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Abstract

Mycotoxin contamination in agri-food systems has been a serious global concern over the past few decades. Corn is easily
contaminated by Ochratoxin A (OTA) and Zearalenone (ZEN), which seriously threaten the survival and health of humans
and animals. Herein, a rapid and sensitive method of OTA and ZEN dual quantum dots (QDs) fluorescence immunochro-
matographic test strip was established in this study. OTA and ZEN fluorescence probes were prepared by carbodiimide. The
OTA-OVA, ZEN-BSA and staphylococcal protein A were sprayed on the nitrocellulose filter membrane as the T1 line, T2 line
and control line of the dual test strip, which exhibited high sensitivity, accuracy and specificity. For quantitative detection of
OTA, the linear regression equation was y =0.3222x +0.3834 (R?>=0.9687), LOD and ICs, were 0.132 ng/mL and 2.296 ng/
mL, and the linear detection range was 0.269 ng/mL to 19.588 ng/mL. In addition, for quantitative detection of ZEN, its
linear regression equation was y =0.3077x +0.3777 (R*=0.9648), LOD and ICy, were 0.125 ng/mL and 2.495 ng/mL, and
the linear detection range was 0.264 ng/mL to 23.55 ng/mL. Briefly, the OTA and ZEN dual QDs immunochromatographic

test strip was favored for the simultaneous detection of OTA and ZEN in corn.
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Introduction

Food is one of the basic needs of human survival and
development, which can provide basic energy, nutrients
and necessary trace elements(Chan 2014). However, food
is susceptible to mycotoxin contamination during prepara-
tion and storage. Grains and their processed products are
an important source of food and feed. Humans and animals
face certain health risks when ingesting contaminated food
or grains(Kimanya 2015; Selvaraj et al. 2015). Mycotoxin
contamination in agri-food systems has been a serious global
concern over the past few decades. About 25% of the world's
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crops are contaminated with mycotoxins, which cause huge
losses of billions of dollars per year to agricultural produc-
tion and industrial products(Brera et al. 1998; Khatoon and
Abidin 2018; Streit et al. 2013). Even if the production, stor-
age and processing are standardized, it is difficult to com-
pletely avoid the contamination of mycotoxins in crops and
their agricultural products(Bellver Soto et al. 2014; Molinie
et al. 2005). Currently, more than 300 mycotoxins have been
discovered and identified (Alshannaq and Yu 2017; Huwig
et al. 2001). Ochratoxin A (OTA) and Zearalenone (ZEN)
are two common mycotoxins found in grains. According to
the GB2761-2017 document of China, the maximum level
(ML) of OTA and ZEN for Cereals and their products in
China is 5 pg/kg and 60 pg/kg, respectively(Zhang et al.
2017).

Ochratoxin A (OTA) is a fungal secondary metabolite
mainly produced by Aspergillus ochraceous and Penicillium
verrucosum(Anli and Alkis 2010). OTA was classified as
a potential carcinogen in category 2B by the International
Agency for Research on Cancer (IARC) in 1993 (Pfohl-
Leszkowicz et al. 1993). OTA has multiple toxicities
including nephrotoxicity, carcinogenicity, teratogenicity,
genotoxicity and immunotoxicity, and exposure to OTA can
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cause DNA damage in the kidney, liver, testis, spleen and
lymphocytes, thymocytes and fibroblasts(Bragulat et al.
2019; Niaz et al. 2020; Ostry et al. 2017; Palma et al.
2007). Zearalenone (ZEN) is mainly produced by some
Fusarium species and listed as a group III carcinogen by
IARC(Maaroufi et al. 1996; Zhang et al. 2017). ZEN has
estrogenic activity and disrupts the reproductive system
of humans and animals(D’Mello et al. 1999; Gromadzka
et al. 2008; Krska and Josephs 2001; Massart et al. 2008).
In addition, ZEN also has hepatotoxicity, hematological
toxicity, immunotoxicity and genotoxicity(Gromadzka
et al. 2008). As an important grain and feed, corn is
easily contaminated by OTA and ZEN(Giorni et al. 2019;
Lee and Ryu 2017). Therefore, the contamination of
mycotoxins poses a serious challenge to food safety. The
establishment of a rapid and accurate diagnosis method
for mycotoxins has important application value and social
significance for improving food safety and reducing the
harm of toxins.

Currently, enzyme-linked immunosorbent assay, high-
performance liquid chromatography, colloidal gold-based
immunochromatographic test strip and fluorescence
resonance energy transfer effect have been developed
to detect OTA or ZEN(Cha et al. 2012; Shao et al. 2018;
Sun et al. 2016; Wu et al. 2019; Zhao et al. 2017). In
addition, fluorescence immunochromatography based on
quantum dots(QDs) has advantages of high throughput,
accuracy, rapidity and low cost, so it has attracted much
attention in recent years(Huang et al. 2016; Mahmoudi
et al. 2019a). QDs were main label of fluorescent
probes because of their stability and photoluminescence
brightness(Li et al. 2019). Furthermore, QDs can improve
the sensitivity and consume fewer immunoreagents
of fluorescence immunochromatographic test strips
(Beloglazova et al. 2011; Foubert et al. 2017). In view of
the universality of multiple mycotoxin contamination, the
single target immunochromatographic test strip is difficult
to meet the detection needs of actual samples(Liu et al.
2020). Therefore, the development of dual or multiple
immunochromatographic test strips for simultaneous
detection of multiple targets in agricultural products is the
main development direction of rapid immunoassay in the
future.

This study aimed to establish rapid detection
methods of novel OTA and ZEN dual fluorescence
immunochromatographic test strips based on QDs. The
dual fluorescence immunochromatographic test strip not
only provided technical support for the batch and rapid
detection of OTA and ZEN in corn but also provided a
certain reference for the establishment of rapid detection
methods for other small molecule toxins.

Materials and methods
Materials

Water-soluble QDs were purchased from Jiayuan Quantum
Dots Co., Ltd. (Wuhan, China). OTA, ZEN, deoxynivalenol
(DON) and T-2 toxin were purchased from Pribolab Pte. Ltd.
(Singapore). Ochratoxin C (OTC) and ochratoxin D (OTD)
were obtained from Henan Academy of Agricultural Sci-
ences. Bovine serum albumin (BSA), ovalbumin (OVA),
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride (EDC) and nitrocellulose membrane were purchased
from Merck KGaA (Darmstadt, Germany). Methanol, etha-
nol, acetonitrile, and chloroform were purchased from Zhi-
yuan Chemical Reagent Co., Ltd. (Tianjin, China). Glass
fiber, rubber plate and absorbent paper were purchased from
Kinbio Tech.Co., Ltd. (Shanghai, China). Staphylococcal
Protein-A (SPA) was purchased from Solarbio Science &
Technology Co., Ltd. (Beijing, China).

Instruments

The Dispense Platform and Guillotine Cutter were purchased
from BioDot, Inc. (USA). The Nanodrop 2000c Spectro-
photometer, Nanopure Water Purifier, ultralow temperature
refrigerator, CO2 incubator and drying oven were purchased
from Thermo Scientific (Waltham, USA). The UV lamp
was purchased from Crystal Technology & Industries, Inc.
(CTI, USA). The high-speed centrifuge was purchased from
Eppendorf (Hamburg, Germany). The homogenizer was
purchased from Joyoung Co., Ltd. (Shandong, China). The
multimode reader was purchased from Molecular Devices
(USA). The fluorescence immunochromatographic test strip
reader was purchased from Nanjing Microdetection Bio-
Tech Co., Ltd. (Nanjing, China).

Preparation of OTA and ZEN fluorescence probes

OTA and ZEN fluorescence probes were both prepared by
the EDC activation method (Taranova et al. 2015). Briefly,
the carboxyl groups of water-soluble QDs were firstly acti-
vated by EDC solution. Anti-OTA mAb or anti-ZEN mAb
was added into the QDs solution and stirred for 30 min.
Subsequently, the anti-OTA mAb or anti-ZEN mAb was
combined with water-soluble QDs through amide bonds
(Fig. la). Afterward, BSA solution was added into the
above-mixed solution for obstructing 30 min. Finally, OTA
and ZEN fluorescence probes were stored at 4 °C for further
experiments. In the preliminary work(Zhou et al. 2021), we
optimized the synthesis conditions, including the pH value
and the molar ratio of monoclonal antibodies and EDC to
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reduce the unbound antibodies during the coupling process.
Fluorescent probes were synthesized under optimized condi-
tions in this study.

Identification of bioactivity of OTA and ZEN
fluorescence probes

To confirm whether OTA and ZEN fluorescence probes
were successfully prepared, the bioactivity of fluorescence
probes (anti-OTA mAb-QDs and anti-ZEN mAb-QDs) was
analysed by OTA and ZEN dual quantum dot fluorescence
immunochromatographic test strips (Fig. 1b). This study
took out the blank dual test strips without fluorescence
probe, then add pure water-soluble QDs, anti-OTA mAb-
QDs and anti-ZEN mAb-QDs to the dual test strips in turn.
After waiting for a few minutes, the colour development of
the dual test strips was observed under UV Lamp. Therefore,
the immunoreactivity of fluorescent probes could be evalu-
ated based on the result of antigen and antibody binding.

Preparation of OTA and ZEN dual quantum dots
fluorescence immunochromatographic test strips

First of all, SPA, OTA-OVA and ZEN-BSA solutions were
sprayed on the NC membrane in turn, which was used as
the C line, T1 line and T2 line of dual QDs fluorescence
immunochromatographic test strips. Then, the NC mem-
branes were dried immediately for 4 h in an air blast drying
oven at 40 °C. Secondly, sample pads and bonding pads
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were pre-treated with solutions: 10 mmol/L PBS, 1.0%
BSA (w/v), 0.05% trehalose (w/v), 0.25% Tween-20 (v/v)
and 0.1% NaN3 (w/v). After soaking, they were dried at
60 °C for 4 h. The OTA and ZEN dual QDs fluorescence
immunochromatographic test strips were assembled as fol-
lows: Firstly, the absorbent paper, NC membrane, bonding
pad and sample pad were affixed to the plastic baseboard,
overlapping them by 2 mm. Secondly, the plastic baseboards
were cut into test strips with a width of 2.79 mm. Finally, the
test strips were put into special plastic cartridges and stored
under sealed, dark, dry and normal temperature conditions
for standby.

Qualitative detection of OTA and ZEN

The corn samples were prepared according to previous
research (Yang et al. 2022). OTA and ZEN standards were
added into corn extraction for preparation of the sample
solution. The final OTA concentrations were 0, 0.05, 0.25,
1.25, 2.5, 5, 10, 25, 50 and 100 ng/mL, and the final ZEN
concentrations were 0, 0.1, 0.5, 1, 2.5, 5, 10, 25, 50 and
100 ng/mL. For qualitative detection of OTA and ZEN by
dual QDs fluorescence immunochromatographic test strips,
the corn sample solutions were pipetted onto sample pads
(Fig. 2). After incubating for 10 min, the colour development
of dual test strips was observed under a UV lamp. The visual
detection threshold was the lowest concentration of OTA
and ZEN which made the T1 line and T2 line fluorescence
invisible to the naked eye (Wu et al. 2019).
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Fig.2 Schematic illustration of the detection of OTA and ZEN in corn by the dual QDs fluorescence immunochromatographic test strip

Quantitative detection of OTA and ZEN

For Quantitative detection of OTA and ZEN by dual QDs
fluorescence immunochromatographic test strips, the fluo-
rescence intensity of the T1 line (FIy;), T2 line (Fly,),
C line (FIy), values of Fl/FI- and Flp,/FI- were ana-
lyzed by fluorescence immunochromatographic test strip
reader (Fig. 2). According to the relationship between
the competition inhibition rate and the concentration of
OTA or ZEN, the competition inhibition curves of OTA
and ZEN were established by using GraphPad Prism 8,
respectively. The abscissa is the logarithm value of OTA
or ZEN concentration with 10 as the base. The ordinate
is their competition inhibition rate (1-B/B), where B is
the Fl,/FI. or FI;,/FI values of dual QDs fluorescent
immunochromatographic test strips under different OTA
or ZEN concentrations. B is the Fl/FI or FI;,/FI value
of the dual test strip when detecting OTA or ZEN negative
samples (Guo et al. 2019). The limit of detection (LOD)
is calculated based on the 10% competitive inhibition rate
of OTA or ZEN, and the linear detection range is calcu-
lated based on the 20%—80% competitive inhibition rate
of OTA or ZEN (Wang et al. 2019).

Results

Evaluation of immunoreactivity of OTA and ZEN
fluorescent probes

The immunoreactivity of OTA and ZEN fluorescent probes
was characterized by the immunochromatographic assay.
There was no red fluorescence at the C line, T1 line and T2
line of the dual QDs fluorescent immunochromatographic
test strip after adding only QDs solution. This indicated that
QDs could not react with SPA, OTA-OVA and ZEN-BSA.
However, red fluorescence appeared on the C line and T1
line of the dual QDs fluorescent immunochromatographic
test strip when only the anti-OTA mAb-QDs solution was
added. This indicated that anti-OTA mAb QDs could react
with SPA and OTA-OVA. When only the anti-ZEN mAb
QDs solution was added, red fluorescence appears at the C
line and T2 line of the dual QDs fluorescent immunochro-
matographic test strip. This indicated that anti-ZEN mAb
QDs can react with SPA and ZEN-BSA. In addition, red
fluorescence appears on the C, T1 and T2 lines of the dual
QDs fluorescent immunochromatographic test strip when
OTA and ZEN fluorescent probes existed at the same time
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(Fig. 3a). Therefore, the anti-OTA mAb-QDs and anti-ZEN
mAb-QDs exhibited the immunoreactivity.

Optimization of fluorescent probes and complete
antigen

The fluorescent probes and complete antigens could affect
the sensitivity and detection range of dual QDs fluorescent
immunochromatographic test strips. Therefore, the dilution
of OTA and ZEN fluorescence probes, and the spray con-
centration of OTA-OVA and ZEN-BSA were optimized by
checkerboard titration in this study. The spray concentration
of OTA-OVA was set to 0.1, 0.25 and 0.5 mg/mL, the spray
concentration of ZEN-BSA was set to 0.2, 0.4 and 0.8 mg/
mL, and the dilution of the fluorescent probe was set to two-
fold, fourfold and eightfold. When the spray concentration
of OTA-OVA and ZEN-BSA was 0.5 mg/mL and 0.8 mg/
mL, and the dilution of OTA and ZEN fluorescent probe
was fourfold, the red fluorescence at C line, T1 line and T2
lines of the dual QDs fluorescent immunochromatographic
test strip were clearly visible under UV lamp, and the back-
ground of the dual tests trip was clear, and the colour devel-
opment was also good (Fig. 3b).

Optimization of detection conditions of the dual
test strip

To improve the efficiency of detection, the reaction time
of OTA and ZEN dual QDs fluorescent immunochromato-
graphic test strips was optimized in this study. The dual test
strip gradually appeared red fluorescence when the reaction

@ Springer
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time was 1 min. The colour development of the C line, T1
line and T2 line of the dual test strip displayed well when
the reaction time was 5—20 min. However, the non-specific
colour development of the dual test strip increased, and the
colour development background gradually deepened with
time which was difficult to accurately identify (Fig. 4a). In
addition, the relative fluorescence intensity of the dual test
strip was judged by multi-channel fluorescence immuno-
chromatographic test strip reader. Fly;, Fl, and FI gradu-
ally increased within 30 min, while their ratios Fl/FI
and FI,/FI tended to be stable after 10 min of reaction
(Fig. 4b). Therefore, the reaction time of the dual test strip
was set to 10 min, and then the qualitative and quantitative
detection of OTA and ZEN were interpreted and analysed.
In the early stage of this study, a series of optimizations have
been carried out for different pH values of the sample solu-
tion, methanol concentration in the sample diluent, and corn
matrix effect(Yang et al. 2022; Zhou et al. 2021). In detail,
the pH value of the sample solution was 7.4, the methanol
concentration of the sample diluent was 5%, and the dilution
of corn matrix extract was (1:9, v/v).

Detection of OTA and ZEN by the dual test strip

In this study, OTA and ZEN were quantitatively detected by
dual QDs fluorescent immunochromatographic test strips.
According to the linear relationship between the competitive
inhibition rate and the concentration of OTA and ZEN, the
competitive inhibition curves of OTA and ZEN were estab-
lished, respectively (Fig. 5). For OTA, the linear regression
equation was y =0.3222x +0.3834 (R>=0.9687), LOD and
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Fig.4 Optimization of the a 1
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Fig.5 Quantitative detection of OTA and ZEN with dual QDs fluo- a, b: B: the value of FI/FI of the dual test strip (positive); BO: the
rescence immunochromatographic test strips. a: The quantitative value of FI/FI of the dual test strip (negative); 1-B/B0: the competi-
standard curve of OTA. b: The quantitative standard curve of ZEN. tive inhibition rate

ICs, were 0.132 ng/mL and 2.296 ng/mL, and the linear ~ LOD and ICy, were 0.125 ng/mL and 2.495 ng/mL, and
detection range was 0.269 ng/mL to 19.588 ng/mL (Fig. 5a).  the linear detection range was 0.264 ng/mL to 23.55 ng/
In addition, for quantitative detection of ZEN, its linear =~ mL (Fig. 5b). Furthermore, for the qualitative detection of
regression equation was y=0.3077x+0.3777 (R*=0.9648),  OTA and ZEN, the dual test strips were exposed to a UV
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lamp and observed with the naked eye. The red fluorescent
band at the T1 line and T2 line of the dual test strip was
invisible to the naked eye when the concentration of OTA
and ZEN in the sample solution was 10 ng/mL and 25 ng/
mL (Fig. 6). Therefore, the threshold values of the dual test
strip for visual detection of OTA and ZEN were 10 ng/mL
and 25 ng/ mL, respectively.

Evaluation of the Performance of dual test strip

The specificity of dual QDs fluorescent immunochromato-
graphic test strips was evaluated in this study. The concen-
trations of OTC, OTD, DON and T-2 were 1000 ng/mL, and
the concentrations of OTA and ZEN were 10 ng/mL and
25 ng/mL, respectively. The dual test strips showed obvi-
ous red fluorescent bands at the T1 line and T2 line when
detecting high concentrations of OTC, OTD, DON and T-2
(Fig. 7a). In addition, their FI/FI values had no signifi-
cant difference from those of the negative control (PBS).
However, in the determination of low concentration OTA
and ZEN, their FI/FI; values had significantly decreased
(Fig. 7b). Therefore, the OTA and ZEN dual QDs fluorescent
immunochromatographic test strips have good specificity.
Furthermore, the accuracy and precision of the dual test
strip were evaluated through the spiking recovery experi-
ment of OTA and ZEN. The recovery rate of OTA for
intra-assay was 88.67%-96.53%, and the CV was 3.53%-
7.67%. The recovery of OTA for inter-assay was 89.78%—
95.33%, and the CV was 5.95-8.62%. The recovery rate of
ZEN for intra-assay was 90.73%-99.56%, and the CV was

3.28%-7.23%. The recovery of ZEN for inter-assay was
89.74%-95.23%, and the CV was 4.02%-9.24% (Table 1).
Therefore, the rapid detection method of OTA and ZEN
dual QDs fluorescent immunochromatographic test strips
had good accuracy and precision.

Discussion

Compared with traditional detection methods such as ELISA,
HPLC and LC-MS, the main advantages of dual quantum dot
fluorescent immunochromatographic test strips are conveni-
ence, rapidity and efficiency and low cost (Mahmoudi et al.
2019b). The dual test strip can simultaneously detect two
targets, thus reducing the cost, time and sample volume of the
entire detection and analysis (Duan et al. 2019). Mycotoxins
are secondary metabolites produced by fungi. These toxic
metabolites are transmitted through the food chain, causing
acute or chronic toxicity to humans. Given the universality of
multiple mycotoxin contamination, the single target immu-
nochromatographic test strip is difficult to meet the detec-
tion needs of actual samples(Liu et al. 2020). Therefore, the
development of dual or multiple immunochromatographic
test strips for simultaneous detection of multiple targets in
agricultural products is the main development direction of
rapid immunoassay in the future. Achieving upgrading from
rough qualitative to accurate quantitative, the OTA and ZEN
dual QDs immunochromatographic test strips effectively
avoid the threats and risks caused by mixed contamination
of mycotoxins and ensure the safety of food quality.

Concentration (ng/mL)

OTA 0

0.05 1.28 235

S 10 28 S0 100

Fig.6 Qualitative detection of the OTA and ZEN with dual QDs fluorescence immunochromatographic test strips under the UV lamp (Ex:

365 nm). C Line: SPA; T1 line: OTA-OVA; T2 line: ZEN-BSA
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Fig.7 Evaluation of the speci- a
ficity of the dual test strip. a:
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respectively, and the concentra-

tion of DON, T-2, OTC, and

OTD both was 1000 ng/mL. b:

The analysis by multi-channel

fluorescence immunoassay ana-

lyzer, FI1/FI: the ratio of the

relative fluorescence intensity of

the T line and the C line of the

dual test strip b

ea Fly,/C

S > s N
&F & A¥ FHF
&

Table 1 The recovery of

. . Mycotoxin Test Spiked (ug/ Concentration (ug/kg) Recovery (%) CV (%)
ochratoxm A and zearalenone in ke)
spiked corn samples (n=3)

OTA Intra-assay 25 24.27+0.86 96.53+3.43 3.53

10 9.17+0.37 91.67+3.68 4.01

5 4.43+0.34 88.67+6.79 7.67

Inter-assay 25 23.83+1.42 95.33+5.67 5.95

10 9.29+0.56 92.89+5.61 6.04

5 4.49+0.39 89.78+7.74 8.62

ZEN Intra-assay 50 49.78 +2.17 99.56 +4.34 4.36

25 24.47+1.77 97.89+7.08 7.23

10 9.07+0.29 90.73+2.98 3.28

Inter-assay 50 47.62+2.59 95.23+5.18 5.44

25 23.05+2.13 92.20+8.52 9.24

10 8.97+0.36 89.74+3.61 4.02

Conclusion

The red fluorescent probes anti-OTA mAb-QDs and anti-
ZEN mAb-QDs were successfully prepared in this study.
The SPA was used as the C-line output signal of the OTA
and ZEN dual test strip, and a rapid immunological detec-
tion method system for OTA and ZEN was established.

Furthermore, its sensitivity, specificity, accuracy and
precision were confirmed. The dual test strip favored the
detection of OTA and ZEN in corn. Overall, the OTA
and ZEN dual QDs fluorescent immunochromatographic
test strip provided technical support for the national food
security strategy, and also provided a reference for rapid
detection and analysis of other toxins and small molecular
substances.
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