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A B S T R A C T   

Food safety is currently a significant issue for human life and health. Various fluorescent nanomaterials have 
been applied in the point-of-care test (POCT) for food safety as labeling materials. However, previous fluorescent 
nanomaterials can cause aggregation-caused quenching (ACQ), thus reducing the detection sensitivity. 
Conversely, aggregation-induced emission luminogens (AIEgens) are promising candidates for POCT in the food 
safety field because they can enhance detection sensitivity and throughput. Mycotoxins, such as aflatoxin B1 
(AFB1) and cyclopiazonic acid (CPA), are a primary threat to human life and health and a significant food safety 
issue, and their on-site detection from farm to table is needed. Herein, an ultrasensitive point-of-care test was 
developed based on TPE-Br, a blue-emissive tetraphenylethylene derivative AIEgen. Under optimal conditions, 
this AIEgen-based lateral-flow biosensor (ALFB) allowed for a rapid response of 8 min toward AFB1 and CPA 
detection, with considerable sensitivities of 0.003 and 0.01 ng/mL in peanut matrices, respectively. In peanut 
matrices, the recoveries were 90.3%–110.0% for both mycotoxins, with relative standard deviations (RSDs) 
below 6%. The ALFB was further validated via UPLC-MS/MS using spiked peanut samples. AIEgens open an 
avenue for on-site, ultrasensitive, high-throughput detection methods and can be extensively used in point-of- 
care tests in food safety.   

1. Introduction 

Point-of-care tests (POCTs) provide an on-site and laboratory- 
independent strategy for extensive applications in food safety (Wu 
et al., 2017a) and clinical tests (Marquez et al., 2019). As the practical 
pioneering method in POCTs, paper-based lateral flow immunoassays 
(LFIAs) possess advantages of rapidity, simplicity, and low cost. Typi
cally, gold nanoparticle (AuNP)-based LFIAs used the human chorionic 
gonadotropin (HCG) test are a successful application of LFIAs (Tian 
et al., 2013). However, they provide only a qualitative 
sample-to-answer, insufficient sensitivity, and narrow linear range due 
to their restricted colorimetric signal. Fluorescent nanomaterials, such 
as quantum dots (QDs) (Huang et al., 2016), lanthanide-based 

microspheres (Xia et al., 2009; Li et al., 2019), upconversion phos
phors (You et al., 2017), and photonic crystals (Inan et al., 2017), have 
been introduced to improve detection sensitivity and work linear range 
(Li et al., 2010). These fluorescent nanomaterials previously conjugated 
with specific antibodies were captured by the corresponding antigen on 
a test line, thus causing aggregation of vast fluorescent nanomaterials. 
The confinement of superfluous fluorescent nanomaterials on a defined 
surface of the test line inevitably results in fluorescence quenching due 
to π–π stacking, other nonradiative pathways, or both, generally 
recognized as aggregation-caused quenching (ACQ) (Yuan et al., 2010). 
The ACQ phenomenon hampers the broad application of LFIA-enabled 
POCTs to practical applications in food safety. The AIE discovery 
opens a promising avenue for the fluorescence-based detection strategy 
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(Hong et al., 2011). AIE phenomena result in weak fluorescence in the 
solution state but dramatically enhanced emission in the aggregated 
form due to intramolecular rotation restriction. Due to their substantial 
luminescence in the aggregated state, AIEgens have been successfully 
exploited in optoelectronic and biological applications (Hong et al., 
2009). Several studies focused on AIEgens have enabled rapid assays to 
monitor environmental risk (hydrazine) (Song et al., 2017) and terror
ists (phosgene) (Xie et al., 2017). However, these demonstrations 
focused on a single target of interest and used a standard solution other 
than the real sample. Before AIEgens are used for practical applications 
in food safety, several challenges should be addressed: (1) multiple 
targets of interest should be studied due to common co-contamination 
by chemical residues or metabolites, (2) quantitative detection with a 
portable reader should be achieved for on-site detection to reduce 
detection error by the naked eye, and (3) complicated matrix effects 
should be eliminated. It has much research must still be conducted to use 
AIEgens in in-field applications. 

Aspergillus flavus is an inevitable saprophytic fungus that severely 
infects grain and oil products worldwide. Under suitable temperature 
and humidity, up to 60% of Aspergillus can produce harmful secondary 
metabolites (Keller et al., 2005). Mycotoxins are the most toxic com
pounds among these metabolites and usually co-contaminate a wide 
range of foods and feed. Typical mycotoxins produced by Aspergillus 
flavus are aflatoxin B1 (AFB1) and cyclopiazonic acid (CPA). AFB1 is a 
crucial risk factor for liver cancer and was identified as a carcinogen 
(group 1) by the International Agency for Research on Cancer (IARC) of 
the World Health Organization (WHO). AFB1 has caused hundreds of 
deaths in India and Kenya in a short period (Kumar et al., 2017). The 
toxicity of CPA is equivalent to that of AFB1 (Tokuoka et al., 2008). CPA 
can easily lead to necrosis of the heart, liver, pancreas, and kidney and 
often contaminates peanuts along with AFB1. 

In 1960, the grave food safety issue that caused 100,000 turkey 
deaths in the UK could be attributed to AFB1 and CPA (Spensley, 1963). 
Worse, CPA and AFT’s co-contamination is easily found throughout the 
whole food chain, including production, harvest, storage, trans
portation, and digestion (Lee and Hagler, 1991). Therefore, to monitor 
the multiple mycotoxins produced by Aspergillus flavus, the development 
of a high-sensitivity and high-throughput point-of-care test is urgent. 
Although HPLC and HPLC-MS/MS have made outstanding contributions 
in multiple mycotoxin detection and are the typically used techniques 
(Zhang et al., 2016), POCTs, such as those using lateral flow biosensors 
(LFBs), as a typical example, has the advantages of simplicity, speed, and 
specificity and thus has been widely applied in food safety, clinical 
testing, and environmental monitoring (Bahadir and Sezginturk, 2016; 
Li and Macdonald, 2016). Various LFB markers, including colloidal gold, 
magnetic materials, and fluorescent nanoparticles, have been investi
gated to enhance the sensitivity of LFBs so far. Comparatively, fluores
cent LFBs have an advantage over colloidal gold in detection sensitivity 
(Xie et al., 2014). However, during the detection of ordinary fluores
cence LFIC, fluorescent nanoparticles will gather together to form a 
predesigned detection zone. This aggregation can inevitably lead to the 
ACQ phenomenon owing to the high local concentration of fluorescent 
molecules and then seriously reduce the detection sensitivity. Fortu
nately, AIEgens can address the challenge of the signal reduction from 
ACQ and improve the detection sensitivity. 

Introduction fluorescent molecules into nanoparticles can enhance 
the sensitivity by coupling or adsorbing numerous fluorescent molecules 
into one nanoparticle. The ACQ will occur when lots of fluorescent 
molecules are trapped in one nanoparticle, thus reducing the detection 
sensitivity. By contrast, AIEgens are the preferred fluorescent nano
materials because the severely restricted rotation of AIEgens generates 
strong fluorescence, thus significantly improving detection sensitivity 
(Mei et al., 2015). The more AIEgens in one nanoparticle, the higher 
fluorescent intensity can be observed, providing robust fluorescent 
emission nanoparticles. In this regard, Li et al. developed an 
AIEgens-based silica nanoparticle, finding the non-fluorescent silole 

precursor emitted a strong green fluorescence resulting from the AIE 
phenomena (Li et al., 2013). Furthermore, AIEgens have been assembled 
into polymer micelle nanoparticles, inducing the highly intensive fluo
rescence due to limited AIEgens rotation inside the polymer micelle 
(Wang et al., 2020). These AIEgen-based nanoparticles have been widely 
used in optoelectronics (Sun et al., 2018), biosensing (Zhang et al., 
2018), and biomedical applications (Zhao et al., 2018). 

Inspired by the concept of AIEgens, this study used TPE-Br, a typical 
AIE-active material, to develop AIEgen nanospheres with the swelling 
method. After conjugation with the antibody, an AIE-based lateral flow 
biosensor (ALFB) was developed to detect AFB1 and CPA simulta
neously. A homemade novel portable reader was used to quantify the 
mycotoxin concentration based on the fluorescent signal. After optimi
zation, the powerful performances were evaluated and included the 
limit of detection (LOD), linear range, recovery, specificity, and intra- 
and interassay variability. To validate the ALFB, 100 peanut samples 
that AFB1 and CPA naturally contaminated were used to compare the 
AFL biosensor to HPLC-MS/MS. To the best of our knowledge, this is the 
first study on the quantitative detection of multiple targets in real 
samples with complex matrix effects based on AIEgen nanospheres and a 
homemade portable fluorescence reader. Addressing the challenge of 
ACQ in POCTs, this ALFB shows the merits of ultrasensitivity and high 
throughput and highlights an avenue for multiple-target monitoring by 
applying POCTs in food safety. 

2. Materials and methods 

2.1. Chemicals and instruments 

Standard AFB1, CPA, deoxynivalenol (DON), zearalenone (ZEN), T-2 
toxin, fumonisin B1 (FB1), ochratoxin A (OTA), diacetoxyscirpenol 
(DAS), patulin (PAT), and citrinin (CIT) solutions, sodium dodecyl sul
fate (SDS), methylene chloride (CH2Cl2), N-(3-dimethylaminopropyl)- 
N′-ethylcarbodiimide hydrochloride (EDC), boric acid, borax, bovine 
serum albumin (BSA), AFB1-BSA, potassium dihydrogen phosphate, 
disodium phosphate, sodium chloride (NaCl), polyvinylpyrrolidone K30 
(PVP K30), sucrose, Tween-20, acetonitrile (ACN) and methanol 
(MeOH) were purchased from Sigma-Aldrich Co., Ltd. (St. Louis, MO, 
USA). CPA-ovalbumin (OVA) was produced as our previous work (Yan 
et al., 2020). Goat anti-mouse immunoglobulin (IgG) was purchased 
from Wuhan Boster Biological Technology Co., Ltd. (Wuhan, Hubei, 
China). Carboxyl-modified monodisperse polystyrene nanospheres were 
purchased from Shanghai Uni Biotechnology Co., Ltd. (Shanghai, 
China). The absorbent pad, nitrocellulose (NC) membrane (HFC13502), 
sample pad (fusion five, fusion three, glass fibers GFCP000800), and 
plastic adhesive card were purchased from Millipore (Billerica, MA, 
USA), the NC membrane (CN 95) was purchased from Sartorius (Ger
many), and the NC membrane (FF120HP) was purchased from Whatman 
International Ltd. (Maidstone, Kent, UK). Ultrapure water was obtained 
from a Millipore Milli-Q system. 

An XYZ 3050 dispensing platform, CM 4000 guillotine cutter, and 
LM 4000 batch laminator (BioDot, Irvine, CA, USA) were used to pre
pare the detection strip. A high-speed freezing centrifuge (CF16RX) was 
obtained from Hitachi (Tokyo, Japan). The vortex oscillator was pur
chased from VELP Corporation (Bohemia, NY, USA). The LCMS-8060 
UPLC-MS/MS system (Shimadzu, Kyoto, Japan) was used to compare 
the proposed ALFB method. 

2.2. Development of the ALF portable reader 

We designed a delicate ALFB portable reader driven by a commer
cially available power supply or rechargeable batteries. The ALFB can be 
accurately transmitted from the ALF slot to the dark cassette using an 
electromotor in its drive part. In its optical path design, the AIEgen 
fluorescence response can be realized in a dark cassette. Exited light is 
generated by an LED source (365 nm). After the exciting light reaches 
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the dark cassette, the ALFB is moved evenly, and the light is vertically 
irradiated on the test line (T line) and control line (C line) of the ALFB. 
The emitted light is recorded by a photomultiplier tube (PMT) after 
filtration at 480 nm. All the signals are transmitted to the control system 
with a touch panel. 

2.3. Development of anti-AFB1 or anti-CPA monoclonal antibody (mAb) 

Briefly, antigens of AFB1 and CPA were coupled to BSA and inocu
lated by subcutaneous injection into BALB/c mice (7–8 weeks old) at 
multiple sites. The indirect noncompetitive enzyme-linked immunosor
bent assay (inc-ELISA) and indirect competitive ELISA (ic-ELISA) were 
used to determine the titer and antiserum sensitivity. Cell fusion and 
hybridoma screening were performed, and then the positive cells were 
screened in a two-step procedure to guarantee monoclonality. After that, 
cell fusion and hybridoma screening were performed, and the positive 
cells were screened in a two-step procedure to ensure monoclonality. 
Then, the stable clones were expanded to obtain abundant hybridoma 
cells. After intraperitoneal injection of 0.3 mL of Freund’s incomplete 
adjuvant, each BALB/c mouse was intraperitoneally injected with these 
hybridoma cells. After the mice showed significant abdominal disten
tion, the ascitic fluids were extracted and purified by caprylic acid- 
ammonium sulfate precipitation using a protein G immunoaffinity col
umn (IAC) and then stored at − 20 ◦C before use. 

2.4. Synthesis of the AIEgen nanospheres 

As a typical AIEgen, TPE-Br was synthesized and purified according 
to previous work with little modification (Feng et al., 2020). The as
sembly of polystyrene-based TPE-Br nanospheres was performed as 
follows. A total of 100 mg polystyrene was dispersed in 10 mL of water 
(containing 0.25% SDS) via ultrasound before 0.5 mL of TPE-Br (mass 
fraction, 10%) in CH2Cl2 was added. After the dispersion was mixed 
entirely via ultrasound for 1 min, the solution was stirred at 40 ◦C. 
CH2Cl2 was removed by rotary evaporation, and then AIEgen (TPE-Br) 
nanospheres were collected by centrifugation. The resulting AIEgen 
nanospheres were washed three times with water to remove SDS. They 
were further washed and centrifuged several times with ethanol until no 
fluorescence was observed in the supernatant. Finally, fluorescent AIE
gen nanospheres were dried and redispersed in the water at a 2 mg/mL 
concentration before further use. 

2.5. Preparation of mAb@AIEgen nanospheres 

EDC and NHS were used to prepare active nanospheres with carboxyl 
groups in aqueous media. First, 200 μL of AIEgen nanospheres was 
dispersed in 800 μL of PBS buffer (0.01 mol/L, pH 7.4) via ultrasound for 
2 min. Then, 20 μL of EDC (10, 20, 40, 50, and 60 mg/mL) and 20 μL of 
NHS (10, 20, 40, 50, and 60 mg/mL) were added and stirred for 15 min, 
followed by centrifugation at 17,000 g for 20 min. The precipitate was 
resuspended in 1.0 mL of boric acid buffer (pH 6.5, 7.0, 7.4, 7.8, 8.2, 8.7, 
9.0, and 9.5). After that, 1 mg/mL mAb (AFB1 or CPA) was dispersed in 
PBS buffer (0.01 mol/L, pH 7.4). A gradient of mAbs (AFB1 or CPA) (5, 
10, 20, 30, 40, and 50 μL) was added, and the solution was vortexed (30, 
60, 90, 120, 150, 180, and 240 min) before centrifugation at 17,000 g 
for 20 min. The residue was resuspended in 1.0 mL of PBS buffer (pH 7.4, 
containing 0.5% BSA). The prepared mAb@AIEgen nanospheres (AFB1 
or CPA) were stored at 4 ◦C for future use. 

2.6. Assembly of the ALFB 

Owing to its good biocompatibility and excellent protein adsorption 
performance, the NC membrane has been widely used in paper-based 
flow chromatography test strips (Ratajczak and Stobiecka, 2020). The 
ALFB consists of an NC membrane, a plastic backing plate, a sample pad, 
and an absorbent pad. First, a BioDot XYZ 3050 dispensing platform 

operated at dispensing rates of 0.3, 0.5, and 0.7 μL/cm was used to spray 
AFB1-BSA (0.1, 0.2, 0.25, 0.5, and 0.7 mg/mL), CPA-OVA (0.1, 0.2, 0.25, 
0.5, and 0.7 mg/mL), and goat anti-mouse IgG (0.1, 0.2, 0.3, and 0.4 
mg/mL) on NC membranes for use as the T1 line (AFB1), T2 line (CPA) 
and C line (IgG), respectively. Six and four mm were set as the distances 
between the C and T1 lines and the T1 and T2 lines. After drying at 37 ◦C 
for 30 min, the absorbent pad, NC membrane (Whatman 120, Millipore 
135, Sartorius N95), and sample pad (fusion 3, fusion 5, and glass fibers) 
were sequentially attached to the plastic backing plate. Every part was 
overlapped with 2 mm to ensure solution migration along the strip. 
Finally, the whole assembly of the scale board was cut into strips with a 
4.0 mm width using a guillotine cutter and preserved at 4 ◦C. 

2.7. Sample treatment for the ALFB or UPLC-MS/MS 

Peanut samples were used for experimental validation. Modified 
one-step sample treatment was performed according to previous work 
(Hu et al., 2016). First, 10 g of peanut sample was added to 20 mL of 
methanol/water (70:30, v/v) containing 4% NaCl and homogenized for 
2 min. Then, the mixture was filtered with glass fiber filter paper. For the 
ALFB, the filtrate was diluted three times with a running buffer before 
the test. For UPLC-MS/MS, the filtrate was further filtered with a 0.22 
μm organic phase filter before a determination by UPLC-MS/MS. 

2.8. Validation of the ALFB 

The calibration curve, LOD, linear range, specificity, stability, inter- 
or intraassay variability, and recovery were evaluated via a spiked 
peanut sample. For the standard curve, the correlation was established 
as Y = aX + b. Y represents the ratio of the fluorescence intensity of the T 
line and C line, and X represents the common logarithm of the AFB1 or 
CPA concentration. For the LOD, 40 blank peanut samples were tested, 
and the LODs were calculated via the formula "LOD = 3δ/s" (Wu et al., 
2017b), in which "δ" is the standard deviation of the 40 blank sample 
values, while "s" represents the sensitivity of the method, that is, the 
slope of the calibration curve (Long and Winefordner, 1983). For spec
ificity, AFB1, CPA, and eight other mycotoxins (DON, ZEN, T-2, FB1, 
OTA, DAS, PAT, and CIT) with a concentration of 100 ng/mL were 
examined on the strip individually. Peanut samples spiked with AFB1 
(2.0 μg/kg) and CPA (30.0 μg/kg) were introduced to evaluate the 
interassay and intraassay variability. The coefficient of variation (CV) of 
the readout values from six ALFBs of different batches and six ALFBs 
from the same batch was used to assess the interassay and intraassay 
variability. The same spiked sample was used to evaluate the ALFB 
stability by testing the ALFBs every five days upon storage at 4 ◦C and 
room temperature. Spiked peanut samples (AFB1: 0.1, 5, and 20 μg/kg; 
CPA: 20, 100, and 700 μg/kg) were employed for the recovery test. 

2.9. Application 

For its applications in the real samples, 100 peanut samples were 
analyzed via ALFB and UPLC-MS/MS methods. Peanut samples from No. 
1–40 were commercially available vacuum-packed peanuts from local 
markets, while the ones from No. 41–100 were previously collected from 
markets and farmers between 2016 and 2020. The results of the ALFB 
and UPLC-MS/MS (LCMS-8060, Shimadzu: multiple reaction moni
toring modes) methods were compared. Chromatographic separation 
was performed using a Thermo C18 column (2.7 μm, 10 cm) without a 
guard column at 40 ◦C. Mobile phase A is water, and mobile phase B is 
methanol. A linear gradient elution program was developed and used 
mobile phases A and B with the following conditions: 0–2 min, 30–70% 
B; 2–3 min, 70% B; 3–4 min, 70–30% B; 4–5 min, 30% B. The elution 
flow rate was set at 300 μL/min, the injection volume was 1 μL, and the 
run time was 5 min. Spectra were obtained using a triple quadrupole 
coupled with an electrospray interface (ESI). The MS/MS system was 
operated using ESI sources in positive or negative mode. Ion pair 
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parameters are shown in Table S1. The conditions were set as follows: 
capillary voltage, 3.0 kV for ESI+ and − 3.0 kV for ESI− ; extractor 
voltage, 3.0 V; source temperature, 150 ◦C; desolvation temperature, 
350 ◦C. Argon was used as the collision gas (collision cell, 0.8 V), and 
nitrogen was used as both the nebulizing (50 L/h) and desolvation gases 
(650 L/h). Data were acquired using LabSolution software (Version 
5.89). 

3. Results and discussion 

3.1. Characterization of TPE-Br-nanospheres 

AIEgens were faintly emissive when dispersed in solution but showed 
strong fluorescence in the aggregate state (Fig. 1a). The polystyrene 
nanospheres were swollen for loading TPE-Br by ultrasound in CH2Cl2. 
After CH2Cl2 was removed by rotary evaporation, TPE-Br was sealed 
inside the polystyrene nanospheres when the polystyrene nanospheres’ 
pore size returned to their original diameter (Fig. 1b). The morphology 
of the TPE-Br nanospheres was observed by using transmission electron 
microscopy (TEM). The TPE-Br nanospheres were mostly spherical in 
morphology, with good dispersion and an average diameter of 

approximately 60 nm (Fig. 1f). The optical properties of the TPE-Br 
nanospheres were confirmed by UV–Vis and fluorescence spectros
copy. The typical excitation and emission wavelengths of the TPE-Br 
nanospheres were 365 nm and 480 nm, respectively (Fig. 1g). The 
massive Stokes shift of 200 nm can efficiently avoid interference be
tween the excitation and emission signals. The insert in Fig. 1g shows the 
color of the TPE-Br-nanosphere solution under visible light (white) and 
UV light (blue). These results confirmed that the successful preparation 
method of TPE-Br nanospheres could be used to fabricate biosensors. 

3.2. Optimization of the conjugation of TPE-Br-Nanospheres to antibodies 

Optimization of the pH value for TPE-Br nanospheres and antibody 
conjugation. Different pH values of boric acid buffer solutions were used 
to optimize the pH value for conjugating TPE-Br nanospheres with Ab. 
The ratio of the fluorescence intensity of the T-line and C-line (FT/FC) 
increased with increasing the pH to 6.5 and then decreased with 
increasing the pH above 8.2 (Fig. S1). Thus, the optimal pH value was 
8.2. 

Optimization of the mAb dose. The loading amount of anti-AFB1 
mAb or anti-CPA mAb on the NC membrane plays a vital role in 

Fig. 1. (a) The AIEgen principle (Left: no fluorescence without TPE-Br aggregation; high fluorescence with TPE-Br aggregation). (b) Synthesis of TPE-Br nanosphere. 
From left to right: polystyrene nanosphere before TPE-Br swelling, swelled polystyrene nanosphere to trap TPE-Br, and polystyrene nanosphere swelled by TPE-Br, 
showing strong AIE fluorescences. The principle of AIEgen-based lateral flow biosensor (ALFB) for aflatoxin B1 (AFB1) and cyclopiazonic acid (CPA): (c) negative 
result without AFB1 or CPA; (d) positive result with both AFB1 and CPA; (e) invalidated result (no show of control line). (f) Transmission electron microscopy (TEM) 
image of AIEgen (TPE-Br) nanospheres. (g) UV–Vis absorption (black), fluorescence emission (red) spectra of AIEgen (TPE-Br) nanospheres; insert: digital photos of 
under visible light (left) and UV light (right). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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improving the sensitivity and linear range. Increasing the dose of anti- 
AFB1 mAb or anti-CPA mAb can increase the test line’s fluorescence 
intensity during the detection of negative samples and allow a more 
comprehensive linear dynamic range. Decreasing the dose of the two 
mAbs can induce a lower limit of detection but cause a lower fluores
cence intensity. The results suggested that 10 ng and 20 ng of anti-AFB1 
mAb and anti-CPA mAb, respectively, were the optimized doses to 
ensure clear test lines and reduce background interference. 

3.3. Optimization of the ALFB 

The following parameters were optimized to obtain better sensitivity 
and stability: (a) the dosage of the antigen and IgG on the test zone; (b) 
the NC membrane; (c) the spray rate; and (d) the sample pad. According 
to the AIEgen fluorescence intensity and sharpness of the test line and 
control line, the following experimental conditions were applied as the 
optimized conditions: (a) AFB1-BSA, CPA-OVA, and goat anti-mouse IgG 
concentrations of 0.25, 0.5, and 0.2 mg/mL, respectively; (b) a Millipore 
HFC13502 NC membrane; (c) a spray rate of 0.5 μL/cm; and (d) a sample 

Fig. 2. (a) Photo images for the AIEgen-based lateral flow biosensor (ALFB) with the increasing concentration of AFB1 (from ① to ⑩: 0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 
1.0, 2.0, and 3.0 ng/mL) and CPA(from ① to ⑩: 0, 0.8, 1.5, 5, 10, 15, 20, 30, 40, and 50 ng/mL) in peanut sample; (b) specificity results in different interfering 
mycotoxins: deoxynivalenol (DON), zearalenone (ZEN), T-2 toxin, fumonisin B1 (FB1), ochratoxin A (OTA), diacetoxyscirpenol (DAS), patulin (PAT) and citrinin 
(CIT); Calibration curve of (c) aflatoxin B1 (AFB1) and (d) cyclopiazonic acid (CPA), each data represented the average value from three measurements. 
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pad (fusion five). 

3.4. ALFB test procedure 

As a competitive reaction, the mAb@AIEgen nanospheres (1 μL) and 
sample extract were premixed in a microwell at room temperature for 1 
min. Then, the ALFB was inserted into the microwell and incubated at 
37 ◦C. The running buffer was optimized as a mixture of 1% BSA+ 1% 
Tween-20 + 1% sucrose in PBS buffer (0.01 M, pH 7.4). The incubation 
time was optimized as 6 min. For AFB1- and/or CPA-positive samples, 
mAb@AIEgen nanospheres reacted with AFB1 and/or CPA in the 
microwell to form an immunocomplex. Then, the excess mAb@AIEgen 
nanospheres were captured by the test line. On the control line, the 
preloaded rabbit anti-mouse IgG captured the remaining mAb@AIEgen 
nanospheres. After that, the fluorescence intensities of the T and C lines 
were recorded under the excitation of 365 nm. When the fluorescence 
intensity of the C line was stable, the higher concentration of AFB1/CPA 
resulted in the lower fluorescent intensity on T1/T2 lines (Fig. 2a). 

The result can be obtained by the naked eye or a portable reader 
(Fig. 3). For qualitative detection, the naked eye was used via UV light at 
365 nm. Only the C line changed to blue for the positive sample 
(Fig. 1d), but the negative sample resulted in two or three blue lines 
(Fig. 1c) except for the invalid result without blue C lines (Fig. 1e). For 
quantitative detection, the fluorescence intensity of the T and C lines 
should be tested by a portable fluorescence strip reader. The standard 
curve was established by plotting FT/FC against the common logarithm 
of mycotoxins concentration. Based on inhibition rates and corre
sponding standard concentrations, a linear equation was used to calcu
late the concentrations of AFB1 or CPA. 

3.5. ALFB validation 

For the LOD, the mean value of 5 repeated experiments was recorded 
in 20 blank peanut samples. Based on the sample standard curve, the 
AFB1 concentration was further calculated and defined as the LOD. The 
LODs were 0.003 ng/mL and 0.01 ng/mL for the peanut matrices, and 
the linear range was 0.05–1.2 ng/mL (Fig. 2c, y = − 0.5849x+0.1624, 
R2 = 0.9928) and 0.8–50.0 ng/mL (Fig. 2d, y = − 0.4162x+0.8513, R2 =

0.9938) for AFB1 and CPA, respectively. Compared with similar reported 
rapid assays, these AFB1 and CPA LODs were up to 196 and 600 times 
larger than those of the reported method (Table 1), respectively (Guo 

et al., 2019; Hossain et al., 2019; Liu et al., 2020; Song et al., 2014). The 
sensitivity fulfilled the real application in mycotoxin monitoring by 
authorities in major countries. 

The specificities of the proposed ALFB for AFB1 and CPA were tested 
by comparing their visual and fluorescence signals with those of other 
common mycotoxins in agro-food. DON, ZEN, T-2, FB1, OTA, DAS, PAT, 
and CIT were selected as nonspecific mycotoxins. Each mycotoxin at 
100 ng/mL was prepared for the ALFB. All eight interfering mycotoxins 
were secondary metabolites produced by various fungi, and all of them 
had specific toxicity. The visual detection results (Fig. 2b) display only 
the control line for the AFB1 and CPA groups and two light bands for the 
other eight mycotoxins. The corresponding fluorescence spectra showed 
that the positive groups (AFB1 or CPA) were much lower than the 
negative mycotoxin groups. These results reveal that the ALFB has good 
selectivity toward AFB1 and CPA detection. 

For reproducibility, six batches of ALFBs were employed in an 
interassay recovery procedure (Table S2). The recoveries of AFB1 and 
CPA were 95.5%–111.5% and 95.2%–109.9%, respectively. The CVs of 
6.7% and 5.1% for AFB1 and CPA, respectively, indicated their excellent 
reproducibility. The intraassay experiment was conducted similarly to 
the interassay. A spiked peanut sample was detected six times by using a 
same-batch ALFB (Table S3). The recoveries of AFB1 and CPA were 
found to be 95.5%–106.5% and 89.5%–98.5%, respectively, with CVs of 
4.6% and 4.2%, respectively. The above result indicated that the ALFB 
method had good repeatability. 

To evaluate its stability, the ALFB was stored at 4 ◦C and tested every 
30 days. The fluorescent intensity on T and C lines changed slightly 
(Fig. 4a), indicating that the ALFB is stable for 180 days when stored at 
4 ◦C. For its actual application, we further tested the ALFB at room 
temperature. The ALFB showed a negligible change in the test line in
tensity ratio and control line after storage for 30 days at room temper
ature (Fig. 4b). These results indicated the considerable stability of the 
ALFB. Thus, the ALFB storage periods were 30 at room temperature or 
180 days at 4 ◦C, and the ALFB can be distributed and operated in low- 
resource settings without a cold chain. 

Under optimal conditions, the ALFB recoveries were measured by 
spiking peanut samples with AFB1 concentrations of 0.05, 5, and 20 μg/ 
kg and CPA concentrations of 20, 100, and 700 μg/kg. The recoveries 
ranged from 90.3% to 110.0%, with the RSDs below 6% (Table 2). The 
recovery results fulfilled the requirements for the simultaneous deter
mination of multiple mycotoxins. 

3.6. Application 

We used ALFB to detect multiple mycotoxins in 100 peanut samples 
for practical application, while the results via ALFB and UPLC-MS/MS 
were compared for ALFB validation. Among the 100 peanut samples, 
40 peanut samples were purchased from local markets, and 60 peanut 
samples were collected between 2016 and 2020. Besides, the UPLC-MS/ 
MS method, used as the authority detection method, was also used to Fig. 3. Design of the optical path and step motor in the portable reader.  

Table 1 
The comparison of the ALFB with other rapid assays.  

No. Method LOD Matrix Ref. 

AFB1 CPA 

1 Lateral flow immunoassays 0.59 
μg/kg 

– Cereal Liu et al. 
(2020) 

2 Surface plasmon resonance 
assay 

– 6 μg/ 
kg 

Cheese Hossain 
et al. 
(2019) 

3 Immunochromatographic 
assay 

51 pg/ 
mL 

– Dark soy 
sauce 

Guo et al. 
(2019) 

4 Lateral Flow Immunoassay 0.05 
μg/kg 

– Cereal Song et al. 
(2014) 

5 ALFB 0.003 
μg/kg 

0.01 
μg/kg 

Peanut This work  
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detect these peanuts and compared to the proposed ALFB method. 
Comparing the detection results indicated excellent agreement between 
these two methods, suggesting that the ALFB can be an alternative to 
UPLC-MS/MS. (Table 3). Interestingly, both AFB1 and CPA were found 
in the peanut samples. Approximately 14% (14/100) of the peanut 
samples were contaminated by AFB1 or CPA, while only 5% (5/100) of 
those samples were contaminated with AFB1 and CPA. 

4. Conclusions 

Multiple target detection is an effective solution in food safety. Here, 
AIEgens were introduced to enhance detection sensitivity and 
throughput, with a sample-to-answer time of 6 min achieved by the 
naked eye or a portable reader. In detecting multiple mycotoxins in food, 
the ALFB combined the benefits of sensitive AIEgens and lateral flow to 
avoid ACQ. First, by assembling TPE with polystyrene nanospheres, very 
bright AIEgen nanospheres were synthesized. Then, the mAb@AIEgen 
nanospheres were used in the lateral flow biosensor via a competitive 
immunoassay. Third, a homemade portable reader was developed for 
the simultaneous detection of AFB1 and CPA. The LODs were 0.003 ng/ 
mL and 0.01 ng/mL, with linear ranges of 0.05–1.2 ng/mL and 0.8–50.0 
ng/mL for AFB1 and CPA, respectively. The ALFB also exhibited satis
factory recovery (90.3%~110.0%), selectivity, repeatability, and 
reproducibility. The results suggested that the ALFB was stable after 30 
days at room temperature and 180 days at 4 ◦C, indicating that the ALFB 
is a promising candidate for real applications in food safety. Satisfactory 
compliance was recorded by comparing the ALFB and UPLC-MS/MS. 
With the various merits of the ALFB, this method holds great promise 
for applications in food safety. 
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Table 2 
Recoveries of the AFLB in peanut samples.  

mycotoxin Spike 
μg/Kg 

Recovery 1 
% 

Recovery 2 
% 

Recovery 3 
% 

RSD 
% 

AFB1 0.05 102.0 104.0 110.0 4.0 
5 101.0 95.3 107.0 5.8 
20 98.2 93.4 99.3 3.2 

CPA 20 98.3 89.3 94.7 4.8 
100 97.2 90.3 89.5 4.6 
700 90.4 97.5 92.5 3.9  

Table 3 
Determination for AFB1 and CPA in peanut samples via AFLB and UPLC-MS/MS 
for peanuts.  

Sample No. AFLB method (μg/Kg) UPLC-MS method (μg/Kg) 

AFB1 CPA AFB1 CPA 

1 3.4 17.0 3.6 17.4 
2 6.6 NDa 7.1 ND 
3 22.2 ND 22.1 ND 
41 7.6 ND 7.7 ND 
52 6.9 5.2 7.0 5.7 
59 ND 3.8 ND 3.5 
70 10.1 ND 10.1 ND 
74 9.1 7.4 9.2 7.9 
75 14.3 ND 15.4 ND 
76 ND 7.3 ND 7.7 
81 4.4 5.8 4.5 6.4 
88 6.3 ND 5.9 ND 
93 5.3 ND 5.1 ND 
95 16.5 15.5 17.0 15.9 
Other samples N.D. N.D. N.D. N.D.  

a ND: not detected. 
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