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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Rise of multi-mycotoxin contamination 
demands effective rapid multiplex 
detection. 

• Combining classic technology and 
nanomaterials to enhance signal is the 
current trend. 

• Challenge for commercialization was 
mainly due to sample preparation 
difficulty. 

• Rigorous validation is needed for all 
rapid methods due to matrix 
interferences. 

• Portable and rapid analysis will be 
future trends for multi-mycotoxin 
detection.  
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A B S T R A C T   

Mycotoxins present serious threats not only for public health, but also for the economy and environment. The 
problems become more complex and serious due to co-contamination of multiple hazardous mycotoxins in 
commodities and environment. To mitigate against this issue, accurate, affordable, and rapid multiplex detection 
methods are required. This review presents an overview of emerging rapid immuno-based multiplex methods 
capable of detecting mycotoxins present in agricultural products and feed ingredients published within the past 
five years. The scientific principles, advantages, disadvantages, and assay performance of these rapid multiplex 
immunoassays, including lateral flow, fluorescence polarization, chemiluminescence, surface plasmon 
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resonance, surface enhanced Raman scattering, electrochemical sensor, and nanoarray are discussed. From the 
recent literature landscape, it is predicted that the future trend of the detection methods for multiple mycotoxins 
will rely on the advance of various sensor technologies, a variety of enhancing and reporting signals based on 
nanomaterials, rapid and effective sample preparation, and capacity for quantitative analysis.   

1. Introduction 

Mycotoxins are hazardous contaminants produced by toxigenic fungi 
mainly belonging to the genera Aspergillus, Fusarium, Penicillium, and 
Alternaria (Piotrowska, 2021; Xie et al., 2022). Contamination of my-
cotoxins can be found at all stages throughout food crop supply chains 
starting from planting (pre-harvest, harvest, post-harvest, or crop stor-
age), production line, and finished products (Kebede et al., 2020). The 
contaminated levels depended on environmental conditions, nutritional 
components of crops, and infection of fungi in farm (Sanchis and Magan, 
2004). The most susceptible crops contaminated with mycotoxins are 
cereal grains (such as wheat, maize, barley, rye, and oat), rice, nuts, 
dried fruits, spices, and feedstuffs (Magnoli et al., 2019; Haque et al., 
2020). Importantly, climate change is expected to contribute towards 
global increase of mycotoxins presence in foods, feeds, and agricultural 
products due to varieties of fungal infection (Liu and Van der Fels-Klerx, 
2021). 

Not only are mycotoxins a serious global health issue causing adverse 
effects on human and animal health such as carcinogenicity, hepato-
toxicity, nephrotoxicity, neurotoxicity, immunotoxicitiy, and estrogenic 
effects, but they also damage global economy and international trade 
(Marroquín-Cardona et al., 2014; Wu et al., 2014). To date, over 400 
mycotoxin metabolites have been discovered (Ji et al., 2016). Among 
them, aflatoxins (AFs), ochratoxin A (OTA), fumonisins (FMs), zear-
alenone (ZEA), deoxynivalenol (DON), T-2 toxin (T-2), and HT-2 toxin 
(HT-2) are considered as hazardous mycotoxins due to their toxicity and 
frequent occurrence in foods and feedstuffs. Generally, mycotoxin 
contamination levels in feedstuffs are higher than in human foods 
because of their lower regulatory limits. For instance, the European 
Union (EU) set the maximum limit of aflatoxin B1 (AFB1) in maize as 
food ingredient for consumption to be 5 μg/kg, while that of AFB1 for all 
feed ingredients such as maize, wheat, barley, and soybean is 20 μg/kg 
(FAO, 2003; Pereira et al., 2019). Similarly, China has established the 
regulatory limit of ZEA to be 60 μg/kg in food corn and 500 μg/kg for 
feed corn (Li et al., 2014; NHFPC and CFDA, 2017). 

Alarmingly, worldwide contamination of multi-mycotoxins has been 
increasingly observed. It can be the result from the fact that (1) infection 
of one mycotoxigenic fungal strain can produce more than one type of 
mycotoxins (Vila-Donat et al., 2018), (2) several fungi simultaneously 
were contaminated in a sample, and (3) the complete product comprised 
of multiple contaminated ingredients (Alassane-Kpembi et al., 2017). 
Reportedly, 30–100% of foods, feed ingredients, and complete feedstuffs 
collected from worldwide were co-contaminated with several types of 
mycotoxins (Rodrigues and Naehrer, 2012; Pinotti et al., 2016). For 
instance, more than 40% of 7049 feed samples from America, Europe, 
and Asia were contaminated with more than one mycotoxins. Higher 
co-contamination level was found in Asia with 82% of finished feed 
samples contaminated with two or more mycotoxins (Rodrigues and 
Naehrer, 2012). Samples, including silage, maize, wheat, barley, and 
feed ingredients, collected from Europe, America, and Australia were 
reportedly co-contaminated by 7–69 mycotoxins and their metabolites. 
Among these, Fusarium toxins were commonly detected in the samples 
(Streit et al., 2013; Pereira et al., 2019) 

The rise of co-contamination of mycotoxins raises a serious concern 
due to the synergism of toxicity with more severe effects than that of a 
single mycotoxin on human and animal health (Pinotti et al., 2016; 
Pereira et al., 2019) For example, the mutagenic activity of AFB1 was 
significantly enhanced by DON and T-2 toxin (Alassane-Kpembi et al., 
2017). Thus, major regulatory bodies such as the Codex Alimentarius 

Commission (CAC), the EU, and the United States Food and Drug 
Administration (FDA) have issued strict standards for mycotoxin levels 
(Xing et al., 2020b) (Supplementary Table S1). Although production 
practices, mycotoxin regulations, and public awareness have improved 
over the years in attempt to mitigate the risk of mycotoxin contamina-
tion (Vila-Donat et al., 2018; Kebede et al., 2020), mycotoxin presence is 
close to being unavoidable. Therefore, rapid analytical methods for 
monitoring multi-mycotoxins in field are urgently needed to better 
control and prevent mycotoxins contamination in food and feed supply 
chains. 

Analytical methods for mycotoxin detection can be divided into 
conventional methods and rapid methods (Anfossi et al., 2016). Con-
ventional methods, such as high-performance liquid chromatography 
(HPLC) and ultra-high liquid chromatography-tandem mass spectrom-
etry (UHPLC-MS/MS), have been practically used for quantitative 
mycotoxin analysis. However, these methods are only suitable for 
analysis of multi-mycotoxins in laboratory not in the field due to the 
disadvantages of expensive lab-based instruments, complicated sample 
preparation, time-consuming process, and susceptible matrix interfer-
ence. Therefore, several rapid methods with minimal sample prepara-
tion have been developed (Zheng et al., 2006; Turner et al., 2015). Most 
of rapid methods for mycotoxin detection are based on an immunoassay 
format. One of the most widely used immunoassays is a classic method 
of enzyme-linked immunosorbent assay (ELISA) due to its selectivity, 
affordability, sensitivity, autonomous operation, easy-to-use, quick 
detection, and environmentally friendly nature (Zheng et al., 2006; Jia 
et al., 2021). However, ELISA also presents several pitfalls from the 
requirement of expensive and laborious detector, lengthy procedures, 
and skilled technicians (Sakamoto et al., 2018). Alternatively, various 
rapid methods have been developed to overcome these pitfalls but still 
rely on the immunoassay principle similar to that of ELISA. 

This review therefore aims to cover rapid methods based on the 
immunoassay principle to simultaneously detect multiple mycotoxins. It 
provides the evolution of analytical methods for mycotoxins as well as 
presents a technological landscape for the emerging rapid multiplex 
immuno-based methods published in the public databases (Scopus, 
ScienceDirect, and Springer) within the last five years (2016–2021). 
From the review, the challenges and future trends of the technologies for 
mycotoxins detection are concluded. 

2. The evolution of analytical methods for multi-mycotoxin 
detection 

Co-contamination of mycotoxins in foods and feedstuffs has been 
extensively reported (Eskola et al., 2020). A myriad of analytical 
methods has been developed for simultaneous determination of multiple 
mycotoxins in diverse food agricultural commodities and compound 
feeds. Analytical methods for multiple mycotoxin analysis can be 
divided into two categories: 1) conventional methods for quantitative 
analysis of mycotoxins and confirmation in laboratory and 2) rapid 
methods used for screening of numerous samples (Anfossi et al., 2016). 
More than 40 years, conventional methods, including thin-layer chro-
matography (TLC) (Klarić et al., 2009), gas chromatography-tandem 
mass spectrometry (GC-MS) (Cunha and Fernandes, 2010), 
high-performance liquid chromatography (HPLC) (Kong et al., 2013), 
liquid chromatography-mass spectrometry (LC-MS) (Cho et al., 2018), 
liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Jia 
et al., 2021; Zhao et al., 2021a), ultra-high liquid 
chromatography-tandem mass spectrometry (UHPLC-MS/MS) (López 
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Grío et al., 2010; Heidari et al., 2019), have been extensively developed 
for simultaneous analysis of mycotoxins in many agricultural com-
modities and feedstuffs due to their high accuracy, precision, and 
sensitivity. Among them, LC and UHPLC coupled with a variety of de-
tectors were dominant analytical tools to analyze multiple mycotoxins 
since they can detect regulated, unregulated, and emerging mycotoxins 
in one single run with small volume injection (Anfossi et al., 2016; 
Vargas Medina et al., 2021). However, these conventional methods are 
expensive, time-consuming, complicated, and unsuitable for fast 
screening in the field (Xing et al., 2020b; Jia et al., 2021). Consequently, 
development of rapid detection methods with reliability, affordability, 
high sensitivity, and high specificity for effective evaluation and on-site 
monitoring of multiple mycotoxin contamination in agricultural prod-
ucts and feed ingredients is absolutely required. 

The growing trend for simultaneous detection of mycotoxins is based 
on rapid immunoassay with minimal sample preparation for point-of- 
need purpose (Fig. 1) (Zheng et al., 2006; Turner et al., 2015). Lateral 
flow immunoassay (LFIA), fluorescence polarization immunoassay 
(FPIA), chemiluminescence immunoassay (CLIA), surface plasmon 
resonance (SPR) immunosensor, surface enhanced Raman scattering 
(SERS) immunosensor, electrochemical (EC) immunosensor, and other 
emerging immunoassay platform technologies are mainstream tech-
niques for multiple mycotoxin detection which will be covered below. 
The advantages and disadvantages of chromatographic-based and 
immunoassay-based analyses were compared in Table 1. 

3. Sample preparation for mycotoxin detection 

Sample preparation is one of the key steps for accurate detection. A 
variety of matrix interferences and contamination of mycotoxins in 
foods and feeds lead to deviation of target analysis. Selection of an 
appropriate procedure for sample preparation is therefore crucial to 
precisely determine the level of contaminated mycotoxins. Sample 
preparation usually consists of (1) an extraction method to recover 
mycotoxins from a test sample using appropriate solvents, and (2) a 
clean-up or purification step to reduce interferences from food matrices 
and concentrate analytes with low abundance of mycotoxins. Purifica-
tion of the extract increases specificity and sensitivity, resulting in 
improvement of quantification accuracy and precision (Wolf and 
Schweigert, 2018; Janik et al., 2021). Major techniques for mycotoxin 
extraction can be categorized into liquid–liquid extraction (LLE), 
solid-liquid extraction (SLE), dispersive solid phase extraction, QuECh-
ERS (quick, easy, cheap, effective, rugged, and safe) method, pressurized 
liquid extraction, and supercritical fluid extraction (Agriopoulou et al., 

2020; Janik et al., 2021). Among these, SLE with methanol/water and 
acetonitrile/water at different ratios coupled with ultrasonic extraction, 
homogenization and shaking are commonly used for mycotoxin analysis 
(Zhang et al., 2018a). Choice of organic solvents depends on the dif-
ference of food matrices as well as types of contaminated mycotoxins. 
For purification step, solid phase extraction and immunoaffinity col-
umns (IAC) are mostly utilized due to their rapidity, efficiency, and 
reproducibility with a wide range of selectivity (Razzazi-Fazeli and 
Reiter, 2011; Alshannaq and Yu, 2017). Nowadays, “Dilute and Shoot” 
(DnS) method which relies on a dilution of sample has been increasingly 
employed in sample preparation for multiplex mycotoxin analysis in 
chromatographic-based methods due to its speed, simplicity, minimal 
analyte losses, and high sample throughput (Greer et al., 2021). How-
ever, such method is yet to be widely used for the rapid multiplex 
detection of mycotoxins. 

Development of a sample preparation method for rapid detection 
method of multiple mycotoxins in a single sample can be even more 
challenging. The first challenge is the difficulty to simultaneously 
extract multiple mycotoxins with different degrees of polarity. For 

Fig. 1. The evolution of analytical methods for 
simultaneous detection of multiple mycotoxins 
in food agricultural products and feed in-
gredients (Abouzied and Pestka, 1994; Ali et al., 
1998; Bondarenko and Eremin, 2012; Brown, 
1999; Dunne et al., 1993; Ehrlich and Lee, 
1984; Howell and Taylor, 1981; Kamimura 
et al., 1981; Kolosova et al., 2007; Ramakrishna 
et al., 1990; Roberts and Patterson, 1975; 
Romer et al., 1978; Spanjer et al., 2008; Tuomi 
et al., 2001; van der Gaag et al., 2003; Wei 
et al., 2000).   

Table 1 
Advantages and disadvantages of chromatographic-based and immuno-based 
methods for mycotoxin detection.  

Methods Advantages Disadvantages 

Chromatographic- 
based method 

- high accuracy for 
quantitative analysis 
- sensitivity 
- multi-target analysis 
- compound separation 
- ability to detect 
metabolized mycotoxins as 
biomarkers in biological 
fluids 
- ability to detect regulated, 
unregulated, and emerging 
mycotoxins 

- expensive instruments 
- high maintenance cost 
- complex system 
- complicated sample 
preparation to ensure high 
purity of sample 
- time-consuming 
- performed in laboratory 
- needed specialist for 
operating and interpreting 
result 

Rapid immuno-based 
methods 

- specificity 
- simple sample preparation 
- less expensive devices 
- convenience and rapidity 
- portability 
- suitability for the large- 
scale screening 
- environmental friendly 
mode 

- limited ability for 
quantitative results 
- sensitivity to matrix 
interference 
- requirement for a special 
detector for quantitative 
analysis 
- need for a highly stable 
and sensitive reporter for 
signal acquisition  
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Table 2 
Summary of assay characteristics and performance of the reviewed rapid immuno-based methods for simultaneous detection of multiple mycotoxins in recent years (2016–2021).  

Matrix 
sample 

Mycotoxin Preparative method Signal tap Analysis Format Limit of detection % Recovery Linear range Time 
(min) 

Reference 

Lateral flow immunoassay (LFIA) 
Corn, 

peanut, 
and rice 

AFB1, ZEA, 
OTA 

SLE (Extracted with 70% 
methanol for 1 min) 

AuNPs Qualitative 
and 
quantitative 

Competitive 0.10, 0.42, and 0.19 μg/kg 
for AFB1, ZEA, and OTA in 
corn. 
0.12, 0.43, and 0.21 μg/kg 
for AFB1, ZEA, and OTA in 
rice. 
0.13, 0.46, and 0.24 μg/kg 
for AFB1, ZEA, and OTA in 
peanut. 

86.2–114.5% (3 
mycotoxins) 

0.1–7.0, 0.42–35.5, and 0.19–10.1 μg/ 
kg for AFB1, ZEA, and OTA in corn. 
0.12–7.2, 0.43–35.5, and 
0.21–10.2 μg/kg for AFB1, ZEA, and 
OTA in rice. 
0.13–7.2, 0.46–35.7, and 
0.24–10.3 μg/kg for AFB1, ZEA, and 
OTA in peanut. 

10 Chen et al. 
(2016) 

Wheat and 
wheat 
product 

AFB1, FB1 SLE (Extracted with 
phosphate buffer 
containing 1% (w/v) BSA 
and 2% (w/v) PEG 10000 
for 2 min) 

AuNPs (multi-colour label) Qualitative Competitive 0.5 ng/mL for AFB1 and 
20 ng/mL for FB1 in wheat 
and wheat products 

NA NA 10 Di Nardo et al. 
(2019) 

Wheat and 
corn 

FB1, DON, 
ZEA 

SLE (Extracted with 70% 
methanol for 30 min) 

AuNPs (25 nm) Qualitative Competitive 60, 12.5, 6 ng/mL for FB1, 
DON, ZEA, respectively 

NA NA NA Hou et al. 
(2020) 

Corn FB1, ZEA, 
OTA, AFB1 

SLE (Extracted with 70% 
methanol for 20 min) 

AuNPs (multi-colour label) Qualitative 
and 
quantitative 

Competitive 3.27, 0.70, 0.10, and 
0.06 ng/mL for FB1, ZEA, 
OTA, and AFB1, respectively 

82.36–116.23% (4 
mycotoxins) 

4–80, 0.8–40, 0.2–2, and 0.1–1.25 ng/ 
mL for FB1, ZEA, OTA, and AFB1 in 
corn 

20 Wu et al. 
(2020) 

Maize AFB1, ZEA SLE (Extracted with 70% 
methanol for 20 min and 
sonicated for 5 min) 

AuNRs Qualitative 
and 
quantitative 

Competitive 0.01 ng/mL for AFB1 and 
0.058 ng/mL for ZEA in 
maize 

78.1%− 102.1% for AFB1 

and 95.2–113.4% for ZEA 
0.0039–0.5 ng/mL for AFB1 and 
0.0078–1 ng/mL for ZEA in maize 

20 Chen et al. 
(2020) 

Wheat AFB1, FB1, T- 
2, DON, ZEA 

SLE (Extracted with 
acetonitrile/water (80:20, 
v/v) for 30 min) 

AuNPs Qualitative 
and 
quantitative 

Competitive 4, 20, 10, 200, and 40 μg/kg 
for AFB1, FB1, T-2, DON, and 
ZEA, respectively. 

NA NA 10 Xing et al. 
(2020a) 

Maize AFB1, ZEA, 
DON, T-2, 
FB1 

SLE (Extracted with 80% 
methanol-0.02 M 
phosphate buffer (PB, 
pH7.4) for 3 min) 

AuNPs and TRFMs Qualitative 
and 
quantitative 

Competitive Visible limits of detection: 
GNPs-LFIA: 
10, 2.5, 1.0, 10, and 0.5 μg/ 
kg for AFB1, ZEA, DON, T-2, 
and FB1, respectively  
TRFMs-LFIA: 2.5, 0.5, 0.5, 
2.5, and 0.5 μg/kg for AFB1, 
ZEA, DON, T-2, and FB1, 
respectively  
Quantitative limits of 
detection:GNPs-LFIA: 
0.59, 0.24, 0.32, 0.9, and 
0.27 μg/kg for AFB1, ZEA, 
DON, T-2, and FB1, 
respectively  
TRFMs-LFIA: 0.42, 0.10, 
0.05, 0.75, and 0.04 μg/kg 
for AFB1, ZEA, DON, T-2, and 
FB1, respectively 

84.00–110% (Both LFIAs) NA 8 Liu et al. 
(2020) 

Cereals DON, ZEA, 
T-2/HT-2 

SLE (Extracted with 80% 
methanol for 4 min) 

QDs Qualitative Competitive Cut-off limits of 1000, 80, 
and 80 μg/kg for DON, ZEA, 
and T-2/HT-2, respectively 

93–103% (4 mycotoxins) NA 15 Foubert et al. 
(2017a) 

Barley ZEA, DON, 
T-2, HT-2 

SLE (Extracted with 80% 
methanol for 4 min) 

QDs Qualitative Competitive NA 106 ± 8.3, 95 ± 2.2, 104 
± 14, and 96 ± 14.5% for 
DON, ZEA, T-2, and HT-2, 
respectively. 

NA 15 Foubert et al. 
(2017b) 

Maize and 
wheat 

ZEA, DON SLE (Extracted with 
ethanol/water) 

QDs (multi-colour label) Qualitative Competitive Minimal cutoff levels were 
reached at 20 μg/kg for ZEA 
and 130 μg/kg for DON 

NA NA 15 Goryacheva 
et al. (2020) 

Maize AFB1, ZEA QBs (104 ± 14 nm) Competitive NA 

(continued on next page) 
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Table 2 (continued ) 

Matrix 
sample 

Mycotoxin Preparative method Signal tap Analysis Format Limit of detection % Recovery Linear range Time 
(min) 

Reference 

SLE (Extracted with 60% 
methanol for 20 min) 

Qualitative 
and 
quantitative 

0.00165 ng/mL for AFB1 and 
0.05915 ng/mL for ZEA 

94.18–111.4% for AFB1 

and ZEA 
0.002–0.300 ng/mL for AFB1 and 
0.1–15 ng/mL for ZEA 

Shao et al. 
(2018) 

Maize, 
rice, 
wheat 

AFB1, FB1, 
OTA 

SLE (Extracted with 
methanol) 

QBs Quantitative Competitive 0.00165 ng/mL for AFB1, 
1.58 ng/mL for FB1, and 
0.059 ng/mL for OTA 

83.69–117.56% 
(biotin− SA system) and 
8.80–151.66% (Anti- 
mouse IgG Ab) 

0.000019–0.020 ng/mL for AFB1, 
0.049–50 ng/mL for FB1, and 
0.1–15 ng/mL for OTA 

15 Shao et al. 
(2019) 

Maize ZEA, OTA, 
FB1 

NA QBs (multi-colour label) Qualitative Competitive Cut-off values of 10, 5, and 
20 ng/mL for ZEA, OTA, and 
FB1, respectively 

NA NA 10 Duan et al. 
(2019) 

Maize ZEA, DON SLE (Extracted with 70% 
methanol for 2 min) 

Near-infrared fluorescent labels Qualitative 
and 
quantitative 

Competitive 0.55 μg/kg for ZEA and 
3.8 μg/kg for DON in maize 

83.5–107.3% for ZEA and 
82.3–103.5% DON 

0.012–0.33 ng/mL for ZEA and 
0.082–6.7 ng/mL for DON 

8 Jin et al. 
(2021) 

Buffer AFB1, DON, 
FB1, T-2, ZEA 

NA Novel luminescent organic 
compound 

Qualitative 
and 
quantitative 

Competitive 1.3, 0.5, 0.4, 0.4, and 0.9 ng/ 
mL for AFB1, DON, FB1, T-2, 
and ZEA, respectively 

70.7%− 119.5% 37 for 
intra-assay and 80.4%−

124.8% for inter-assay 

5–40, 10–200, 0.5–10, 5–80, and 
10–100 ng/mL for AFB1, DON, FB1, T- 
2, and ZEA, respectively 

NA Charlermroj 
et al. (2021) 

Mung 
bean, 
millet, 
and 
corn 

DON, AFB1 SLE (Extracted with 87% 
methanol for 15 min and 
sonicated 10 min) 

Novel α-Fe2O3 nanocubes Qualitative 
and 
quantitative 

Competitive 0.18 ng/mL for DON and 
0.01 ng/mL for AFB1 

94.4–128.0% for DON and 
93.3–128.3% for AFB1 

0.09–12 ng/mL for DON and 
0.045–1.5 ng/mL for AFB1 

NA Zhao et al. 
(2021b) 

Fluorescence polarization immunoassay (FPIA) 
Maize DON, T-2, 

FB1 

SLE (Extracted with 
methanol/water (2:3, v/v) 
for 5 min and filtered 
using 0.45-μm membrane) 

Dye tracers: TRCA, EDF, AF647 Quantitative Competitive 242.0 μg/kg for DON, 
17.8 μg/kg for T-2, and 
331.5 μg/kg for FB1 

76.5–106.3% 447.5–3780 μg/kg for DON, 
74.3–7014 μg/kg for T-2, and 
587.0–6265 μg/kg for FB1 

30 Li et al. (2016a) 

Maize Total AFs, 
family ZEA 

SLE (Extracted with 70% 
methanol for 5 min and 
filtered using 0.45-μm 
membrane) 

Dye tracers: TRCA, EDF Quantitative Competitive 4.98 μg/kg for total AFs and 
11.03 μg/kg for family ZEA 

78.6–103.6% for total AFs 
and 
86.1–102.9% for family 
ZEA 

NA < 30 Zhang et al. 
(2018b) 

Durum 
wheat 

T-2, HT-2, 
relevant 
glucosides 

SLE (using organic solvent 
(90% methanol) or non- 
organic solvent (water)) 

HT-2 tracers Quantitative Competitive 10 μg/kg for the sum of 
toxins 

92–102% for organic 
solvent extraction and 
89–98% for non-organic 
extraction 

50–200 µg/kg < 15 Lippolis et al. 
(2019) 

Chemiluminescence immunoassay (CLIA) 
Corn DON, ZEA, 

T-2, FB1 

SLE (Extracted with 70% 
methanol for 30 min and 
diluted 5 times with PBS 
buffer) 

HRP conjugated mycotoxins*CL 
substrate (Luminol+ PIP+H2O2) 

Quantitative Competitive 0.0036, 0.0048, 0.0039, and 
0.0017 ng/mL for DON, ZEA, 
T-2, and FB1, respectively 

– 0.01–0.1 ng/mL for four mycotoxin 
analysis 

> 30 Li et al. 
(2016b) 

Cereal AFB1, FB1, 
OTA 

SLE (Extracted with 70% 
methanol for 1 min) 
Purification: filtered with 
Whatman filter and IAC 

HRP labeled anti-IgG* CL 
substrate (luminol + H2O2) 

Quantitative Competitive 0.0017, 0.0021, and 
0.0004 ng/mL for AFB1, FB1, 
and OTA, respectively 

74.96 ± 5.82%–104.87 
± 5.77% for AFB1, FB1 and 
OTA 

0.0001–1, 0.001–10, and 0.0001–1 ng/ 
mL for AFB1, FB1, and OTA, 
respectively 

130 Xu et al. (2016) 

Red yeast 
rice 
samples 

CIT, AFB1, 
OTA 

SLE (Extracted with 70% 
methanol supplemented 
with NaCl for 30 min and 
filtered using 0.45-μm 
membrane) 

HRP labeled anti-IgG* CL 
substrate (luminol+PIP+H2O2) 

Quantitative Competitive 0.00039, 0.00044, and 
0.00083 ng/nL for CIT, AFB1, 
and OTA, respectively 

82.71–89.63%, 
84.92–106.04% and 
87.71–93.87% for CIT, 
AFB1 and OTA, 
respectively 

0.001–1 ng/mL for all the mycotoxins > 60 Jiang et al. 
(2020) 

Red yeast 
rice 
sample 

CIT, AFB1, 
OTA 

SLE (Extracted with 70% 
methanol supplemented 
with NaCl for 30 min) 

HRP-AuNPs-IgG* biotin- 
tyramine* streptavidin-HRP* CL 
substrate (luminol+PIP+H2O2) 

Quantitative Competitive 0.00006, 0.00008, and 
0.00008 ng/mL for CIT, 
AFB1, and OTA, respectively 

88.85–109.8%, 
98.55–103.54% and 
101.22–115.02% for CIT, 
AFB1 and OTA, 
respectively 

0.0001 –1.0 ng/mL > 90 Zong et al. 
(2021) 

Surface plasmon resonance (SPR) immunosensor 
Barley SLE (Extracted with 80% 

methanol for 30 min) 
NA Semi- 

Quantitative 
Competitive 26, 6, 0.6, 3, 2, and 0.6 µg/kg 

for DON, ZEA, T-2, OTA, FB1, 
About 75% 26–3200, 16–160, 0.6–290, 13–320, 

10–1200, and 3–260 µg/kg for DON, 
≈ 15 Joshi et al. 

(2016) 

(continued on next page) 
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Table 2 (continued ) 

Matrix 
sample 

Mycotoxin Preparative method Signal tap Analysis Format Limit of detection % Recovery Linear range Time 
(min) 

Reference 

DON, ZEA, 
T-2, OTA, 
FB1, AFB1 

and AFB1, respectively 
(double 3-plex SPR). 
64, 96, 26, 160, 13, and 
10 µg/kg for DON, ZEA, T-2, 
OTA, FB1, and AFB1, 
respectively (6-plex 
nanostructured iSPR). 

ZEA, T-2, OTA, FB1, and AFB1, 
respectively (double 3-plex SPR). 
192–4800, 224–8000, 80–3800, 
320–5700, 48–3800, and 48–8000 µg/ 
kg for DON, ZEA, T-2, OTA, FB1, and 
AFB1, respectively (6-plex 
nanostructured iSPR). 

Wheat DON, ZEA, 
T-2 

SLE (Extracted with 80% 
methanol for 30 min) 

Ab2-AuNPs Quantitative Competitive 15, 24, and 12 µg/kg for 
DON, ZEA, and T-2, 
respectively. 

60–110% for DON, 
70–120% for ZEA and 
60–130% for T-2 toxin 

48–2827, 54–790, and 42–1836 µg/kg 
for DON, ZEA, and T-2, respectively 

17.5 Hossain and 
Maragos 
(2018) 

Corn and 
wheat 

AFB1, OTA, 
ZEA, DON 

SLE (Extracted with 20% 
methanol for 5 min) 

NA Quantitative Competitive 0.59, 1.27, 7.07, and 
3.26 ng/mL for AFB1, OTA, 
ZEA, and DON, respectively 

90.58–111.17% in corn, 
89.25–104.89% in wheat 
(for 3 toxins) 

0.99–21.92, 1.98–28.22, 
10.37–103.31, and 5.31–99.37 ng/mL 
for AFB1, OTA, ZEA, and DON, 
respectively 

≈ 20 Wei et al. 
(2019) 

Surface enhanced raman scattering (SERS) immunosensor 
Corn, rice, 

and 
wheat 

AFB1, ZEA, 
OTA 

SLE (Extracted with 70% 
methanol for 2 min) 

AuNPs- DSNB Quantitative Competitive 0.061–0.066 µg/kg for AFB1, 
0.53–0.57 µg/kg for ZEA, and 
0.26–0.29 µg/kg for OTA in 
foodstuff 

83.8–108.1% for three 
mycotoxins 

0.001–1 ng/mL, 0.010–10 ng/mL, and 
0.005–5 ng/mL for AFB1, ZEA, and 
OTA, respectively 

75 Li et al. (2018) 

Buffer OTA, FB, 
AFB1 

NA AuNPs -nanopillar plasmonic 
substrate 

Quantitative Competitive 0.00509, 0.00511, and 
0.00607 ng/mL for OTA, FB, 
and AFB1 

NA 0–1000 ng/mL for three mycotoxins > 120 Wang et al. 
(2018) 

Maize AFB1, ZEA, 
FB1, DON, 
OTA, T-2 

SLE (Extracted with 70% 
methanol for 5 min) 

DTNB and MBA Quantitative Competitive 0.00096 ng/mL for AFB1, 
0.0062 ng/mL for ZEA, 
0.00026 ng/mL for FB1, 
0.00011 ng/mL for DON, 
0.0157 ng/mL for OTA, and 
0.0086 ng/mL for T-2 

78.9–106.2% 0.0014–0.33 ng/mL for AFB1, 
0.015–3.7 ng/mL for ZEA, 
0.41–100 ng/mL for FB1, 
0.14–33.3 ng/mL for DON, 
0.027–6.7 ng/mL for OTA, and 
0.014–3.3 ng/mL for T-2 

< 20 Zhang et al. 
(2020) 

Electrochemical (EC) immunosensor 
Corn FB1, DON NA AuNPs-PPy/ErGO-SPCE Quantitative Non- 

competitive 
4.2 and 8.8 ng/mL for FB1 

and DON, respectively 
93.1–104.3% 200–4500 and 50–1000 ng/mL for FB1 

and DON, respectively 
NA Lu et al. (2016) 

Corn FB1, DON SLE (Extracted with 80% 
methanol for 15 min) 

ITO-AuNPs electrode Quantitative Non- 
competitive 

0.097 and 0.035 ng/mL for 
FB1 and DON, respectively 

88.6–95.8% for FB1 and 
82.4–95.8% for DON 

0.3–140 and 0.2–60 ng/mL for FB1 and 
DON, respectively 

NA Lu and 
Gunasekaran 
(2019) 

Nanoarray technology 
Maize and 

wheat 
ZEA, T-2, FB1 SLE (Extracted with 70% 

methanol) 
Alkaline phosphatase anti-rabbit 
IgG- 5-bromo-4-chloro-3′- 
indolyphosphate/ nitro-blue 
tetrazolium substrate 

Semi- 
quantitative 

Competitive LOD was not available. 
Sensitivity was presented by 
the concentration causing 
50% inhibition, 
70.1, 2.8 and 90.9 ng/mL in 
PBS, 172.4, 3.2 and 129.3 
ng/mL in methanol, 197.4, 
0.7 and 216.7 ng/mL in 
wheat 
and 43.6, 0.5 and 25.9 ng/mL 
in maize for ZEA, T2 and 
FUM respectively 

NA NA 70 McNamee et al. 
(2017) 

Note: AFs = Aflatoxins; AFB1 = Aflatoxin B1; OTA = Ochratoxin A; FB1 = Fumonisin B1; ZEA = Zearalenone; DON = Deoxynivalenol; T-2 = T-2 toxin; HT-2 = HT-2 toxin; CIT = Citrinin; AuNPs = Nanoparticles; AuNRs 
= Gold Nanorods; QDs = Quantum Dots; QBs = Quantum Dot Nanobeads; TRFMs = Time-resolved Fluorescence Microspheres; TRCA = Tetramethylrhodamine Cadaverine; EDF = Fluoresceinthiocarbamyl Ethyl-
enediamine; AF647 = Alexa Fluor 647 Carboxylic Acid Succinimidyl Ester; HRP = Horseradish Peroxidase Enzyme; H2O2 = Hydrogen Peroxide; PIP = p-Iodophenol; DSNB = 5,5-Dithiobis(Succinimidyl-2-Nitro-
benzoate); DTNB = 5,5-Dithiobis-2-Nitrobenzoic Acid; MBA = 4-Mercaptobenzoic Acid; SPCE = Screen-Printed Carbon Electrode immunosensing; PPy = Polypyrrole; ErGO = Electrochemically Reduced Graphene Oxide; 
ITO = Indium Tin Oxide; NA = not available 

S. A
dunphatcharaphon et al.                                                                                                                                                                                                                 



Journal of Hazardous Materials 432 (2022) 128706

7

instance, polar mycotoxins such as DON can be easily extracted with 
water, while other non-polar mycotoxins need non-polar organic sol-
vents to be extracted. The second challenge is that a sample preparation 
method must be rapid, simple, effective, and economic in order to fully 
exploit the point-of-need purpose of rapid immunoassay techniques. 
From the selected literatures in this review, most of the recent rapid 
immunoassay methods employed SLE for sample preparation with 
various types of solvents depending on the sample matrices of interest 
(Table 2). We foresee that further improvement for more rapid and 
convenient sample preparation methods based on DnS will be explored 
to better equip the rapid and on-site detection methods for multiple 
mycotoxins. 

4. Current methods for multi-mycotoxin analysis based on 
immunoassay 

Co-contamination of mycotoxins in the field and food industry 
cannot be eliminated or avoided. To promptly prevent mycotoxins 
contamination to enter the food chain, rapid multiplex detection 
methods have been developed to provide simplicity, ease of use, 
affordability, and accuracy. Immunoassays, based on the specific bind-
ing between antibodies and their target antigens, have been popularly 
employed to simultaneously detect multiple mycotoxins due to its 
specificity, sensitivity, and accuracy. Rapid immuno-based methods for 
multiplex mycotoxin analysis can be categorized into two groups: label 
and label-free sensors with competitive (direct or indirect methods) or 
non-competitive formats (Chauhan et al., 2016). Given the mycotoxin’s 
chemical property as a small molecule with only one binding epitope, 
the competitive format has been widely applied to develop rapid 
immuno-based methods (Wang et al., 2018). In the direct competitive 
mode, a mycotoxin from a sample analyte competes with a labeled 
mycotoxin conjugate for binding with an immobilized 
mycotoxin-specific antibody. The higher level of mycotoxin presented in 
the sample means the less availability of the immobilized antibody to 
bind the labeled mycotoxin, resulting in lower signal. Therefore, amount 
of mycotoxin in the sample is inversely correlated to the detected signal. 
For indirect competitive format, mycotoxins in a test sample compete 
with immobilized labeled mycotoxins or their conjugates to bind with 
limited amount of specific antibody in the system. The principles of the 
competitive formats have been popularly employed in the recent 
development of rapid immuno-based multiplex methods for mycotoxins. 
The principles, advantages, disadvantages, and assay performances of 
these methods are presented below and summarized in Table 2 and  
Table 3: 

Table 3 
Comparison the main advantages and disadvantages of recent rapid immuno-
assay platforms for multiplex mycotoxin analysis.  

Immunoassay 
platforms 

Advantages Disadvantages References 

Lateral flow 
immunoassay 
(LFIA)  

• fast and simple  
• user friendly  
• qualitative, and/ 

or quantitative 
results  

• portable for on- 
site screening 
analysis  

• limited for 
detection of 
mycotoxin 
level  

• required 
sensitivity 
improvement 

Chen et al. 
(2016); Liu 
et al. 
(2020); 
Nolan et al. 
(2019) 

Fluorescence 
polarization 
immunoassay 
(FPIA)  

• quantitative 
results  

• easy-to-use   

• fast detection  
• high throughput 

analysis  
• no need for 

separation and 
washing steps, 
and incubation 
(for color 
development)  

• no need for 
sequential 
addition of 
reagents.  

• sensitive to 
matrix effect  

• unsuitable for 
detecting 
colored 
interference 
matrices  

• expensive 
detector 

Maragos 
(2009); 
Nolan et al. 
(2019) 

Chemiluminescence 
immunoassay 
(CLIA)  

• quantitative 
results   

• a wide dynamic 
detection range  

• high signal 
intensity  

• absence of 
interfering 
emissions  

• low consumption 
of reagents  

• limited for 
detection of 
mycotoxin 
level   

• high 
background  

• poor reagent 
stability  

• low detection 
accuracy   

• requirement of 
sample pre- 
treatment 
procedure 

Cinquanta 
et al. 
(2017);Jia 
et al. (2021) 

Surface plasmon 
resonance (SPR) 
immunosensor  

• quantitative 
results 

with real-time 
capability  
• label-free 

detection  
• reusability of 

biosensor chip 
surface  

• expensive 
detector  

• requirement of 
sample pre- 
treatment 
procedure  

• interference of 
non-target 
molecule in 
system 

Hossain and 
Maragos 
(2018); 
Nolan et al. 
(2019) 

Surface Enhanced 
Raman Scattering 
(SERS) 
immunosensor  

• quantitative 
results   

• easy operation  
• rapidity  
• high sensitivity  
• noninvasive 

detection 
capability   

• label-free 
detection  

• expensive 
detector  

• low signal 
causing issues 
on selectivity, 
accuracy, and 
precision  

• requirement for 
SERS substrate 
materials   

• requirement of 
sample pre- 
treatment 
procedure 

Jia et al. 
(2021) 

Electrochemical (EC) 
immunosensor  

• quantitative 
results   

• low cost of assay 
and 
instrumentation  

• sensitivity to 
pH, ionic 
strength, and 
temperature 

Jia et al. 
(2021);  
Wen et al. 
(2017)  

Table 3 (continued ) 

Immunoassay 
platforms 

Advantages Disadvantages References  

• simplicity   

• high sensitivity   

• minimal sample 
preparation  

• miniaturization  

• susceptibility 
to matrix 
interference  

• instability of 
immobilized 
reagents on 
electrode 
surface 

Nanoarray 
immunoassay  

• semi-quantitative 
results  

• miniaturization  
• high sensitivity  

• interference of 
matrices and 
organic 
solvents  

• requirement of 
suitable 
extraction for 
improving the 
recovery assay  

• expensive 
detector 

McNamee 
et al. (2017)  
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4.1. Lateral flow immunoassay (LFIA) 

LFIA, also called immunochromatographic assay or strip test, has 
been employed for multiple mycotoxins detection because of its con-
venience, rapidity, portability, and high specification (Zheng et al., 
2006; Chen et al., 2016). LFIA consists of sample pad, conjugate pad, 
membrane, test line, control line, adsorbent pad, and backing pad 
(Fig. 2). Most LFIA for mycotoxin utilized a competitive assay format 
relying on the competition for the specific antibody between the 
mycotoxin in the sample and the mycotoxin-conjugate immobilized on 
the test line (Fig. 2). In presence of mycotoxin, the anti-mycotoxin 
antibody would be occupied by the mycotoxin in the sample and less 
available to bind to the mycotoxin-conjugate immobilized on the test 
line, resulting in less or absent signal on the test line. In absence of 
mycotoxin, the anti-mycotoxin antibody would be free to bind the 
immobilized mycotoxin-conjugate on the test line, giving a visible test 
line. The presence of the control line reassures that the test procedure is 
performed properly. 

While the LFIA principle is straightforward, multiplexity of this 
technique needed to analyze myriad of regulated mycotoxins can be 
challenging. However, several successful multiplex LFIAs have been 
developed to simultaneously detect two to five mycotoxins either 
qualitatively or quantitatively. Many formats of multiplex LFIAs have 
been reported and can be categorized as the following: (1) formats – line 
vs spots, (2) reporters – nanoparticles (NPs) (such as color NPs (colloidal 
gold nanoparticles: AuNPs) and luminescence NPs (quantum dots: QDs, 
quantum dot nanobeads: QBs)). 

In term of format, most multiplex LFIAs for mycotoxins utilized the 
traditional line format. The line format is relatively straightforward, 
employing the aforementioned LFIA concept; however, the drawback of 
the line format was the limitation to simultaneously detect only few 
mycotoxin targets and the use of large amount of reagents and sample 
volumes for mycotoxin analysis (Fig. 2a). The spot or microarray format 
of LFIA, on the other hand, has been demonstrated to overcome the 
limitation of the line format by fabricating small amounts of mycotoxins 
on the membrane to create an array of target mycotoxins, representing 
toxins to be identified (Fig. 2b). Nevertheless, the small spots of myco-
toxins on the LFIA membrane could be difficult to visualize and required 
a specialized detector which can be expensive. Recently, a promising 
microarray lateral flow strip test for simultaneous and quantitative 

detection of five mycotoxins was successfully developed (Charlermroj 
et al., 2021). The test utilized a novel extra-large Stokes shift and strong 
fluorescent reporter under an UV source allowing the signals to be easily 
captured by an inexpensive digital camera. The method was able to 
detect AFB1, DON, FB1, T-2, and ZEA at the detection limit of 1.3, 0.5, 
0.4, 0.4, and 0.9 ng/mL, respectively, lower than those limits set by the 
European Commission Regulation. This test also showed good recoveries 
of 70.7–119.5% for intra-assay and 80.4–124.8% for inter-assay. While 
the test showed high sensitivity, specification, and rapidity for simul-
taneous quantitative analysis of five mycotoxins, rigorous validation 
against sample matrices remains to be performed. 

In term of reporters, the varieties of NPs, including colored NPs, 
luminescent NPs, magnetic NPs (MnNPs), and other compounds, have 
been employed as a signal label to achieve high assay sensitivity (Duan 
et al., 2019; Wu et al., 2020). Among them, colored NPs such as AuNPs 
are commonly used for the detection of mycotoxin in many commercial 
LFIA kits due to their advantages of chemical stability, easy synthesis, 
and low cost (Hou et al., 2020). However, numerous drawbacks such as 
low signal intensity, poor sensitivity, false positives or false negatives, 
and background interference are associated with these colored NPs 
(Xing et al., 2020a). Therefore, luminescent NPs such as QDs and QBs or 
fluorescent compounds have been developed to improve the detection 
sensitivity of LFIA. These reporters exhibit a broad absorbance band, 
large Stokes shift, strong fluorescence, low background interference, and 
stability against photo bleaching (Alivisatos et al., 2005; Duan et al., 
2019). Combining different colored bands to detect different analytes in 
multiplex LFIA sensor has recently been developed (Duan et al., 2019; 
Wu et al., 2020). Multicolor labels were utilized to prevent the risk of 
false interpretation for multiplex mycotoxin analysis in the small strip 
test area and closely spaced test lines, especially in case of a weak 
positive signal by single color label (Ellington et al., 2010; Mohd 
Hanafiah et al., 2017). Recently, the multicolor immunochromato-
graphic test strip based on four colored AuNPs (red, purple, blue, and 
black) was developed to simultaneously detect four mycotoxins in corn 
samples with bare-eye-based visual detection ability within 20 min (Wu 
et al., 2020). The limits of detection (LOD) for the four mycotoxins 
namely FB1, ZEA, OTA, and AFB1 were 3.27, 0.70, 0.10, and 
0.06 ng/mL, respectively. The average recoveries of four mycotoxin 
detection in corn samples ranged from 82.36% to 116.23% with a co-
efficient of variation less than 12.98%. Another semi-quantitative LFIA 

Fig. 2. Schematic diagram of multiplex lateral flow immunoassay (LFIA) to simultaneously analyze multi-mycotoxins in different formats. 
(a) Line format adapted from Zhao et al., (2021b). (b) Spot format adapted from Charlermroj et al. (2021). 
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was developed using three colored QBs to simultaneously detect three 
mycotoxins (ZEA, OTA, and FB1) in corn samples within 10 min (Duan 
et al., 2019). The visual LODs of ZEA, OTA, and FB1 were as low as 10, 5, 
and 20 ng/mL, respectively. With advantages of accuracy, precision, 
reproducibility, selectivity, and naked eye detection, this method is 
promising for monitoring multiple mycotoxins in the field. 

4.2. Fluorescence polarization immunoassay (FPIA) 

FPIA is a competitive homogeneous mix-and-read format consisting 
of sample preparation and analysis method, without the requirement of 
separation or washing steps (Li et al., 2016a; Raysyan et al., 2020). To 
detect a mycotoxin, FPIA relies on a competition between the mycotoxin 
and a mycotoxin–fluorophore conjugate (tracer) to capture 
anti-mycotoxin antibody. Based on fluorescence polarization, binding of 
anti-mycotoxin antibody and the tracer was measured by the orientation 
of the fluorescence emission from both horizontal and vertical directions 
which depends on the rotation rate and the fluorophore size (Zheng 
et al., 2006). In absence of mycotoxin, the anti-mycotoxin antibody is 
available to bind to the tracer resulting in increased polarization. In 
presence of free mycotoxin, the antibody is not as available for the trace 
resulting in decreased polarization (Fig. 3). 

In recent years, the FPIA principle has been applied for simultaneous 
detection of numerous mycotoxins in the field using multiplexed 
wavelength label technique (Fig. 3) (Li et al., 2016a; Zhang et al., 2018b; 
Lippolis et al., 2019). A dual-wavelength FPI labeled with different 
fluorescent tracers for the simultaneous detection of total AFs and family 
ZEAs in maize provided high sensitivity and accurate quantification 
compared with HPLC-MS/MS (Zhang et al., 2018b). The total assay 
time, starting from sample preparation until detection, was less than 
30 min. The LODs in maize matrix were 4.98 μg/kg for total AFs and 
11.03 μg/kg for ZEAs, and the recoveries ranged from 78.6% to 103.6% 
and from 86.1% to 102.9%, respectively. Another FPIA platform was 
developed to simultaneously determine sum of T-2, HT-2, T-2-glucoside, 

and HT-2-glucoside in wheat by using a combination of 
anti-HT-2-antibody and monosubstituted fluorescein-labelled HT-2 
toxin tracer (Lippolis et al., 2019). This system was simple and rapid 
giving good sensitivity with 50% inhibition concentration (IC50) 
= 2.0 ng/mL and LOD and limit of quantification (LOQ) of 10 μg/kg and 
15 μg/kg, respectively; however, it could not determine T-2 and HT-2 
separately. In addition, the variety of food commodities may affect 
fluorescence polarization of tracers. Therefore, validation method is 
needed for every matrix in order to ensure accuracy of multiplex FPIA. 

4.3. Chemiluminescence immunoassay (CLIA) 

CLIA is an alternative technique for determination of mycotoxins 
with a major advantage of requirement for simple optical equipment 
without a need for external light source. The CLIA principle is a direct 
measurement of chemiluminescence (CL) intensity from a chemical re-
action. Because of the irregularity of brightness of reaction and low 
photon intensity, a catalyst such as enzyme, transition metal ions, or 
noble metal nanoparticles is often required to enhance CL signal 
(Sharma et al., 2015). A horseradish peroxidase (HRP) enzyme was used 
extensively as a catalyst in luminol-hydrogen peroxide (H2O2) CL system 
for simultaneous detection of multiple mycotoxins (Fig. 4) (Zhang et al., 
2018c). 

Multiplex CLIA has successfully developed in a small volume sample 
for simultaneous mycotoxin detection. For instance, a 10 μL volume of 
multiplex CLIA using silica-hydrogel photonic crystal microsphere sus-
pension arrays fabricated by silica NP self-assembly and hydrogel 
techniques was successfully developed to determine AFB1, OTA, and FB1 
in cereal samples (Xu et al., 2016). This technique displays wider dy-
namic linear detection ranges from 0.0001 to 1 ng/mL for AFB1 and 
OTA, and 0.001–10 ng/mL for FB1. It also provided ultra-sensitivity 
with LODs of 0.0017, 0.0021, and 0.0004 ng/mL for AFB1, FB1, and 
OTA, respectively, without cross reaction signal and low background 
signal for multiplex mycotoxin detection. Furthermore, monolith, as a 

Fig. 3. Schematic diagram of fluorescent polarization immunoassay (FPIA) for multiple mycotoxin analysis. 
Adapted from Zheng et al., 2006. 
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continuous network of porous materials with advantages of high surface 
area, tunable functionality, simple fabrication, and affordability, was 
applied to construct a novel highly sensitive chemiluminescence 
immune-affinity 96-spot array for simultaneous determination of Fusa-
rium mycotoxins in corn (Li et al., 2016b). The small volume sample 
(10 μL) was used to determine contaminated mycotoxins. The linear 
range of detection of four Fusarium mycotoxins was 0.01–0.1 ng/mL and 
the LODs were 0.0036 ng/mL for DON, 0.0048 ng/mL for ZEA, 
0.0039 ng/mL for T-2, and 0.0017 ng/mL for FB1. In attempt to amplify 
signal for CLIA method, a dual signal amplification strategy, including 
an enzyme-mediated system namely tyramine signal amplification and 
multi-HRP wrapped AuNPs, has been implemented to significantly 
improve the CL sensitivity (50–57-fold) for simultaneous determination 
of multi-mycotoxins (Zong et al., 2021). The detection limits for citrinin 
(CIT), AFB1, and OTA were decreased to sub-pM level (Table 2). The 
CLIA technique benefits from combined advantages of the CL charac-
teristics such as high sensitivity and large dynamic range as well as of the 
electrochemical method such as simplicity and stability (Wang et al., 

2016). However, these methods may not be suitable for field testing with 
a large number of samples due to requirement for expensive CL detector 
and complicatedmpretreatment process (Xu et al., 2014). 

4.4. Surface plasmon resonance (SPR) immunosensor 

SPR immunosensor is a plasmonic optical sensor which can be used 
to detect antigen-antibody binding by monitoring the refractive index 
changes on a metal or dielectric sensor surface without labeling (Fig. 5). 
The change of the refractive SPR signal is proportional to the concen-
tration of analytes (Mahmoudpour et al., 2019; Jia et al., 2021). 
Recently, SPR biosensor has become a powerful analytical tool for food 
safety including for monitoring mycotoxin contamination in agricultural 
products and feed ingredients with the advantages of rapid, simple 
operation, high sensitivity, low sample consumption, specific and 
real-time detection, and reuseable sensor chip (Hossain and Maragos, 
2018; Mahmoudpour et al., 2019). 

However, SPR immunosensor was usually used for analysis of 

Fig. 5. Schematic diagram of an SPR immunosensor chip for multiple mycotoxin detection. 
Adapted from Wei et al. (2019). 

Fig. 4. Schematic diagram of the multiplex chemiluminescence immunoassay (CLIA) method in different assay formats. 
(a) Spot array adapted from Jiang et al. (2020) and (b) Suspension array adapted from Xu et al. (2016). 
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molecules with molecular weights > 10 kDa (Li et al., 2012) to obtain 
measurable change of the refractive signal on the surface proportional to 
the mass of the target molecules (Karczmarczyk et al., 2016). In case of 
targets with lower molecular weights, such as mycotoxins, the produc-
tion of SPR signal (refractive index) was insufficient due to inadequate 
mass resulting in low sensitivity detection. To overcome this limitation, 
sandwich or indirect competitive inhibition format was applied for 
analysis of mycotoxins (Karczmarczyk et al., 2016). Use of NPs such as 
AuNPs to modify sensor chip was demonstrated to be able to amplify 
signal and improve sensitivity (Karczmarczyk et al., 2016; Mahmoud-
pour et al., 2019). 

An imaging surface plasmon resonance (iSPR) immunosensor is an 
upcoming technique for simultaneous determination of multiple myco-
toxins using a single sensor chip due to its fast detection time. For 
example, multiplexed iSPR based on a competitive inhibition assay 
using secondary antibodies (Ab2) conjugated to AuNPs was developed to 
determine Fusarium mycotoxins in wheat (Hossain and Maragos, 2018). 
This platform was able to amply SPR signal nearly 25-fold for DON, 
90-fold for ZEA, and 12-fold for T-2. Time to analyses, including steps to 
regenerate the sensor, was 17.5 min. The LOD were 15 µg/kg for DON, 
24 µg/kg for ZEA, and 12 µg/kg for T-2 toxin. The sensor chip could be 
reused more than 46 cycles without significant signal loss (< 12%). To 
enable application in the field, a double 3-plex competitive inhibition 
assay based on a prototype portable nanostructured iSPR instrument 
was developed to detect six mycotoxins in barley (Joshi et al., 2016). 
The detection limits were 26, 6, 0.6, 3, 2, and 0.6 µg/kg for DON, ZEA, 
T-2, OTA, FB1, and AFB1, respectively. The sensor chips could be re-
generated at least 60 cycles for detection. While this technique could 
detect DON, T-2, ZEA, and FB1 within the European Union regulatory 
limits, the sensitivity for OTA and AFB1 detection must be further 
improved. Another example has used self-assembled monolayer in the 
form of hydrazone connection to fabricate a multiplexed SPR immuno-
sensor for quantitative determination of four mycotoxins in corn and 
wheat samples (Li et al., 2018; Wei et al., 2019). Based on electrical 
signal derived from the interaction between mycotoxins and their spe-
cific antibodies, the limit of quantitative detection was 0.59, 1.27, 7.07, 
and 3.26 ng/mL for AFB1, OTA, ZEA, and DON, respectively. For on-site 
monitoring of multiple mycotoxins, handheld or miniaturized SPR in-
strument with reusable SPR sensor chip seem to be the future trend for 
this platform. 

4.5. Surface enhanced Raman scattering (SERS) immunosensor 

SERS immunosensor is an improved version of Raman scattering by 
adsorbing molecules on metal surfaces. The SERS immunosensor 
therefore relies on a characteristic spectrum based on molecular vibra-
tion of the analyte through an antigen-antibody interaction. SERS 
immunosensor is a promising analytical tool for multiplex detection of 
mycotoxins in foodstuff due to its easy operation, rapidity, and high 
sensitivity (Li et al., 2018). However, selectivity, accuracy, and precision 
remain major issues for the SERS-based multiplex detection of myco-
toxins due to weak SERS signal and interference of Raman active com-
pound existed in food matrices. Presently, Raman signal can be 
improved in term of fingerprinting detection and SERS tagging detection 
using mostly electromagnetic and chemical enhancement (Fig. 6) (Wu 
et al., 2021). Given that SERS fingerprinting detection is based on 
binding between target mycotoxin and SERS-active substrates without 
immunological recognition, this review will focus only on SERS tagging 
detection. 

The principle of SERS tagging detection is to attach intrinsically 
strong Raman scattering molecules so called Raman reporters to 
recognition elements in order to generate strong characteristic Raman 
signals and improve the SERS signal stability (Wu et al., 2021). In 
principle, the target mycotoxin competes with SERS tags or SERS 
nanoprobe for binding to the mycotoxin-specific antibody. The con-
centration of target mycotoxin can be quantified by SERS signals, and 
the intensities of all spectral features are inversely correlated to the 
levels of mycotoxins in the sample. Recently, SERS immunosensor 
combined with microarray principle has made simultaneous detection of 
multiple mycotoxins (AFB1, ZEA, and OTA) possible (Li et al., 2018). 
AuNPs were labeled with 5,5-dithiobis(succinimidyl-2-nitrobenzoate) 
(DSNB) as Raman reporter while AFB1-bovine serum albumin (BSA), 
ZEA-BSA, and OTA-BSA conjugates were covalently linked onto micro-
array gold surface as corresponding capture addresses. The LODs in 
foodstuff were 0.061–0.066 µg/kg for AFB1, 0.53–0.57 µg/kg for ZEA, 
and 0.26–0.29 µg/kg for OTA. The average recoveries ranged from 
83.8%− 108.1% with variations of coefficient less than 15%. While 
SERS tagging platform is a promising tool for multiplex detection of 
mycotoxins, the technique faces several challenges from non-uniformity 
of the plasmonic matrix platform and the spot variation which led to 
heterogeneous immobilization of antibodies on the surface, heteroge-
neous binding of antigen and externally capture surface Raman tags (Jia 
et al., 2021). To overcome the challenge of non-uniformity, multiple 

Fig. 6. Schematic diagram of SERS tagging detection for multiple mycotoxin analysis. 
Adapted from Li et al. (2018). 
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detection points were randomly selected and averaged to represent the 
final Raman intensity value. To date, SERS based-mapping technique 
through measurement of all pixel points’ signals on a plasmonic sub-
strate was developed for quantitative detection of multiple mycotoxins. 
SERS mapping on 3D plasmonic nanopillar arrays was fabricated to 
analyze OTA, AFB1, and FB with LODs of 0.00509 ng/mL, 
0.00511 ng/mL, and 0.00607 ng/mL, respectively (Wang et al., 2018). 
The SERS-based mapping technique was regarded as a promising ul-
trasensitive analytical tool for quantification of multi-mycotoxins 
contaminated in foodstuffs. Design of the SERS tags, uniformity of 
SERS substrate, and Raman reporters are the key factors for successful 
development of a multiplex SERS immunosensor. 

4.6. Electrochemical (EC) immunosensor 

EC immunosensor is often used for quantitative analysis through 
measurement of an electrical signal recorded by an electrochemical 
transducer (Li et al., 2009; Cho et al., 2018; Gu et al., 2019; Yin et al., 
2019). For mycotoxin EC immunosensor, the signal is obtained upon 
binding between mycotoxin and an anti-mycotoxin antibody immobi-
lized onto the electrode surface (Fig. 7). With the advantages of high 
sensitivity, rapidity of detection, low cost, and reliability, an EC 
immunosensor has been applied for determination of diverse myco-
toxins in different food (Lu et al., 2016; Jia et al., 2021). To date, a 
variety of working electrodes, immobilization of specific recognition 
elements, amplification of EC signal, and exploration of new biometric 
recognition have been investigated to improve sensitivity of EC immu-
nosensor for simultaneous determination of multiple mycotoxins. 
Among them, working electrode is one of the most essential elements 
used for constructing a multiplex EC immunosensor. A disposable 
screen-printed carbon electrode (SPCE) immunosensing platform with 
AuNPs and polypyrrole (PPy)-electrochemically reduced graphene 
oxide (ErGO) was successfully developed to improve the electrical 
conductivity, biocompatibility, and sensitivity for detection of FB1 and 
DON in corn (Lu et al., 2016). The LODs were reported to be 4.2 ng/mL 
for FB1 and 8.6 ng/mL for DON, with low matrix interference. The 
system was further improved by using an identical dual-channel 
three-electrode EC sensor array for simultaneous determination of FB1 
and DON (Lu and Gunasekaran, 2019). The system was fabricated on a 

transparent indium tin oxide (ITO)-coated glass slide using photolitho-
graphic technique and integrated with capillary-driven poly-
dimethylsiloxane microfluidic channel. Upon binding of mycotoxin on 
the modified electrode surface immobilized with an anti-mycotoxin 
antibody, EC signals would be recorded for comparison with the con-
trol signal enabling quantification of mycotoxin contaminations. The 
LODs of this system were 0.097 ng/mL and 0.035 ng/mL for FB1 and 
DON, respectively. The sensor was shown to remain stable after storage 
for two weeks. However, to develop an on-site EC immunosensor for 
simultaneous determination of multiple mycotoxins in diverse food 
matrices, stability of antigen or antibody immobilized on electrode 
surface, EC signal conduction, and portable multiplex EC sensing device 
will be the key determinants for its success. 

4.7. Nanoarray immunoassay 

Nanoarray is a new technology platform developed from microarray 
principle (Matson, 2021). With advantages of miniaturization, sensi-
tivity, and simple sample preparation, nanoarrays could be used as an 
alternative method for application to analyze several biomolecule 
compounds, such as DNA, proteins, microorganisms, as well as myco-
toxins. This platform was successfully applied for various targets such as 
plant pathogens (Charlermroj et al., 2014). For multi-mycotoxin detec-
tion, a competitive mycotoxin nanoarray was developed for simulta-
neous detection of ZEA, T-2, and FB1 (McNamee et al., 2017). Mycotoxin 
conjugates were spotted onto wells of a microtitre plate at picoliter level 
of volume creating multiple spot array (4 ×3 array) in the same well. 
The sensitivity levels, determined by examining the IC50, were achieved 
at 70.1, 2.8, and 90.9 ng/mL in phosphate buffer saline, 172.4, 3.2, and 
129.3 ng/mL in methanol, 197.4, 0.7, and 216.7 ng/mL in wheat, and 
43.6, 0.5, and 25.9 ng/mL in maize for ZEA, T2, and FB1, respectively. 
The advantages of this novel multiplex nanoarray included the capacity 
for semi-quantitative analysis, low amount of antibodies used, and 
high-throughput nature. However, a commercial detector suitable for 
nanoarray can be expensive and not portable for an on-site detection. 

Fig. 7. Schematic diagram of EC immunosensor for multiple mycotoxin detection. 
Adapted from Lu and Gunasekaran (2019). 
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5. Use of nanomaterials in the emerging rapid detection 
methods for mycotoxins 

While immunoassay signals can be reported through different types 
of labels such as enzymes, radioactive isotopes, colors, the recent 
development of multiplex immunoassays has increasingly exploited 
optically unique reporter materials in form of color or fluorescent light 
for signal acquisition (Liu et al., 2019; Sharma et al., 2021). Many of 
these reporters can be detected by naked eye for qualitative or 
semi-quantitative tests; however, quantitative results can possibly be 
obtained using a proper optical reader. Therefore, a highly efficient 
reporter plays a very crucial role for promoting simple yet reliable 
detection method. This is why more rapid multiplex detection methods 
for mycotoxins have employed nanomaterials (NMs) for signal report 
and enhancement (Xing et al., 2020b). 

NMs produced from different composition, size, shape, orientation, 
and surface functionality can offer distinguishable optical properties 
including absorption, emission, transmission, and reflection. Generally, 
NMs are categorized according to various criteria such as dimension-
ality, morphology, state, and chemical composition (Saleh, 2020). 
Numbers of NMs, including color nanoparticles (NPs), luminescent NPs, 
MnNPs, carbon NMs, silica NPs, and others, were utilized in immuno-
assays for mycotoxin detection with a variety of detection purposes 
(Wang et al., 2016; Parolo et al., 2020). Because of their strong red color, 
uncomplicated preparation, stability, and low toxicity, AuNPs have 
become far commonly used as a reporter in LFIAs for naked eye quali-
tative detection. Still, AuNPs only come in mono-color and require 
relatively expensive device for quantitative result. Giving good signal on 
a white substrate, carbon NPs are less expensive and easier to func-
tionalize than AuNPs. Dye-loaded latex beads can be used for multicolor 
reporting, but they give higher limit of detection than AuNPs. Upcon-
verting, ie. excitation at lower energy while emission at higher energy, 
NPs, liposomes, and magnetic NPs have also been employed to certain 
extent. For capacity of multiplex detection, especially for quantitative 
analysis, QDs are often selected owing to their spectrum of colors and 
intense fluorescent signal. QDs, however, require UV source and reader 
for signal acquisition and are also considered as toxic substances. 

For multiplex mycotoxin detection methods discussed in this review, 
colored NPs (gold nanorods (AuNRs), and multicolor-AuNPs) and 
luminescent NPs (fluorescence QDs and multicolor QBs) have been 
widely used for qualitative and quantitative analysis because of their 
physical and chemical properties such as uncomplicated preparation 
and modification, excellent optical properties, and unique catalytic ac-
tivity (Jans and Huo, 2012; Wang et al., 2016) (Table 2). Several novel 
NMs are worth highlighting as signal reporters. For instance, QDs and 
multicolor QBs have currently been utilized as a reporter in LFIAs for 
qualitative and quantitative analysis of multiplex mycotoxins (Foubert 
et al., 2017b; Shao et al., 2018; Duan et al., 2019). The advantages of 
QDs and QBs were high fluorescence intensity, large extinction co-
efficients in the UV/vis range, large Stokes shift, broad excitation 
spectrum, and tolerance against environmental changes, such as pH and 
ion strength (Frasco and Chaniotakis, 2009). 

Tricolor QBs were used as labels to fabricate multicolor LFIA for 
monitoring DON, ZEN, T-2/HT-2 in barley, and OTA, FB1, and ZEA in 
maize (Duan et al., 2019; Foubert et al., 2017b). Recently developed 
multicolor AuNRs are promising alternatives of gold nanospheres 
employed in rapid LFIA for on-site screening of mycotoxins allowing 
visual detection (Chen et al., 2020). SPR-based methods also utilized 
AuNPs by attaching them to second antibodies to amplify the signal 
(Hossain and Maragos, 2018). Similarly, SERS immunosensor for mul-
tiplexing detection of mycotoxins has benefited from DSNB-labeled 
AuNPs covalently linked with anti-mycotoxin antibodies as SERS 
nanoprobes (Li et al., 2018). 

In conclusion, colored NPs and luminescent NPs are extensively used 
as a reporter or signal enhancer for fabrication of rapid immuno-based 
methods to analyze simultaneously mycotoxins in food and feed 

compounds. Although these NMs are promising alternatives, there are 
several pitfalls reported as precautions for assay development. First, 
reproducibility of NM synthesis can be a serious concern as regularity of 
NM morphology can vary from batch to batch (Baer, 2018; Liz-Marzán 
et al., 2020; Wang et al., 2016). Additionally, nonspecific binding and 
aggregation can be unavoidable. Successful and reproducible synthesis 
of NPs without particle aggregation and surface interaction will un-
doubtedly accelerate the development of rapid multiplex immunoassay 
methods not only for mycotoxin detection but also for other diagnostic 
purposes. 

6. Challenges and future trends 

Although a variety of developed immunoassay technologies show an 
excellent performance and high efficiency to monitor the contamination 
of multiple mycotoxins in food and feedstuffs, in the past only few have 
been successfully commercialized and none from this review is 
commercially available due to the following reasons. First, specificity 
issues can be challenging to overcome when multiple antibodies are 
used in one single test. Rigorous optimization and validation must be 
carried out for different food matrices to ensure accuracy of the multiple 
detection. Second, some methods need complicated sample preparation 
which can also become time-consuming and deceive the purpose of 
point-of-need rapid methods. Moreover, requirement for quantitative 
capacity is not straightforward. Standard calibration for quantification 
of mycotoxin contamination level is required which often needs so-
phisticated and expensive detectors, especially for such low regulatory 
levels of mycotoxins. Additionally, food matrices directly affected on the 
assay sensitivity. Finding and developing of biometric recognition ele-
ments for sensing enhancement to achieve higher sensitivity, selectivity, 
and fast detection are necessary. 

Therefore, we forecast that the future aspects of rapid immunoassay 
technology for multiple mycotoxin detection will focus on (1) devel-
oping quantitative immunoassay platform for simultaneous detection of 
hazard mycotoxins in the fields, (2) using single dilution factor for 
determination of diverse mycotoxins at the same time, (3) simplifying 
sample preparation to fast analysis, (4) reporting the signals to ubiqui-
tous smartphone or portable inexpensive device, (5) utilizing 3D print-
ing and microfluidic devices for simple and quantitative analysis, (6) 
enhancing signal through NMs or eco-friendly and affordable novel 
molecules, and (7) reducing the use of antibodies as a recognition 
element by adopting animal-free alternative molecules such as bacte-
riophages, aptamers and molecular imprinting polymers for cost 
reduction and ethical concerns. 

7. Conclusions 

Synergism from co-contamination of multiple mycotoxins causes 
serious adverse effects on human and animal health. While better agri-
cultural and manufacturing practices as well as mycotoxin decontami-
nation strategies have been developed, contamination of mycotoxins in 
foods and feedstuffs are still unavoidable. With the rise of co- 
contamination of mycotoxins, rapid multiplex detection methods are 
mandatory. This review focuses on the currently available and emerging 
rapid immunoassays for simultaneous detection of multiple mycotoxins 
in food matrices in the last five years. The principle of each technique 
along with strategies to improve its performance was described. To 
improve the sensitivity, nanoparticles and fluorescent organic com-
pounds were often applied as a signal enhancer. The high surface-to- 
volume ratio of nanomaterials improves immobilization of mycotoxin- 
specific antibodies enabling signal amplification in these detection 
techniques. Among them, AuNPs is commonly used for mycotoxin 
detection due to the advantages of chemical stability, straightforward 
synthesis, and low cost. Additionally, several novel compounds have 
been explored and presented potential breakthrough for signal 
enhancement. Fabricated multicolor nanoparticles were also developed 
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for detection of different analytes in multiplex immunoassay. Various 
multicolor labels can help to prevent the risk of false interpretation from 
analysis in small equipment. For the current and future technology 
trend, microarray and nanoarray gain increased popularity to monitor 
multiple mycotoxin contamination due to their advantages for high- 
throughput capacity and miniaturization. Once the discussed chal-
lenges can be overcome, these emerging rapid multiplex detection 
platforms will become more available to mitigate the serious mycotoxin 
contamination problem in the food chain and ultimately ensure better 
public health. 
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