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Abstract: Indirect competitive enzyme-linked immunosorbent assay (ic-ELISA) is an ideal immunoas-
say method for large-scale screenings to detect mycotoxin contaminants. However, the matrix effect
of complicated samples has always been challenging when performing immunoassays, as it leads
to false-positive or negative results. In this study, convenient QuEChERS technology combined
with optimizing the dilution solvent was ingeniously used to eliminate interference from the sample
matrix to greatly improve the detection accuracy, and reliable ic-ELISAs for the two official tolerance
levels of 60 and 500 µg/kg were developed to screen zearalenone (ZEN) in edible and medical coix
seeds without any further correction. Then, the 122 batches of coix seeds were determined, and
the positive rate was up to 97.54%. The contaminated distribution was further analyzed, and risk
assessment was subsequently performed for its edible and medical purposes. The findings indicated
that consumption of coix seeds with higher ZEN contamination levels may cause adverse health
effects for both medical and edible consumption in the adult population; even under the condition of
average contamination level, ZEN from coix seeds was the more prominent contributor to the total
risk compared to other sources when used as food; thus, effective prevention and control should be
an essential topic in the future.

Keywords: mycotoxin; extraction method; matrix effect; deterministic approach; dietary exposure

1. Introduction

Mycotoxins are secondary metabolites produced by fungal species such as Aspergillus,
Alternaria, Claviceps, Penicillium and Fusarium. Of the known mycotoxins, zearalenone
(ZEN), which is primarily generated by Fusarium molds, is regarded as a serious problem
worldwide, as it can lead to reproductive and fertility disorders by competing with 17β-
estradiol for estrogen receptor binding [1].

Coix seed, known as Job’s tears, belongs to the grass family Poaceae and is a minor
grain that is extensively cultivated in East and Southeast Asia (China, Japan, Thailand,
India, Korea and Burma) [2]. Coix seeds are rich in amino acids, protein, lipids, fiber,
calcium, iron, and vitamin B1 and have been recommended as a nourishing food for routine
health care [3,4]. Coix seeds are also an important medicinal herb for excreting dampness
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and invigorating the spleen, and coix seed extract has been used as a raw material for
the “Kanglaite Injection” anticancer drug [5]. However, numerous studies have indicated
that coix seeds are prone to be contaminated by ZEN and have a higher incidence of
contamination than that of other grains [6–8]. To date, two official tolerance levels of 60 and
500 µg/kg for ZEN in coix seed have been established by United States Pharmacopoeia’s
Herbal Medicines Compendium and the Chinese Pharmacopoeia, 2020 edition, respectively.
In addition, the maximum residue limit (MRL) of ZEN was established by the European
Commission to be no more than 100 µg/kg in unprocessed grains [9] and 60 µg/kg in
grains and their products in China [10]. Thus, more attention has been given to a simple
and reliable analytical method to monitor ZEN contamination in coix seeds.

Indirect competitive enzyme-linked immunosorbent assay (ic-ELISA) is an ideal im-
munoassay method for large-scale screening to detect mycotoxin contaminants [11–13].
However, the matrix effect that occurs with complicated samples has always been a chal-
lenge, in which ic-ELISA results in false-positive or negative results [14]. To date, the com-
monly used method for reducing the matrix effect is diluting the sample extract [14,15], but
the sensitivity of the detection method decreases as the dilution factor increases. Another
general method is using a matrix-matched calibration curve for correcting the interference
from the matrix effect, and this has been the most reported method in previous immunoas-
say studies [16,17]. However, the matrix-matched calibration curve always involves the
accompanying blank sample extraction, which adds to the complexity of the detection.
Coix seeds are rich in esters, polysaccharides, flavonoids, alkaloids, starch and other con-
tents that are prone to induce matrix effects [18]. A magnetic bead microprobe-based
immunoassay was developed by Liu [17] for ZEN detection, and it was also observed
that the matrix-matched competitive calibration equation had to be applied for complex
coix seed matrices. Therefore, a simple and effective sample pretreatment method for
eliminating or reducing the matrix effect of coix seeds in ZEN detection by ic-ELISA is
urgently needed.

QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) is an extraction and
clean-up technique that was initially developed to determine pesticide residue by gas
chromatography with mass spectrometry (GC–MS/MS) [19] and then has gradually been
applied to detect mycotoxins by liquid chromatography–tandem mass spectrometry (LC–
MS/MS) in recent years [20,21]. It is well known that the advantages of QuEChERS
include significantly eliminated matrix effects, simplicity, inexpensiveness, low reagent
consumption, environmental friendliness, and shorter time of analysis compared with that
of other clean-up methods [18,22]. The convenient QuEChERS-based procedure does not
strikingly increase the analysis time; therefore, this procedure is worth trying with rapid
screening methods such as ELISA. Unfortunately, limited studies have been conducted in
recent years.

In this study, a reliable ic-ELISA method for ZEN in coix seeds was developed. A
combination of an extremely simple QuEChERS pretreatment strategy and the optimization
of the dilution solvent can effectively eliminate the matrix effect in real sample analyses.
The proposed method was devised for both official tolerance levels of ZEN in coix seeds by
adjusting the dilution parameters, the method was applied to investigate the contamination
of ZEN in 122 batch coix seeds, and the results were further validated by LC–MS/MS.
Moreover, health risk assessment was performed to help clarify the present situation of
ZEN contamination and the potential health risks of coix seeds.

2. Materials and Methods
2.1. Reagents and Materials

The mycotoxin standards ZEN, α-zearalenol (α-ZEL) and β-zearalenol (β-ZEL) were
purchased from Pribolab (Singapore). ZEN monoclonal antibody and ZEN-BSA were
purchased from Shenzhen Anti Biological Technology Co., Ltd. (Shenzhen, China). Goat
anti-mouse IgG polyclonal antibody-HRP (IgG-HRP) was purchased from Nanning Blue
Light Biotechnology Inc. (Nanning, China). Bovine serum albumin (BSA) was obtained
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from Phygene Biotechnology Co., Ltd. (Fuzhou, China). The 3,3′,5,5′-tetramethylbenzidine
(TMB) substrate reagent set was purchased from Bosf. (Hefei, China). Methanol and
acetonitrile were provided by Macklin (Shanghai, China). Sodium acetate (CH3COONa),
anhydrous magnesium sulfate (MgSO4) and other chemical reagents were of analytical
grade and were from Guangzhou Chemical Reagent Factory (Guangzhou, China).

2.2. Sample Preparation

One hundred and twenty-two batches of coix seeds (including 22 batches of powdered
coix seed) were collected from supermarkets and drugstores in China. The samples (except
powdered coix seed) were ground through a high-speed disintegrator (Yongkang Sufeng
Industry and Trade Company Limited, Zhejiang, China) and passed through a 24-mesh
sieve. The coix seed sample powder (1.0 g) was added to 5 mL of 80% acetonitrile. The
mixture was vortexed for 3 min and then vigorously stirred with 1.0 g anhydrous magne-
sium sulfate and 0.25 g sodium acetate for 1 min [23]. Then, the mixture was centrifuged at
10,000 rpm for 5 min. After centrifugation, the supernatant was diluted 20-fold in water
with 10% methanol or 200-fold in phosphate-buffered saline (PBS) with 10% methanol and
was centrifuged again. The supernatant was analyzed by ic-ELISA.

2.3. ic-ELISA Determination

The 96-well microplates were coated (100 µL per well) with ZEN-BSA in sodium
carbonate coating buffer at 4 ◦C overnight. Then, the plates were washed three times with
PBST (PBS containing 0.05% Tween 20) and blocked at 37 ◦C for 2 h. Each plate was washed
two times with PBST. ZEN standard solution or diluted sample extract (50 µL per well) was
added simultaneously along with anti-ZEN antibody (50 µL per well) at 37 ◦C for 1 h. Then,
the plates were washed three times with PBST. IgG diluted with PBS (100 mM phosphate,
pH 7.4) was added to the plates. After incubating for 1 h at 37 ◦C, the plates were washed
four times, and 100 µL per well of the TMB/H2O2 substrate solution (5 mL of 0.7 mg mL−1

TMB, 10 µL of 30% H2O2, 5 mL of substrate buffer (0.05 M citrate-phosphate buffer, pH 5.0))
was added for 10 min. Finally, the reaction was terminated by hydrochloric acid, and the
absorbance was determined at 450 nm with a spark multimode microplate reader.

2.4. LC–MS/MS Confirmation

The method was based on that described by Wu [8] with modifications. The sample
was separated by an LC (Agilent 1290) system. A Waters CORTECSTM UPLC C18 column
(100 mm × 2.1 mm × 1.6 µm) was maintained at 35 ◦C. The mobile phase comprised water
with 0.1% formic acid and 1 mM ammonium acetate (A) and methanol (B). The gradient
condition was as follows: 90% A at 0–2 min, 10% A at 2–8 min, 90% A at 8.1 min, and then
returned to the initial phase at 8.1–11 min. The injection volume was 2 µL, and the flow
rate was 0.3 mL/min. The spectral detection was operated with an electrospray ion (ESI)
source in negative ionization mode with a capillary voltage of 3.5 kV, and multiple reaction
monitoring (MRM) was utilized. The gas temperature was set at 350 ◦C.

2.5. Risk Assessment

The risk assessment is discussed separately in this work because coix seed is used for
both edible and medical purposes.

The estimated daily exposure (EDE) was determined using mycotoxin contents in coix
seeds and food consumption data for the adult population (Equation (1) [24]).

EDE =
(Cm ×K)

bw
(1)

where Cm refers to the concentration of ZEN (µg/kg), K represents coix seed consumption
and is expressed in kilograms per day, and bw is the average weight of adults (70 kg).
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The risk related to ZEN exposure from daily consumption of coix seeds was evaluated
by calculating the ratio (% TDI) between the estimated daily exposure (EDE) and the
tolerable daily intake (TDI) (Equation (2)).

%TDI =
EDE
TDI

× 100 (2)

As food, the daily consumption of coix seeds was set to 0.0252 kg according to Zhu’s
survey of coix seed consumption in Shanghai, China [25]. As a medicinal herb, the daily
consumption of coix seeds was set to 0.03 kg, according to the Chinese Pharmacopoeia
2020 edition. It is generally recognized that Chinese medicines are taken for 90 days a year,
and the frequency of consumption in a year is 0.247 [26]. Hence, Equation (1) needs to be
multiplied by the frequency of consumption (f). The TDI value of 0.25 µg/kg bw/day for
ZEN, established by the European Food Safety Authority (EFSA) in 2011, was used [27].

The %TDI value < 100% is assumed to be within the acceptable range, equal to or
exceeding %TDI may concern potential non-carcinogenic effects. Note, however, that the
risk will increase as %TDI increases [28,29].

3. Results and Discussion

Considering the two MRLs (60 µg/kg or 500 µg/kg) of ZEN in coix seeds, we tried to
adjust the different sample dilution processes to make the concentration of MRLs around
the inhibitory concentration 50% (IC50) of the calibration curve, which ensures that the
measurements are more accurate when the contamination levels of ZEN are near the MRLs
in real samples. Therefore, the optimization and subsequent validation of the developed
ic-ELISA were carried out separately for these two MRLs.

3.1. Sample Preparation
3.1.1. Extraction Based on QuEChERS Technology

The solvent is critical for facilitating the extraction of ZEN. In general, methanol and
acetonitrile are the most frequent extraction solvents for ZEN [30]. Previous research
indicated that acetonitrile as the extraction solution could reduce fat-soluble impurities
and improve the extraction efficiency [31]. Considering that the coix seed is rich in starch,
some water should be mixed with the organic solvent to improve permeability, but as the
proportion of water increases, the composition of the matrix becomes more complicated.
Thus, in this work, 80% acetonitrile was used as the extraction solvent.

In ELISA analysis, one-step extraction combined with subsequent dilution was the
commonly used method for sample pretreatment. However, there was some interference in
both the absorbance and sensitivity of the detection with direct dilution after extraction
in our study. Therefore, a simple QuEChERS technology was used to improve the matrix
effect. In detail, after extraction with 80% acetonitrile for 3 min, a mixture of anhydrous
magnesium sulfate (MgSO4) and sodium acetate (CH3COONa) was added, and the sample
was vortexed in situ for 1 min. After centrifugation, ZEN could be transferred into the
organic phase, while some polar components of the matrix remained in the aqueous layer.
It is worth mentioning that this QuEChERS procedure could better reduce the matrix
effect both in the absorbance and inhibition rate compared to the direct dilution procedure,
especially for the dilution of MRL 60 µg/kg (Figure 1). Compared to the conventional
methods for minimizing matrix interference in mycotoxin extraction, such as liquid-liquid
extraction [32], immunoaffinity column cleanup [33] and matrix-matched calibration [31],
the proposed QuEChERS extraction is obviously more convenient, cheap and time-saving.
Hence, the subsequent optimization was performed based on the QuEChERS procedure.
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3.1.2. Dilution

The dilution ratio is commonly considered and optimized to reduce the matrix ef-
fect [14,34]. Obviously, the greater the dilution ratio is, the lower the sensitivity of the
method, and the application of the detection method will be limited in situations without
an ultrahigh sensitivity. In this work, we focused more on screening the dilution solvent,
which has often been overlooked in previous studies. The 4 dilution solvents (water, PBS,
water with 10% methanol and PBS with 10% methanol) were compared. It is interesting
that, as shown in Figure 2, the inhibition rate was more affected for an MRL of 60 µg/kg,
as well as the strong influence on the absorbance of an MRL of 500 µg/kg. Finally, water
with 10% methanol at 60 µg/kg and PBS with 10% methanol at 500 µg/kg were selected.

Figure 2. The screening of dilution solvent. (a) MRL 60 µg/kg; (b) MRL 500 µg/kg. The I0 and IX0

were the inhibition values of solvent and matrix at 0.5 ng/mL, respectively; the B0 and BX0 were the
values of blank solvent and blank matrix, respectively.

3.2. Validation of ic-ELISA
3.2.1. Linearity

First, the matrix effect was assessed by comparing the slope of a calibration curve
for standard solutions with that of matrix-matched standard solutions [35,36]. After de-
termining the optimum conditions of ic-ELISA, inhibition curves were generated using
four-parameter logistic fit (Figure 3a,c), and the linear parts of the curves were fitted by
least square method to obtain linear standard curves (Figure 3b,d). The ratios of the matrix-
matched standards and the solvent linear standard curve slope were 1.02 and 0.99 for the
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MRLs of 60 and 500 µg/kg, respectively. This result indicated that the matrix effects from
the sample were within the acceptable levels of 0.85~1.15 [37]. Thus, the solvent curves
could be used for detection instead of the matrix-matched curves and were quantified over
the range of 16.3–400 µg/kg for an MRL of 60 µg/kg (Figure 3b) and 125–2000 µg/kg for
an MRL of 500 µg/kg (Figure 3d).
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using a four-parameter logistic fit for MRL 60 µg/kg and MRL µg/kg, respectively; (b,d) the linear
parts of the curves were fitted by the least square method for MRL 60 µg/kg and MRL 500 µg/kg,
respectively.

3.2.2. Sensitivity and Specificity

The developed method achieved different sensitivities to satisfy different detection
requirements. The IC50 values of ZEN were 0.83 and 0.53 ng/mL for an MRL of 60 µg/kg
and an MRL of 500 µg/kg, respectively (Table 1). The specificity of the ELISA between ZEN
and ZEN analogs was also checked by cross-reactivity. The cross-reactivity of ZEN analogs
was determined by comparing the concentrations of ZEN and its analogs, generating half-
maximal inhibitions (IC50 for ZEN/IC50 for ZEN analog * 100%) (Table 1). Because of the
relatively higher cross-reactivity of α-ZEL, the method may have a slightly positive bias for
naturally contaminated samples.
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Table 1. IC50 values and Cross-reactivity of the ZEN and its analogues determined by the developed
of ic-ELISA.

MRLs (µg/kg) Compounds IC50 (ng/mL) Cross-Reactivity (%)

60
ZEN 0.83 100.0
α-ZEL 0.73 113.7
β-ZEL 3.15 26.3

500
ZEN 0.53 100.0
α-ZEL 0.64 82.8
β-ZEL 2.57 20.6

Note: 50% inhibitory concentration (IC50).

3.2.3. Limit of Detection and Limit of Quantification

The limits of detection (LOD) and quantification (LOQ), defined as the analyte concen-
tration necessary for obtaining a 10% and 20% inhibition for ELISA [38], were 6.56 µg/kg
and 16.3 µg/kg for an MRL 60 µg/kg, respectively, as well as 37.8 µg/kg and 125 µg/kg
for an MRL of 500 µg/kg, respectively.

3.2.4. Accuracy and Precision

Accuracy was determined at three concentration levels by spiking blank samples
of coix seeds that were determined by LC–MS/MS to 30, 60, and 120 µg/kg for MRL
60 µg/kg and 250, 500, and 1000 µg/kg for MRL 500 µg/kg. The results are shown in
Table 2. Precision was determined at 60 µg/kg or 500 µg/kg of spiking blank samples
6 times. The recoveries (for precision determination) averaged 114.3% and 90.01% for 60
and 500 µg/kg, respectively, and all coefficient variations were less than 9.0%. The findings
demonstrated that the developed ic-ELISA can reliably monitor ZEN in coix seed samples.

Table 2. Recoveries and coefficient variations for the accuracy in spiked coix seed (n = 3).

MRLs (µg/kg)
ZEN (µg/kg)

Recovery (%) Coefficient of
Variation (%)Spiked Detected *

60
30 30.87 ± 3.46 102.9 11.5
60 65.70 ± 3.35 109.5 5.6

120 142.03 ± 7.27 118.4 6.0

500
250 182.01 ± 10.85 72.80 4.3
500 473.38 ± 5.28 94.68 1.0
1000 1097.08± 63.50 109.7 6.4

* All data are expressed as the mean ± SD.

3.3. The Contaminated Distribution and Comparison of ic-ELISA and LC–MS/MS for the Analysis
of ZEN in Real Samples

One hundred and twenty-two batches of coix seeds were determined by the developed
ic-ELISA. The contamination levels of ZEN in the samples can be seen in Table S1. Among
them, the positive rate was up to 97.54% with the contamination level ranging from 17.52
to 5094.70 µg/kg, in which 51.26% exceeded the limit of 60 µg/kg and 8.40% exceeded the
limit of 500 µg/kg. We also tried to draw a contamination distribution diagram (Figure 4),
and it showed that more than 45% of samples in other regions had ZEN contamination
levels greater than 60 µg/kg except for Central and Southern China, of which the samples
in Northeast China and Northern and Northwest China had higher levels of contamina-
tion (>480 µg/kg). As previously referenced, the occurrence of ZEN in coix seeds was
widespread with a higher incidence of contamination than that of other grains, and our
results confirmed this (Table 3). To date, preventive measures are deficient for reducing
ZEN contamination in coix seeds, which should be paid more attention to in future research.
The positive results obtained were further compared with those of ultrahigh-performance
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LC–MS/MS, which showed a better correlation (R = 0.902/0.904) (Figure 5), suggesting
that the proposed ic-ELISA was reliable and accurate.
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Table 3. Natural occurrence of ZEN and estimated daily exposure of adults to ZEN in common food
and coix seeds samples in China.

Product n * Occurrence
Rate

Mean
(µg/kg)

Range
(µg/kg)

EDE **
(µg/kg bw/Day) Reference

corn 280 37.5% 121.1 4.12–1712.1 0.0238 [39]
corn oil 31 87.1% 54.4 n.d.–220.0 0.027 [40]

corn and corn products
corn oil

392
63

38.27%
79.37%

12.3
149

5.20–218
14.3–516

0.004 (urban)/0.009 (rural)
0.003 (urban)/0.003 (rural) [41]

cereal and cereal products 355 8.73% 8.19 n.d.–369 0.052 [42]
wheat flour

corn products
292
347

53.42%
87.61%

5.05
40.87

0.30–55.01
0.30–942.60

0.01
0.03 [43]

coix seed 77 98.7% 242.4 1.1–1562.3 - [8]
coix seed 147 69.39% 327.7 <1.0–9361 0.0216 [25]
coix seed 26 84.62% - <0.5–4075 - [28]
coix seed 9 100% 92.1 18.7–211.4 - [6]

coix seed 122 97.54% 207.65 17.52–5094.70 0.0748 (as food)/0.0220 (as
medicinal herb) this work

*: number of analyzed samples. **: estimated daily exposure (EDE) value (µg/kg bw/day) of mean contamina-
tion level.
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3.4. Risk Assessment of ZEN in Coix Seeds

According to the higher occurrence rate and contamination levels of ZEN in coix seeds,
an exposure assessment to ZEN for both medical and edible consumption of coix seeds is
necessary. The exposure assessment was performed by a deterministic approach. Three
scenarios were considered, including the minimum, average, and maximum concentrations
of ZEN in coix seeds (Table 4).

Table 4. The estimated daily exposure to ZEN (µg/kg bw/day) and %TDI in three exposure scenarios.

ZEN Daily
Exposure

Scenario I Scenario II Scenario III

P1 P2 P1 P2 P1 P2

EDE 0.0063 0.0019 0.0748 0.0220 1.8341 0.5393
%TDI 2.52 0.74 29.90 8.79 733.64 215.72

Scenario I: the lowest concentration of ZEN in the analyzed samples. Scenario II: the average concentration of ZEN
in the analyzed samples. Scenario III: the highest concentration of ZEN in the analyzed samples. P1: consumption
as food. P2: consumption as medicinal herb.

As food, the calculated %TDI value of 733.64 for ZEN in scenario III was observed
to far exceed the safety reference value of 100%. As a medicinal herb, the EDE value was
about one-third of the food’s, but the calculated %TDI value of 215.72 was still much higher
than 100%. The above observations indicated that consumption of coix seeds with higher
ZEN contamination levels might cause adverse health effects for both edible and medicinal
use. This finding was consistent with previous studies [25,28]. For scenario I, because
of the %TDI obtained, 2.52 and 0.74 for use as food and medicinal herb, respectively, the
risk assessment linked with the exposure to ZEN was considered lower for the studied
populations. The %TDI values for ZEN in scenario II were 29.90 and 8.79 for edible
and medicinal aims, respectively, indicating they were within an acceptable risk range;
furthermore, the ZEN exposure derived from other foods probably co-consumed was taken
into account under this condition. As shown in Table 3, the average dietary exposure of
adults to ZEN in cereal and cereal products, corn and corn products, corn oil and wheat
flour in China ranged between 0.003 and 0.052 µg/kg bw/day, which represents 1.2~20.92%
of TDI. Thus, assuming any of the food above was consumed with coix seeds, the total ZEN
exposure was calculated below the TDI. In this status, when coix seeds were used as food,
ZEN from coix seeds was the more prominent contributor to the total risk compared to
other sources. Based on these findings, constant monitoring of the production and storage
process is required to minimize health risks related to the intake of ZEN in coix seeds.

As mentioned in Section 3.3, regional variations of ZEN contamination in coix seeds
were observed. Therefore, it was speculated that there was also a regional difference
in health risk associated with dietary exposure to ZEN. As shown in the contamination
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distribution diagram (Figure 4), the order of regions by the relative contamination severity
from high to low was Northern and Northwest China, Northeast China, Southwest China,
Eastern China, and Central and Southern China. According to the calculation equation of
%TDI mentioned in Section 2.5, the order of regions by the relative contamination severity
was consistent with the order by the health risk. That means ZEN from Northern and
Northwest China was the more significant contributor to the total risk compared to other
regions, while Central and Southern China was lower. However, the misreporting of
estimated dietary exposure to ZEN from coix seeds in the different areas could not be
excluded due to a lack of data on regional consumption. Further investigation is needed to
confirm this finding.

4. Conclusions

In this work, a reliable ic-ELISA for the detection of ZEN with two different MRLs
in coix seeds was developed without any correction. It is worth noting that we proposed
a strategy to eliminate the matrix effect from coix seed samples that was problematic for
previous immunoassay-based rapid detection. It was found that using simple QuEChERS
technology as sample pretreatment could reduce the matrix effect both on absorbance and
sensitivity. In addition, optimizing the dilution solvent could especially improve interfer-
ence on sensitivity when the dilution ratio was relatively low, but when the dilution ratio
was higher, this improvement was mainly observed for the absorbance. The 122 batches of
coix seeds were determined, and a better correlation was obtained compared with that of
ultrahigh-performance LC–MS/MS. The contamination distribution was further analyzed,
and the results indicated that the occurrence of ZEN in coix seeds is a universal problem
in various districts in China. Moreover, based on the edible and medical aims, the dietary
exposure to ZEN for adults was assessed separately. The findings indicated concern about
intake of the ZEN through consuming coix seeds with higher contamination levels. When
used as food, the intake of ZEN through consuming coix seeds with an average concen-
tration was within the acceptable risk range but identified as a significant contributor to
the total risk compared to other sources. There was a regional difference in health risk
associated with dietary exposure to ZEN from coix seeds. Still, the effect of different regions
on the risk assessment is limited by a lack of data on regional consumption, which is worthy
of further investigation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods11192983/s1, Table S1: ZEN contamination levels in 122 batches
of coix seeds.

Author Contributions: Conceptualization, writing—original draft preparation, K.G.; methodology,
K.G. and R.H.; validation, R.H.; formal analysis, H.L., Y.H. and A.C.; writing–review and editing, X.Z.
and S.W.; writing–review and editing, supervision, funding acquisition, L.Z. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (81903798,
82074130), Guangdong Basic and Applied Basic Research Foundation (2022A1515012099), Beijing
Municipal Natural Science Foundation (7192026), Special Fund for Scientific and Technological
Innovation Cultivation of Guangdong University Students (pdjh2020b0302) and the Foreign Experts
Project (G20190001631).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

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

https://www.mdpi.com/article/10.3390/foods11192983/s1
https://www.mdpi.com/article/10.3390/foods11192983/s1


Foods 2022, 11, 2983 11 of 12

References
1. Zhao, L.; Zhang, L.; Xu, Z.J.; Liu, X.D.; Chen, L.Y.; Dai, J.F.; Karrow, N.A.; Sun, L.H. Occurrence of Aflatoxin B1, deoxynivalenol

and zearalenone in feeds in China during 2018–2020. J. Anim. Sci. Biotechnol. 2021, 12, 74. [CrossRef] [PubMed]
2. Ding, Y.; Zhang, G.; Ni, C.; Yu, G.; Cheng, J.; Zheng, H. Understanding the mechanism of change in morphological structures,

visualization features, and physicochemical characteristics of adlay seeds (Coix lacryma-jobi L.): The role of heat soaking. J. Cereal
Sci. 2020, 91, 102892. [CrossRef]

3. An, T.J.; Shin, K.S.; Paul, N.C.; Kim, Y.K.; Cha, S.W.; Moon, Y.; Yu, S.H.; Oh, S.-K. Prevalence, Characterization, and Mycotoxin
Production Ability of Fusarium Species on Korean Adlay (Coix lacrymal-jobi L.) Seeds. Toxins 2016, 8, 310. [CrossRef]

4. Zeng, H.; Qin, L.; Liu, X.; Miao, S. Increases of Lipophilic Antioxidants and Anticancer Activity of Coix Seed Fermented by
Monascus purpureus. Foods 2021, 10, 566. [CrossRef] [PubMed]

5. Yu, F.; Gao, J.; Zeng, Y.; Liu, C. Inhibition of Coix seed extract on fatty acid synthase, a novel target for anticancer activity.
J. Ethnopharmacol. 2008, 119, 252–258. [CrossRef]

6. Zhang, X.; Liu, W.; Logrieco, A.F.; Yang, M.; Zhen, O.; Wang, X.; Guo, Q. Determination of zearalenone in traditional Chinese
medicinal plants and related products by HPLC-FLD. Food Addit. Contam. Part A 2011, 28, 885–893. [CrossRef]

7. Kong, W.; Li, J.; Qiu, F.; Wei, J.; Xiao, X.; Zheng, Y.; Yang, M. Development of a sensitive and reliable high performance liquid
chromatography method with fluorescence detection for high-throughput analysis of multi-class mycotoxins in Coix seed. Anal.
Chim. Acta 2013, 799, 68–76. [CrossRef]

8. Wu, Y.; Ye, J.; Xuan, Z.; Li, L.; Wang, H.; Wang, S.; Liu, H.; Wang, S. Development and validation of a rapid and efficient method
for simultaneous determination of mycotoxins in coix seed using one-step extraction and UHPLC-HRMS. Food Addit. Contam.
Part A 2020, 38, 148–159. [CrossRef]

9. The Commission Of The European Communities. Commission Regulation (EC) No 1881/2006 of 19 December 2006 Setting Maximum
Levels for Certain Contaminants in Foodstuffs; Official Journal of the European Union: Brussel, Belgium, 2006; Volume L364, p. 5.

10. China, M. Maximum Levels of Mycotoxins in Foods GB2761-2017; Ministry of Health of the People’s Republic of China: Beijing,
China, 2017.

11. Massart, F.; Micillo, F.; Rivezzi, G.; Perrone, L.; Baggiani, A.; Miccoli, M.; Meucci, V. Zearalenone screening of human breast milk
from the Naples area. Toxicol. Environ. Chem. 2016, 98, 128–136. [CrossRef]

12. Fu, X.; Wang, X.; Cui, Y.; Wang, A.; Lai, D.; Liu, Y.; Li, Q.X.; Wang, B.; Zhou, L. A monoclonal antibody-based enzyme-linked
immunosorbent assay for detection of ustiloxin A in rice false smut balls and rice samples. Food Chem. 2015, 181, 140–145.
[CrossRef]

13. Omori, A.M.; Ono, E.Y.S.; Hirozawa, M.T.; de Souza Suguiura, I.M.; Hirooka, E.Y.; Fungaro, M.H.P.; Ono, M.A. Development of
Indirect Competitive Enzyme-Linked Immunosorbent Assay to Detect Fusarium verticillioides in Poultry Feed Samples. Toxins
2019, 11, 48. [CrossRef] [PubMed]

14. Bao, K.; Liu, X.; Xu, Q.; Su, B.; Liu, Z.; Cao, H.; Chen, Q. Nanobody multimerization strategy to enhance the sensitivity of
competitive ELISA for detection of ochratoxin A in coffee samples. Food Control 2021, 127, 108167. [CrossRef]

15. Watanabe, E.; Miyake, S. Direct determination of neonicotinoid insecticides in an analytically challenging crop such as Chinese
chives using selective ELISAs. J. Environ. Sci. Health Part B 2018, 53, 707–712. [CrossRef] [PubMed]

16. Gross, M.S.; Woodward, E.E.; Hladik, M.L. Evaluation of ELISA for the analysis of imidacloprid in biological matrices: Cross-
reactivities, matrix interferences, and comparison to LC-MS/MS. Chemosphere 2022, 286, 131746. [CrossRef] [PubMed]

17. Liu, X.; Liao, X.; Jia, B.; Sun, C.; Zhou, L.; Kong, W. Development of a multi-channel magnetic bead micro-probe assay for
high-throughput detection of zearalenone in edible and medicinal Coix seed. Food Chem. 2021, 347, 128977. [CrossRef]

18. Yang, F.; Bian, Z.; Chen, X.; Liu, S.; Liu, Y.; Tang, G. Analysis of 118 Pesticides in Tobacco after Extraction with the Modified
QuEChRS Method by LC–MS-MS. J. Chromatogr. Sci. 2014, 52, 788–792. [CrossRef]

19. Michelangelo, A.; Lehotay, S.J.; Darinka, Š.; Schenck, F.J. Fast and Easy Multiresidue Method Employing Acetonitrile Extrac-
tion/Partitioning and “Dispersive Solid-Phase Extraction” for the Determination of Pesticide Residues in Produce. J. AOAC Int.
2003, 86, 412–431.

20. Wu, Q.; Lohrey, L.; Cramer, B.; Yuan, Z.; Humpf, H. Impact of Physicochemical Parameters on the Decomposition of Deoxyni-
valenol during Extrusion Cooking of Wheat Grits. J. Agric. Food Chem. 2011, 59, 12480–12485. [CrossRef]

21. González-Jartín, J.M.; Alfonso, A.; Rodríguez, I.; Sainz, M.J.; Vieytes, M.R.; Botana, L.M. A QuEChERS based extraction procedure
coupled to UPLC-MS/MS detection for mycotoxins analysis in beer. Food Chem. 2019, 275, 703–710. [CrossRef]

22. Hrynko, I.; Kaczy, P.; Lozowicka, B. A global study of pesticides in bees: QuEChERS as a sample preparation methodology for
their analysis-Critical review and perspective. Sci. Total Environ. 2021, 792, 148385. [CrossRef]

23. Association of Official Agricultural Chemists. AOAC Official Method 2007.01. In Pesticide Residues in Foods by Acetonitrile
Extraction and Partitioning with Magnesium Sulfate; AOAC Official Method; Oxford University Press: Bethesda, MD, USA, 2007.

24. Carballo, D.; Molto, J.C.; Berrada, H.; Ferrer, E. Presence of mycotoxins in ready-to-eat food and subsequent risk assessment. Food
Chem. Toxicol. 2018, 121, 558–565. [CrossRef] [PubMed]

25. Zhu, Y.; Mao, W.; Ji, S.; Long, T.; Wang, S.; Ying, X.; Miao, H. Contamination of zearalenone and its dietary exposure assessment
in coix seed in Shanghai. J. Hyg. Res. 2020, 49, 840–872.

26. Tian, Z.T.; Lina, L.; Lei, S.; Lei, Z.; Jing, L.; Yu, J.H.; Cheng, M.S. Quantitative risk assessment of aflatoxin B1 in traditional animal
medicines. Chin. J. Pharm. Anal. 2019, 39, 1267–1271. [CrossRef]

http://doi.org/10.1186/s40104-021-00603-0
http://www.ncbi.nlm.nih.gov/pubmed/34243805
http://doi.org/10.1016/j.jcs.2019.102892
http://doi.org/10.3390/toxins8110310
http://doi.org/10.3390/foods10030566
http://www.ncbi.nlm.nih.gov/pubmed/33803207
http://doi.org/10.1016/j.jep.2008.07.015
http://doi.org/10.1080/19440049.2011.563429
http://doi.org/10.1016/j.aca.2013.08.042
http://doi.org/10.1080/19440049.2020.1833089
http://doi.org/10.1080/02772248.2015.1101112
http://doi.org/10.1016/j.foodchem.2015.02.068
http://doi.org/10.3390/toxins11010048
http://www.ncbi.nlm.nih.gov/pubmed/30658385
http://doi.org/10.1016/j.foodcont.2021.108167
http://doi.org/10.1080/03601234.2018.1480154
http://www.ncbi.nlm.nih.gov/pubmed/29869926
http://doi.org/10.1016/j.chemosphere.2021.131746
http://www.ncbi.nlm.nih.gov/pubmed/34403900
http://doi.org/10.1016/j.foodchem.2020.128977
http://doi.org/10.1093/chromsci/bmt112
http://doi.org/10.1021/jf2038604
http://doi.org/10.1016/j.foodchem.2018.09.162
http://doi.org/10.1016/j.scitotenv.2021.148385
http://doi.org/10.1016/j.fct.2018.09.054
http://www.ncbi.nlm.nih.gov/pubmed/30266314
http://doi.org/10.16155/j.0254-1793.2019.07.14


Foods 2022, 11, 2983 12 of 12

27. EFSA Panel on Contaminants in the Food Chain. Scientific Opinion on the Risks for Public Health Related to the Presence of
Zearalenone in Food. EFSA J. 2011, 9, 2197. [CrossRef]

28. Lu, Q.; Ruan, H.N.; Sun, X.Q.; Luo, J.Y.; Yang, M.H. Contamination status and health risk assessment of 31 mycotoxins in six
edible and medicinal plants using a novel green defatting and depigmenting pretreatment coupled with LC-MS/MS. LWT 2022,
161, 113401. [CrossRef]

29. Hajok, I.; Kowalska, A.; Piekut, A.; Cwielag-Drabek, M. A risk assessment of dietary exposure to ochratoxin A for the Polish
population. Food Chem. 2019, 284, 264–269. [CrossRef] [PubMed]

30. Liu, H.; Lin, T.; Cheng, X.; Li, N.; Wang, L.; Li, Q. Simultaneous determination of anabolic steroids and β-agonists in milk by
QuEChERS and ultra high performance liquid chromatography tandem mass spectrometry. J. Chromatogr. B 2017, 1043, 176–186.
[CrossRef]

31. Wang, C.; Zhang, L.; Luo, J.; Qin, J.; Jiang, J.; Qin, L.; Zhao, Z.; Yang, S.; Yang, M. Development of a sensitive indirect competitive
enzyme-linked immunosorbent assay for high-throughput detection and risk assessment of aflatoxin B1 in animal-derived
medicines. Toxicon 2021, 197, 99–105. [CrossRef] [PubMed]

32. Nan, T.G.; Hong, X.X.; Xu, X.Y.; Huang, L.Q.; Yuan, Y. Development of enzyme linked immunosorbent assay of aflatoxin of
Chinese herbal medicines. China J. Chin. Mater. Med. 2020, 45, 4158–4162. [CrossRef]

33. Tan, Z.X.; Jiang, J.S.; Chen, R.H.; Zhang, Q.L.; Huang, J.Y. Detection of Aflatoxin B1 in Pu’er tea using affinity column purification-
enzyme linked immunosorbent assay. Prev. Med. Teibune 2014, 20, 413–415. [CrossRef]

34. Sun, Z.; Wang, X.; Tang, Z.; Chen, Q.; Liu, X. Development of a biotin-streptavidin-amplified nanobody-based ELISA for
ochratoxin A in cereal. Ecotoxicol. Environ. Saf. 2019, 171, 382–388. [CrossRef] [PubMed]

35. Zhou, W.; Yang, S.; Wang, P.G. Matrix effects and application of matrix effect factor. Bioanalysis 2017, 9, 1839–1844. [CrossRef]
[PubMed]

36. Chen, G.; Jin, M.; Du, P.; Zhang, C.; Cui, X.; Zhang, Y.; She, Y.; Shao, H.; Jin, F.; Wang, S.; et al. A sensitive chemiluminescence
enzyme immunoassay based on molecularly imprinted polymers solid-phase extraction of parathion. Anal. Biochem. 2017, 530,
87–93. [CrossRef]

37. Wang, X.L.; Liu, Y.L.; Su, J.; Liu, X.M.; Jin, H.Y.; Ma, S.C. Guideline for quality control in analysis of harmful residues in traditional
Chinese medicines. Chin. J. Pharm. Anal. 2020, 40, 1877–1881. [CrossRef]

38. Henniona, M.C.; Barcelo, D. Strengths and limitations of immunoassays for effective and efficient use for pesticide analysis in
water samples: A review. Anal. Chim. Acta 1998, 362, 3–34. [CrossRef]

39. Meng, F.L.; Fan, H.; Tan, L.; Anna, N.; Song, Z.F.; Wei, C.Y. Contamination Status and Dietary Risk Assessment of Corn Mycotoxins
in Jilin Province. J. Maize Sci. 2021, 29, 88–94. [CrossRef]

40. Guo, P.; Xue, S.H.; Xie, K.; Liu, H.; Chen, M.Z.; Du, X.X.; Zhang, Q. Contamination status and exposure assessment of zearalenone
in commercial food in Fujian Province. Strait J. Prev. Med. 2020, 26, 80–82.

41. Hu, J.W.; Wang, C.X.; Tian, L.; Wang, M.J.; Guo, R.; Joe, S. Analysis on contamination of zearalenone and dietary exposure
assessment in food samples of Shaanxi Province in 2013–2016. J. Hyg. Res. 2017, 46, 585–627. [CrossRef]

42. Dong, F.G.; Yan, X.G.; Gong, C.B.; Wang, Z.X.; Xing, X.M.; Xing, Y.F.; Sun, Y.L.; Zheng, Z. Analysis on contamination of zearalenone
and dietary exposure assessment in food samples of Yantai city from 2012 to 2019. J. Food Saf. Qual. 2021, 12, 376–381. [CrossRef]

43. Wang, W.; Shao, B.; Zhu, J.H.; Yu, H.X.; Li, F.Q. Dietary exposure assessment of some important Fusarium toxins in cereal-based
products in China. J. Health Res. 2010, 39, 709–714. [CrossRef]

http://doi.org/10.2903/j.efsa.2011.2197
http://doi.org/10.1016/j.lwt.2022.113401
http://doi.org/10.1016/j.foodchem.2019.01.101
http://www.ncbi.nlm.nih.gov/pubmed/30744856
http://doi.org/10.1016/j.jchromb.2016.08.016
http://doi.org/10.1016/j.toxicon.2021.04.009
http://www.ncbi.nlm.nih.gov/pubmed/33865888
http://doi.org/10.19540/j.cnki.cjcmm.20200608.101
http://doi.org/10.16406/j.pmt.issn.1672-9153.2014.06.001
http://doi.org/10.1016/j.ecoenv.2018.12.103
http://www.ncbi.nlm.nih.gov/pubmed/30616155
http://doi.org/10.4155/bio-2017-0214
http://www.ncbi.nlm.nih.gov/pubmed/29171768
http://doi.org/10.1016/j.ab.2017.05.008
http://doi.org/10.16155/j.0254-1793.2020.10.17
http://doi.org/10.1016/S0003-2670(97)00608-9
http://doi.org/10.13597/j.cnki.maize.science.20210512
http://doi.org/10.19813/j.cnki.weishengyanjiu.2017.04.012
http://doi.org/10.19812/j.cnki.jfsq11-5956/ts.2021.01.069
http://doi.org/10.19813/j.cnki.weishengyanjiu.2010.06.016

	Introduction 
	Materials and Methods 
	Reagents and Materials 
	Sample Preparation 
	ic-ELISA Determination 
	LC–MS/MS Confirmation 
	Risk Assessment 

	Results and Discussion 
	Sample Preparation 
	Extraction Based on QuEChERS Technology 
	Dilution 

	Validation of ic-ELISA 
	Linearity 
	Sensitivity and Specificity 
	Limit of Detection and Limit of Quantification 
	Accuracy and Precision 

	The Contaminated Distribution and Comparison of ic-ELISA and LC–MS/MS for the Analysis of ZEN in Real Samples 
	Risk Assessment of ZEN in Coix Seeds 

	Conclusions 
	References

