/min for 15 min,
and the supernatant was reserved.

The derivatization method described in the study involves the
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Fig. 1. Biosensor illustration of Fe304-NH4/AuNPs/apt-S1 material synthesis and AFB1 detection.

following steps: Pipette 2.0 mL of the supernatant into a 5 mL centrifuge
tube and evaporate to near dryness under nitrogen at room temperature.
Then, 200 pL of hexane and 100 pL of trifluoroacetic acid were added to
the tube, vortexed for 30 s, and derivatized for 15 min at 40 °C =1 °Cin
a constant temperature oven. After derivatization, the solution was
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evaporated to near dryness with nitrogen. It was then vortexed for 30 s
to dissolve the residue with a 2.0 mL initial mobile phase and passed
through a 0.22 pm membrane for sampling.

The chromatographic separation was carried out on an Agilent 1260
Infinity II system using a reversed-phase Cig column (4.6 x 250 mm, 5
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Fig. 2. UV — vis absorption of AuNPs, Fe304-NH, and Fe304-NH4/ AuNPs (A); VSM of Fe304-NHy, Fe304-NH,/ AuNPs (B); SEM of AuNPs (C), Fe304-NH4 (D), Fe304-

NH,/ AuNPs (E).



H. Zheng et al.

£DS HERB2

Food Chemistry: X 23 (2024) 101605

| LU

Fig. 3. EDS of Fe304-NH4/ AuNPs (A-C); distributions of Fe, Au, N, and O elements in the EDS (D-G).

pm). The HPLC was equipped with a fluorescence detector, with an
excitation wavelength of 360 nm and an emission wavelength of 440
nm. The mobile phase consisted of water (phase A) and acetonitrile-
methanol (v: v, 1:1) (phase B). The elution gradient was: 0-3 min,
5-35%B, 3-6.2 min, 35-100%B, 6.2-7.5 min,100-50%B, 7.5-9 min,
50-24%B, 9-14 min, 24%B. The injection volume was 50 pL and the
flow rate was 1.0 mL/min.

3. Results and discussion
3.1. Detection strategy of AFB1 biosensor

An electrochemical signal amplification system was developed based
on the amplification strategy of AFB1 and Fe304-NH4/AuNPs/apt-S1.

Initially, Fe3O4 nanoparticles were synthesized using a co-precipitation
method. These magnetic particles were subsequently functionalized

with NH,4 groups via APTES, resulting in Fe304-NHy4. Next, AuNPs were
linked to the amino groups on Fe3O4-NH4, forming Fe3O4-NH4/AuNPs.
The aptamer was then attached to AuNPs through SH bonding, followed
by the hybridization of S1, which had been modified with MB, to the
complementary bases of the aptamer. In the presence of the target AFB1,
AFB1 binds to the aptamer, forming a stable tetrameric structure and
releasing S1. RecJf exonuclease specifically shears the aptamer,
releasing AFB1, which then competes with the apt-S1 conjugate for the
aptamer, initiating a new cycle. As this cycle repeats, the concentration
of free S1 increases, resulting in an increased electrical signal, as illus-
trated in Fig. 1.

The KCI solution in the system provides K* and Cl~ ions, acting as
mediators in the electrode reaction. The introduction of KCl enhances
the electrolyte concentration, thereby increasing the rate and sensitivity
of the electrochemical reaction. MB, a commonly used redox label and
electron transfer medium with high stability, facilitates electron
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generation and signal amplification in electrochemical biosensors (Bu
et al., 2020; Li, Song, & Fan, 2010; Schoukroun-Barnes et al., 2016). On
the electrode surface, MB undergoes a reduction reaction, converting to
leucomethylene blue (LB) by absorbing two electrons (Chanarsa, Jak-
munee, & Ounnunkad, 2022). As the concentration of S1 modified with
MB increases, the efficiency of electron transfer increases, leading to an
amplified current response.

3.2. Characterization of Fe304-NH4/AuNPs

Ultraviolet spectrophotometry is a principal technique for deter-
mining the stability and development of metal nanoparticles (Kar-
uppaiya et al., 2013). This method reveals distinct ultraviolet absorption
peaks in a specific range. For gold nanoparticles with particle sizes be-
tween 2.5 and 100 nm, the surface plasmon resonance (SPR) absorption
peaks are visible in the range of 520-580 nm (Haiss, Thanh, Aveyard, &
Fernig, 2007). UV detection showed that the gold nanoparticles’ peak
appeared around 530 nm, while the peak of Fe304-NH,4 appeared around
360 nm. Following the modification of AuNPs, absorption peaks at both
wavelengths were observed (Fig. 2A), suggesting the successful combi-
nation of AuNPs with Fe304-NH,4. The magnetic properties of FegO4-NH4
and Fe304-NH4/AuNPs nanoparticles were measured, revealing a dif-
ference in their saturation magnetic strengths of about 0.06 emu/g. This
slight variation indicates that the magnetic properties of Fe304-NHy4
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4000
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were not significantly degraded after AuNP modification, as shown in
Fig. 2B. The superparamagnetism and magnetic induction properties
showed that the amination effect did not significantly affect the super-
paramagnetism of the magnetic spheres (Guan et al., 2019).

Figs. 2C-E illustrate the morphology of AuNPs, Fe304-NHy4, and
Fe304-NH4/AuNPs under SEM. The images reveal sub-circular particles
with a gradual increase in particle size. The particle sizes of AuNPs,
Fe304-NHy4 and Fe3O4-NH4/AuNPs in transmission electron microscopy
were counted using image J software. The average particle sizes of
AuNPs, Fe304-NH,4 and Fe304-NH4/AuNPs were 21.36 nm, 47.91 nm
and 116.19 nm, respectively (Supplementary Fig. 1). Fig. 3 shows that
the energy dispersive spectrometer (EDS) detected Fe3O4-NH4/AuNPs,
demonstrating the distribution of Fe, O, N, and Au elements. The data
indicates a higher detection of Au, suggesting successful attachment of
gold nanoparticles to the surface of Fe3g04-NHy particles.

3.3. Optimization of analytical conditions

When 350 pL of AuNPs were sufficiently bound to a Fe304-NHy4 so-
lution (1.5 mg/mL), the AuNPs in the solution supernatant appeared
light pink. At the same incubation time, the least amount of free AuNPs
in the supernatant was observed at an incubation temperature of 60 °C,
with the lowest UV absorption (Fig. 4A). The incubation time was 12 h
to ensure full binding of Fe304-NH4 with AuNPs (Guan et al., 2019).
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Fig. 6. Fe304,-NH4/AuNPs/apt-S1 detects the DPV response value of 1 ng-10 ug AFB1 in 0.1 M KCl solution and the corresponding standard curve and sensor

selectivity for AFB1, AFB2, AFG1, AFG2 and AFM1.
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Table 1
Comparison between this method and other reported techniques for the detec-
tion of AFB1.

Method Journal Linear Detection Reference
range limit
FRET- Fluorescent Food 10-400 nM 3.4 nM (Sabet,
biosensor) Chemistry Hosseini,
Khabbaz,
Dadmehr, &
Ganjali, 2017)
Microarray Talanta 5-40 ppb 1.3 (ng/ (Charlermroj
technique and (ng/mL) mL) et al., 2021)
lateral flow
immunoassay
Lateral flow Food 1-19 ng/ 1 ng/mL (Jia et al.,
fluorescent strip Chemistry mL 2021)
immunosensor
Electrochemical Biosens 8nM ~ 4 2nM (Chao Wang,
method Bioelectron uM Li, & Zhao,
2019)
Aptamer-cross- Food 0-500 nM 4.93 nM (Zheng et al.,
linked hydrogel Chemistry: (0-847.79 (8.395 pg/ 2022)
sensor X ug/kg) kg)
Electrochemical 1-10,000 1.076 ng/ This work
method of ng/mL mL (3.447
amplification nM)
strategy
Table 2

Comparison of the determination of AFB1 in peanut oil samples using both the
Fe304-NH4/AuNPs/apt-S1 sensor and HPLC (n = 3).

Spiked HPLC Recovery of The constructed Recovery of RSD

(ng/mL) (ng/mL) HPLC (%) sensor(ng/mL) sensor (%) (%)
1000 1003.0 100.3 1043.3 104.3 4.84
500 489.3 97.9 522.4 104.5 6.12
250 248.3 99.3 270.9 108.4 6.80
100 105.9 105.9 101.2 101.2 4.80

The aptamers were mixed and incubated with TCEP (1: 3; v, v) for 1 h
at 37 °C to activate them. To optimize the volume of aptamers, incu-
bation temperature, and incubation time, various volumes, tempera-
tures, and times were tested. A fluorescence spectrophotometer with an
excitation wavelength of 360 nm and emission wavelength of 450 nm
was used to detect AFB1. When the aptamer binds sufficiently to AFB1,
the amount of AFB1 in the supernatant rises to a plateau and then rises
abruptly. The optimal volume of the aptamer is indicated at the plateau
phase, which was 400 pL. When the aptamer binds to AFBI, the free
AFB1 decreases, and the fluorescence intensity decreases. Therefore, the
optimal incubation temperature was 26 °C and the optimal incubation
time was 1.5 h (Fig. 4B-E).

Similarly, to optimize the volume of S1, the pH of incubation, and the
incubation time, various volumes of S1, pH levels, and incubation times
were tested. The fluorescence intensity of MB was detected using an
enzyme marker at an excitation wavelength of 665 nm and an emission
wavelength of 680 nm. When the binding of the complementary strand
and the aptamer is complete and sufficient, the S1 in the supernatant
increases, and the fluorescence intensity is high. Therefore, the optimal
volume of S1 was 50 pL. When S1 and the aptamer are well-bound, free
S1 decreases, and fluorescence intensity decreases. Thus, the optimal
incubation time was 2.5 h, and the optimal incubation pH was 7.0
(Fig. 4F-H).

3.4. Feasibility of exonucleases in electrochemical sensors

To confirm the effect of exonucleases in electrochemical sensors, we
explored the electrochemical behavior with and without exonucleases.
Using the optimized synthesis conditions of Fe304-NH4/AuNPs/apt-S1,
we set up three different AFB1 concentrations both with and without

Food Chemistry: X 23 (2024) 101605

exonuclease. The results are shown in Fig. 5. The use of exonuclease was
performed according to the instructions.

After confirming the effect of exonuclease on the electrochemical
sensor, the optimal reaction temperature of this enzyme is 37 °C ac-
cording to the instructions. The Fe304-NH4/AuNPs/apt-S1-AFB1 reac-
tion system was incubated with different volumes (1, 5, 10, 15, 20, 30
pL) and incubation times (20, 30, 40, 50, 60 min) to optimize the volume
of RecJf exonuclease and the incubation time. The reaction was termi-
nated by incubating at 65 °C for 20 min. The results indicated that the
optimal volume of RecJf exonuclease was 15 pL, with an incubation time
of 20 min (Fig. 5A and B).

3.5. Evaluation of sensor performance

The sensor can detect different concentrations of AFB1 under opti-
mized conditions. Higher concentrations of AFB1 result in more free S1
modified with MB after the enzymatic cycling reaction, leading to a
stronger electrical signal in DPV. As shown in Fig. 6, there is a linear
relationship between AFB1 concentrations from 1 ng to 10 pg, described
by the regression eq. I(nA) = 446.8 x logc+2085 (where I is the peak
current and c is the concentration of AFB1, respectively). The correlation
coefficient was 0.9508, and the detection limit was 3.447 nM.

The International Union of Pure and Applied Chemistry (IUPAC)
recommends a signal-to-noise ratio of 3 and calculating the limit of
detection (LOD). It uses the standard deviation (Sb) of the blank signal
and the slope (S) of the calibration curve (LOD = 3Sb/S = 3 x 0.1603/
0.4468 = 1.076 ng/mL = 3.447 nM). Table 1 compares the performance
of the sensors with other studies to more accurately and comprehen-
sively reflect the performance of current AFB1 sensors.

3.6. Selectivity and stability of electrochemical sensors

The selectivity and stability of the biosensor were evaluated using
the DPV method. A solution of 1 pg/mL AFB1 was used as the standard
for detection. Current values were measured at 0, 4, 8, 12, and 24 h, with
an RSD value of 1.81%. The current value was repeated 8 times by
taking 1 pg/mL at O h from the standard curve and its RSD value was
1.64%. The selectivity of the electrochemical sensor was examined using
AFB2 (2.15 pg/mL), AFM1 (2.5 pg/mL), AFG1 (2.0 pg/mL), and AFG2
(2.0 pg/mL) as interferents. Fig. 6C shows the high intensity of the AFB1
signal compared to other mycotoxins. These results confirm the sensor’s
good stability, repeatability, and selectivity.

3.7. Real sample detection

This electrochemical sensor was used to detect AFB1 in peanut oil to
compare its accuracy in detecting real samples. Peanut oil was extracted
from AFB1 while adding a certain amount of AFB1 standard, then
derivatized AFB1 and detected using a HPLC fluorescence detector,
resulting in an RSD<6.8% and satisfactory recoveries (Table 2).

4. Conclusion

A Fe304-NH4/AuNPs/apt-S1 electrochemical sensor was successfully
developed for detecting AFB1 in peanut oil. This sensor features high
sensitivity, straightforward operation, and economical processing costs.
The aptamer in this sensor is specific for AFB1, and the inclusion of RecJf
exonuclease enables electrical signal amplification. Additionally, the
utilization of screen-printed electrodes further simplifies and facilitates
the detection process. The Fe304 with magnetic properties allows for
rapid separation of solids and liquids without large-scale instruments.
The sensor has a large linear range (1 ng-10 pg) and a low detection limit
(3.447 nM). The stability and repeatability of the sensor in this work are
remarkable, with RSD<2%. The sensor’s application to AFB1 detection
in peanut oil has been validated and compared favorably to HPLC, with
RSD<6.8% and satisfactory recoveries. In summary, this method offers
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an innovative approach to monitoring AFB1 levels in food and other
industries to ensure food safety.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.fochx.2024.101605.
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