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A facile strategy was successfully developed for the detection of zearalenone (ZEN). In this assay, highly
fluorescent upconversion nanoparticles were synthesized and conjugated with the complementary
oligonucleotide of ZEN aptamer for use as signal probes. Magnetic nanoparticles immobilized with the
ZEN aptamer were assigned as capture probes. The results exhibited that the linear correlation between

the decreased luminescence intensity of the signal and the concentration of ZEN was very strong
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(R?=0.9957) in the range of 0.05-100 ug/L. In addition, the limit of detection of the proposed method
(0.126 pg/kg for corn and 0.007 pg/L for beer) was significantly lower than the existing methods.
Furthermore, the reliability of the competitive immunoassay format was validated by comparing the
results determined in real food samples to those obtained from a commercially available method.
Overall, the novel aptasensor have showed great potential for rapid and accurate ZEN determination.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Zearalenone (ZEN), also known as F-2 toxin, is a nonsteroidal
estrogenic mycotoxin biosynthesized through a polyketide path-
way by several Fusarium species with widespread occurrence in
corn, wheat, oat, barley, soybeans, beer, etc. (Liu et al., 2014). There
is evidence that the consumption of ZEN contaminated products
might cause various toxic effects on humans and animals (pigs,
cattle and sheep), including teratogenesis, carcinogenicity, neuro-
toxicity, abortion, and estrogenic effect (Schneider & Dickert,
1994). It has been classified as a group III carcinogen by the Inter-
national Agency for Research on Cancer (Zhang, Eremin et al.,
2017). In order to limit the exposure to ZEN contaminated prod-
ucts, the tolerable levels of ZEN for different kinds of agricultural
products have been established by many countries and organiza-
tions, including China (60 pg/kg for wheat, wheat flour, corn and
corn flour and 500 pg/L for feed samples) (Zhan, Huang, Chen, Li,
& Xiong, 2016), Japan (1000 pg/kg for compound feeds), Australia
(50 ng/kg for cereal products) (Zinedine, Soriano, Molto, &
Manes, 2007) and European Union (EU) (100 pg/kg for cereals
and 350 pg/kg for unprocessed maize) (Zhang, Eremin et al.,
2017; Zhang, Pan et al., 2017; Zhang, Tao, Niu, Li, & Chen, 2017).
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Assured conformance with abovementioned standards
demands the continuous monitoring of trace level of ZEN in agri-
cultural commodities, cereal products, etc. Various methods have
been employed for ZEN contents determination in foods or feed-
stuffs, including high-performance liquid chromatography (HPLC)
(Ok, Choi, Kim, & Chun, 2014), liquid chromatography-mass spec-
trometry (LC-MS) (Soleimany, Jinap, Faridah, & Khatib, 2012), high
performance thin layer chromatography (HPTLC) (Dawlatana,
Coker, Nagler, Blunden, & Oliver, 1998; Hadiani, Yazdanpanah,
Ghazi-Khansari, Cheraghali, & Goodarzi, 2003), electrochemical
immunoassay (ECI) (Hervas, Lopez, & Escarpa, 2009), fluorescence
polarization immunoassay (FPI) (Chun, Choi, Chang, Choi, &
Eremin, 2009), surface-enhanced Raman scattering immunoassay
(SERSI) (Liu et al., 2014) and enzyme-linked immunosorbent assay
(ELISA) (Kuzdralinski, Solarska, & Muszynska, 2013; Zhang, Tao,
Niu, Li, & Chen, 2017). Out of these sophisticated techniques, chro-
matographic methods are highly selective and accurate. However,
most of these methods are time-consuming, require harmful sol-
vents and depend on professional technology, expensive instru-
ments, and tedious sample pretreatment. In contrast, the
immunoassay-based methods (ELISA and SERSI) offer rapid means
of detection, but they are strongly dependent on the use of suscep-
tible and expensive antibodies. As a result, immunoassays often fail
to provide accurate quantitative results and their efficiencies are
hindered by the complex and repetitive protocols (Zhao et al,,
2015). Therefore, it is urgently necessary to develop an alternative
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rapid and sensitive approach for ZEN detection in agricultural
commodities.

In recent years, nanoscience with multidisciplinary and inter-
disciplinary features has offered great potential for the develop-
ment of new analytical tools and instruments for bioanalysis
(Wu et al., 2015). Upconversion nanoparticles (UCNPs) doped with
lanthanide have attracted a tremendous amount of attention. Due
to their appealing photo-physical properties, such as low autofluo-
rescence background, good photochemical stability, large Stokes
shifts nonblinking and nonbleaching emission, tunable fluores-
cence wavelength, deep penetration into biological samples, and
relatively low toxicity, UCNPs are regarded as more promising flu-
orophores compare to traditional fluorescent material and have
been used in medical field (Tang et al., 2015; Wu et al., 2017).
Recently, UCNPs have been successfully applied for the determina-
tion of a wide variety of targets, such as mycotoxins, antibiotics
and bacteria (Hu et al., 2016; Pan, Zhao, & Chen, 2015; Sun, Li,
Koidis, & Chen, 2016). To the best of our knowledge, no such
research has been conducted to determine ZEN contents in food
products using UCNPs.

Aptamers, featured with small size, ease of synthesis and label-
ing, lack of immunogenicity, low production cost, high stability and
target binding affinity and specificity, have been considered as a
good alternative to antibodies. Aptamers are single-stranded DNA
or RNA molecules that form sequence-defined unique structural
forms (Zhang et al., 2015). A series of aptamers-based biosensors
(aptasensor) have been developed for detection of mycotoxins,
such as ochratoxin A, fumonisin B1 and aflatoxin B1 (McKeague
et al., 2010; Shim, Kim, Mun, & Kim, 2014). Recently, ZEN aptamer
was selected and identified by Chen et al. (2013) for the first time.
To date, however, there have been no studies to develop aptasen-
sor for detecting ZEN.
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Herein, we first reports a sensitive UCNPs and magnetic
nanoparticles (MNPs)-based aptasensor for the quantitative detec-
tion of ZEN. The detailed fabrication procedures of the bioassay
system for ZEN detection based on upconversion and magnetic
nanoparticles is schematically shown in Fig. 1. The luminescence
bioassay platform was fabricated by immobilizing aptamer and
its hybridized complementary strand (cDNA) onto the surfaces of
MNPs and UCNPs, respectively, and then the aptamer-MNPs and
cDNA-UCNPs was mixed to form the duplex structure. With the
addition of the target (i.e., ZEN), the ZEN aptamer dissociated from
its complementary DNA and preferentially bounded to ZEN, result-
ing a decrease in the fluorescent intensity of the emission peak. The
novel strategy developed here provide the potential to realize
high-throughput screening of ZEN in food products.

2. Materials and methods
2.1. Chemical reagents

ZEN, o-zearalenol (o-ZEN) and pB-zearalenol (B-ZEN) was
obtained from Sigma-Aldrich (Saint Louis, MO). Zearalenone-4-
glucoside (ZEN-G) and Zearalenone-4-sulfate (ZEN-S) were pur-
chased from ADHOC INTERTEK Co., Ltd. (Beijing, China). The other
five mycotoxin standards (Aflatoxin B1 (AFB1), aflatoxin B2 (AFB2),
ochratoxin A (OTA), fumonisin B1 (FB1), fumonisin B2 (FB2)) used
to evaluate for specificity were purchased from Aladdin Industrial
Inc. (Shanghai, China). Ammonium fluoride (NH4F), (3-
aminopropyl) triethoxysilane (APTES) and 1,6-hexanediamine
and octadecene (ODE) were got from | & K Chemical Technology
Co., Ltd. (Beijing, China). Glutaraldehyde, tetraethyl orthosilicate
(TEOS), Ytterbium(III) Chloride hexahydrate (YbCls), Yttrium chlo-
ride hexahydrate (YCl3) and Erbium chloride hexahydrate (ErCls)
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Fig. 1. Schematic illustration of the fabrication of the
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UCNPs-based aptasensor for the sensitive detection of ZEN.
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were all purchased from Aladdin Industrial Inc. (Shanghai, China).
Oleic acid (OA), iron chloride hexahydrate, Iron(Il) chloride
tetrahydrate, ethanol and methanol were obtained from Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China). ZEN aptamer
reported by Chen et al. (2013) and its complementary DNA frag-
ments purified by HPLC were obtained from Aptagen, LLC (Jacobus,
PA, USA).

2.2. Preparation and surface modification of nanoparticles

2.2.1. Synthesis of UCNPs

In this work, hexagonal NaYF,: 18% Yb, 2% Er UCNPs were syn-
thesized using a facile hydrothermal approach described by Li and
Zhang (2008). Typically, 0.2427 g of YCI; (0.80 mmol), 0.0697 g of
YbCl; (0.18 mmol) and 0.0076 g of ErCl; (0.02 mmol) were dis-
solved in 5 mL OA and 15 mL ODE in a 50 mL three-necked flask.
The mixture was heated to 160 °C for 30 min to form a homoge-
neous yellow solution, and cooled down naturally to room temper-
ature. Then 10 mL of methanol solution containing 0.1000 g NaOH
and 0.1480 g NH4F was slowly added to the flask, followed by stir-
ring at 30 °C for 1 h to consume all fluoride. Subsequently, the solu-
tion was heated to 100 °C and maintained for 15 min, ensuring that
the methanol was removed completely. Then the solution was
heated up to 320 °C and kept for 1.5 h, with argon periodic purging.
After cooling to room temperature, the nanocrystals were obtained
by centrifugation at 5000 rpm. The precipitate from the solution
was washed with ethanol-water (1:1 v/v) for several times. Finally,
the obtained UCNPs were vacuum-dried at 60 °C overnight. OA-
UCNPs were thus formed and kept in a desiccator for further use.

2.2.2. Surface modification of UCNPs

Surface modification of UCNPs was performed based on the
method descripted by Stober, Fink, and Bohn (1968) with few mod-
ifications. In brief, 2.5 ml UCNPs-cyclohexane dispersion (100 mg/
mL) was added to a 250-mL flask, which contained 12.5 ml 25%
ammonia and 100 mL ultrapure water. After the mixture had been
vigorously stirred for 15 min, 300 pL TEOS was added for silica for-
mation and keep stirring for 3 h. Then 500 pL APTES was added
into the solution dropwise. The reaction was further maintained
at room temperature for 1 h. After aging for 3 h, the obtained pre-
cipitates were centrifuged and washed with ethanol at least three
times, and then dried in a vacuum oven for 12 h at 60 °C.

2.2.3. Preparation of MNPs

MNPs were prepared by a modified co-precipitation method
(Chen et al., 2009; Zhang et al., 2017). FeCl3-6H,0 (5.41 g) and
FeCl,-4H,0 (1.99 g) were dissolved in 100 mL of ultrapure water
under N, in a 250 mL three-necked flask. After that, 30 mL of 5%
ammonium hydroxide solution was added dropwise to the mixture
at 80 °C under a nitrogen gas atmosphere After mechanical stirring
for 30 min, the black precipitates obtained were collected from the
reaction medium with the aid of an external magnet, and then
washed with doubly distilled water several times to remove unre-
acted chemicals until the pH of the washings became close to neu-
tral. Finally, the precipitate was dried at 60 °C in a vacuum oven
and afterwards stored at 4 °C for further use.

2.2.4. Preparation of amine-functionalized MNPs

1 g MNPs synthesized above was added into 100 ml 0.4% APTES-
ethanol solution and then the mixture was vigorously stirred for
6 h. The product was obtained by magnetic separation and
repeated washing with ultrapure water and then dried under vac-
uum at 60 °C to obtain a black powder.

2.2.5. Aptamer or complementary DNA conjugation to nanoparticles

Before conjugation with oligonucleotides, the above amino-
functionalized silica-modified UCNPs (AF-UCNPs) and amino-
modified MNPs (AF-MNPs) were modified with streptavidin
according to a classical glutaraldehyde method (Ye, Tan, Wang, &
Yuan, 2004). Typically, 5 mL of 2 mg/mL AF-UCNPs or AF-MNPs
phosphate buffered saline (PBS, 10 mM, pH 7.4) dispersions were
mixed with 1.25 mL 25% glutaraldehyde, followed by shaking for
2 h at room temperature. Then, the MNPs were isolated using mag-
netic force while the UCNPs were separated by centrifugation.
After washing with PBS for at least three times, the resultant
nanoparticles were dispersed in 5 ml of 10 mM PBS again. Subse-
quently, the solution was mixed with 100 pL of 1.0 mg/mL strepta-
vidin and shaken slowly on a shaking table for 12 h at room
temperature. The avidin-conjugated nanoparticles were separated,
washed with PBS, and dispersed in PBS again.

Based on the interaction between biotin and avidin, biotiny-
lated zearalenone aptamer and its complementary DNA were con-
nected on the surfaces of streptavidin-conjugated MNPs and
UCNPs as follows: 240 pL of 1 pmol/L biotinylated zearalenone
aptamer was mixed with 5 mL of the above avidin-conjugated
MNPs dispersions and then the mixture was incubated for 12 h
at 37 °C. To avoid the nonspecific absorption, excess aptamer was
removed by centrifugation. Complementary DNA-linked UCNPs
(cDNA-UCNPs) were fabricated following the same procedure.
The prepared signal probe (cDNA-UCNPs) and capture probe (zear-
alenone aptamer-linked MNPs) were all resuspended in 10 mM
PBS (pH 7.4) and stored at 4 °C for further use.

2.3. Characterization of nanoparticles

The size and morphology of nanoparticles were investigated by
a high-resolution transmission electron microscope (TEM, JEM-
2100, JEOL, Japan) equipped with a charge-coupled device (CCD)
camera operating at an acceleration voltage of 200 kV as per the
method reported by Tang et al. (2015). The TEM samples were pre-
pared by dropping NPs solution onto copper grids coated with a
thin carbon film and then it was allowed to dry under ambient con-
dition. X-ray diffraction (XRD) measurements were performed to
analyze the crystal structure of nanoparticles using an X-ray
diffractometer (D2 PHASER, Bruker AXS Ltd., Germany) following
the method reported by Hu, Sheng, Zhang, Wu, and Wang (2015).
The surface groups of the bionanoparticles were identified by a
FTIR spectrometer (Nicolet iS10, Thermo Electron Corp., Madison,
WI, USA) in accordance with the procedure described by Sun
et al. (2016). FTIR spectra was recorded in the range of 500-
4000 cm~! with 256 scans at a resolution of 4 cm~!. The sample
powders (5 mg) were ground with spectroscopic grade KBr pow-
ders (250 mg) and then pressed into 1 mm pellets. Upconversion
fluorescence spectra were recorded on a Hitachi F-7000 fluores-
cence spectrophotometer (Hitachi Co., Tokyo, Japan) modified with
an external 0-1300 mW adjustable continuous wave 980 nm laser
(Beijing Hi-Tech Optoelectronic Co., Beijing, China) instead of the
internal excitation source. UV-vis absorption spectra were col-
lected using a commercial spectrometer TU-1900 (Purkinje Gen-
eral Corporation, Beijing, China) equipped with both deuterium
and tungsten light source.

2.4. Immunoassay procedure

The procedure was partially referenced to the method reported
by Pan et al. (2015) and Jin et al. (2017). An amount of 100 pL ZEN
aptamer-linked MNPs and 600 pL of 0.1 mg/mL cDNA-UCNPs were
first mixed in the Sodium Chloride-Tris-EDTA (STE) buffer
(100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, pH 8.0). Then the
mixture was incubated at 37 °C for 1.5 h to form aptamer-linked



676 Z. Wu et al./Food Chemistry 230 (2017) 673-680

MNPs-cDNA UCNPs complex. The conjugates were purified by
thorough washing, magnetic separation and dissolved in the PBS
buffer. Thereafter, sample solutions containing various concentra-
tions (0.05 pg/L, 0.1 pg/L, 0.5 pg/L, 1 pg/L, 5pg/L, 10 pug/L and
100 pg/L) of ZEN standard were added to the above reaction sys-
tem for incubation at 37 °C for 1 h. Then the remaining UCNPs-
MNPs were isolated under magnetic force, washed several times
and finally dispersed in PBS buffer again. The luminescence inten-
sities in the absence (Ip) and in the presence (I) of ZEN were all
recorded (543 nm was selected as the detection wavelength) and
the difference (Al) between them were calculated for further use.
For the blank (without ZEN), twenty measurements were per-
formed. For other levels (0.05pug/L, 0.1 ug/L, 0.5 pg/L, 1 pg/L,
5pg/L, 10pg/L and 100 pg/L), three measurements were
performed.

2.5. Sample preparation and detection

Beer samples from Michelob Ultra brand were purchased from a
local Walmart market (West Lafayette, IN, USA). This kind of beer is
mainly made from wheat. The preparation of these samples was
performed as follows. Each sample was stirred at 60 °C for approx-
imately 60 min until complete degassing. After that, different ZEN
concentrations (i.e., 5 pg/L, 10 pg/L and 50 pg/L) were added to the
prepared samples for the contrast tests and standard addition and
recovery experiments.

The ZEN-spiked corn samples were prepared according to the
method reported by Liu et al. (2014) and Zhan et al. (2016) with
some modifications. Different volumes of stock solutions (1 pug/
mL and 10 pg/mL) were added to 5 g of pulverized corn samples
to obtain corn samples spiked with different levels of ZEN (i.e.,
90 pg/kg, 180 pg/kg and 900 pg/kg). The spiked samples were kept
at room temperature for 3 h under to evaporate methanol in the
corn samples. ZEN extraction was performed according to a previ-
ously reported method (Zhan et al.,, 2016) with some modifica-

14000

12000

- |
8000 GAciiGiibs I
""""'J JLg% L_LJLLAFLQ\LM

4000

Intensity (a. u.)

2000 4 B-NaYFy

0 ; —
10 20 30 40 50 60 70
2 Theta (degree)

OA-UCNPs
[ e T
3007\ ‘ﬂ\ [N e
| 2854 “:f"| ¥\
9 P 1396 \
> |
8 .
£ AF-UCNPs 1561
£ L ~ ™\ A~
£ 1 o v N\
F 1629 a8l
<
£
=]
1078

4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber (cm™)

tions. Specifically, 5g of spiked sample was first mixed with
25 mL of methanol-water mixture (6:4, v/v) and 20 mL of 50 g/L
NaCl solution, followed by shaking for 20 min. The mixture was
centrifuged at 5000g for 10 min and then 3 mL of the supernatant
solution was diluted with 3 mL of PBS and afterwards stored at 4 °C
for further use. This solution was used to measure the ZEN con-
tents with the developed aptasensor by the above-described proce-
dure and validated by a commercially available ELISA method.

ELISA was performed according to the procedure suggested in
the AgraQuant Zearalenone kit manual (Romer Laboratories,
Union, MO). Briefly, standard solutions of ZEN or corn extracts
were mixed with ZEN-horseradish peroxidase conjugate, and
100 pl of this mixture was incubated over the antibody solid phase
for 10 min at room temperature. The 96-well microtiter plate was
washed, and substrate was added to each well of the plate. Follow-
ing incubation of the plate for 5 min at room temperature, the
absorbance of each well was recorded using a microplate reader
at 450 nm.

3. Results and discussions
3.1. Characterization

3.1.1. Characterization of UCNPs and MNPs

It was found that the structures of the synthesized OA-UCNPs
and AF-UCNPs were hexagonal, which were consistent with stan-
dard XRD results of B-phase NaYF, crystals (JCPDS Standard Card
No. 16-0334) (Fig.2a). Furthermore, the XRD pattern of silica-
coated UCNPs was similar to that of OA-UNCPs, indicating that
the crystalline structure of UCNPs did not change during the sur-
face modification process. It was worth noting that, owing to the
coating approach, the diffraction intensities of AF-UCNPs were sig-
nificantly lower than those of bare UCNPs. The reduced crys-
tallinity of AF-UCNPs was calculated to be 15.57%.

OA-UCNPs
AF-UCNPs

2500 )\

30004

2000 1
[

1500 “

1000 |
500 '/\ \
e N &/\

T T T 1
300 400 500 600 700

Fluorescence Intensity (a. u.)

04

Wavelength (nm)

Fig. 2. (a) XRD patterns of AF-UCNPs and OA-UCNPs; (b) TEM image of OA-UCNPs; (c) TEM image of AF-UCNPs; (d) FTIR spectra of UCNPs before and after coating with silica

shells; (e) fluorescence spectra of UCNPs with and without silica coating.
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The formation of hexagonal nanostructured crystallites was fur-
ther confirmed by the TEM images. Homogeneous and uniform
nanoparticles before and after surface modification and bioconju-
gation were observed in Fig. 2 (both of Fig. 2b and c). The TEM
images showed that the morphology of the UCNPs was character-
ized by well-dispersed and hexagonal nanocrystallines with a
smooth surface. These nanoparticles had average uniform diame-
ters of around 100 nm, which was in good accordance with the
result calculated above. As could be seen in Fig. 2c, a thin silica
shell was uniformly coated on the surface of the bare UCNPs.

The functional groups on the surfaces of OA-UCNPs and AF-
UCNPs were identified by FTIR spectra. As shown in Fig. 2d, for
both of OA-UCNPs and AF-UCNPs, a strong peak at approximately
3400 cm™~! corresponding to the stretching vibration of -OH com-
pounds and hydroxide radicals was observed. This dominant
absorption band was also observed by Hu et al. (2015). For OA-
UCNPs, distinctive absorption bands were found at 1561 cm™',
1459 cm™! and 1396 cm™!, which was in consistence with that
reported by Liu, Tan, and Yang (2013). These three bands were
due to the stretching vibrations of carboxylic group (-COO~)
formed due to the interaction between the rare-earth ions and
the carboxyl groups of OA molecules (Wu et al., 2015). In addition,
the two peaks at 2922 and 2854 cm ' could be assigned to the
asymmetric and symmetric stretching vibrations of methylene
group, respectively, which existed in the long alkyl chain of the
oleic acid molecule. The positions of the two peaks were nearly
the same to that reported by Wang et al. (2009). After surface mod-
ification of OA-UCNPs, the three characteristic absorption bands
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observed in the spectrum for OA-UCNPs disappeared. Compared
with the spectrum of OA-UCNPs, two new peaks at 1078 cm™',
the typical absorption peak of Si-O stretching vibration, and
1629 cm™!, explained by the bending vibration from the amino
group appeared in the spectrum of amino-modified UCNPs (Fang,
Wu, Duan, Dai, & Wang, 2015) appeared in the spectrum for AF-
UCNPs, which was in agreement with the results of Wang et al.
(2009). At the same time, two small absorption peaks at approxi-
mately 957 cm~! and 781 cm™!, corresponding to the symmetric
stretching vibrations of Si-O bond and the Si-O, respectively
(Tian et al., 2015), were also observed in Fig. 1d. These observa-
tions suggested that the UCNPs had been successfully coated with
a silica layer.

Fig. 2e showed the fluorescence spectra of OA-UCNPs and
Amino-UCNPs excited with a 980 nm laser. It could be seen that,
three dominant emission peaks at 407, 543 and 657 nm, respec-
tively, were observed in the fluorescence spectra. These three
peaks were mainly generated by the transitions from the 2Hgp,,
4S3/2, and “Fop, levels to the “I;s;; ground state of the Er** ion
(Disney, Zheng, Swager, & Seeberger, 2004; Wang, Li, & Li, 2007).

The amino-modified MNPs were also characterized by TEM,
XRD and FTIR. TEM images demonstrated that the synthesized
MNPs were well-dispersed with an average size of approximately
10 nm (Fig. 3a). FTIR spectra were used to identify the functional
groups existed in MNPs. As shown in Fig. 3b, a strong transmission
band was observed at approximately 585cm~!, which was
ascribed to the stretching vibration of the Fe-O bond from MNPs.
In addition, absorption peaks associated with amino groups were
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Fig. 3. (a) TEM image, (b) FTIR spectrum, (c) XRD pattern and (d) magnetization curve of AF-MNPs.
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found at around 1631 cm~! and 1056 cm ™!, revealing the existence
of free -NH; groups on the amino-modified UCNPs. Furthermore,
Six characteristic peaks for the MNPs were observed at
20 =30.20°, 35.66°, 43.14°, 53.37° and 62.76°. These peaks corre-
sponded to (220),(311),(400),(422),(511)and (440) crystalline
planes (Liu et al., 2016), respectively, which were in good accor-
dance with the standard XRD diffraction patterns for Fe304 (JCPDS
Standard Card No. 75-1610) (Fig. 3¢). The sharp, strong peaks con-
firmed the products were well crystallized. MNPs with strong mag-
netic response play a key role for the magnetic separation and the
accuracy of method. Thus, the magnetic property of the MNPs pre-
pared in this study was also investigated by measuring the hys-
teresis loop at room temperature using vibrating sample
magnetometer (VSM). The saturation magnetization of MNPs was
determined to be as high as 80.25 emu/g (Fig. 3d), indicating that
the MNPs synthesized in this study is intriguing in the separation
approach.

3.1.2. Characterization of fluorescence signal probes and immune-
sensing probes

As shown in Fig. 4, for both of ZEN aptamer solution and cDNA
solution, a strong absorption peak at 265 nm was observed in the
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Fig. 4. (a) Optimization of the ZEN aptamer amount in capture probes (In set: UV-
Vis absorption spectra of ZEN aptamer solution before and after conjugating with
AF-MNPs); (b) Optimization of the cDNA amount in signal probes (Inset: UV-Vis
absorption spectra of cDNA solution before and after conjugating with AF-UCNPs).

UV-Vis spectra (Fig. 4a). After ZEN aptamer or cDNA had been
incubated with the avidin-conjugated MNPs or amino-modified
UCNPs, the supernatant was collected via magnetic separation or
centrifugation. It was observed that the absorbance of the super-
natant at 265 nm significantly decreased after the incubation
(Fig. 4b). This is due to the fact that based on the interaction
between biotin and avidin, biotinylated ZEN aptamer and its com-
plementary DNA were connected on the surfaces of streptavidin-
conjugated MNPs and UCNPs during the incubation process. At
the end of the process, most of ZEN aptamer and its complemen-
tary DNA was conjugated with MNPs and UCNPs, respectively,
which was similar to the results reported by Lv, Zhao, Wu, and
Wang (2017). In addition, the effect of volume of ZEN aptamer
solution on the conjugate ratio, which was defined as the ratio of
the decreased absorbance of the supernatant solution to the solu-
tion of the original solution, was investigated in this study. As
could be seen in Fig. 4a, the conjugate ratio kept nearly constant
when the volume of ZEN aptamer solution increased from 180 pL
to 240 pL, after which point, the conjugate ratio sharply decreased
with the increase of the volume of ZEN aptamer solution. In consid-
eration of both the conjugate efficiency and capacity, an optimal
incubation volume of 240 pL was chosen in the present work.

Similarly, for the critical value that can make the surface of
UCNPs conjugated with more cDNA, 210 pL cDNA solution was
selected, as shown in Fig. 4b.

3.2. Optimization of the immunoassay

The optimal dosages of ZEN aptamer-MNPs was investigated in
this study. For this, 100 pL ZEN aptamer-MNPs was mixed with
various amounts of signal probes (100, 200, 300, 400, 500, 600,
700 and 800 pL). As shown in Fig. S1, the fluorescence signal grad-
ually increased as the addition amount of signal probes increased.
When the volume of the cDNA-UCNPs increased to 600 pLL, the flu-
orescence intensity was the highest. Initially, only a small quantity
of MNPs-UCNPs complex was formed on the basis of base pairing.
When the concentration of ZEN aptamer-MNPs and the concentra-
tion of cDONA-UCNPs were matched (i.e., the capture probes reacted
fully with the signal probes) the luminescence intensity reached a
maximum. Therefore, 600 puL of signal probes was used in this
work.
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Fig. 5. Linear correlation between the decreased upconversion luminescent inten-
sities and the concentrations of ZEN. The inset shows the typical recording output
for detecting various ZEN concentrations using the proposed fluorescence
immunoassay protocol.



Table 1

Detection and recovery results of ZEN in real samples by ELISA and the proposed method.
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Sample Background content Spiked levels Detected content (pg/L or pg/kg) (mean + SD?)
(ug/L or pgfke) (ng/L or pgfke) ELISA This method Recovery ratio (%)

Corn 28.62 90 110.52 +10.26 114.84 + 6.31 96.81
28.62 180 213.30+£13.85 202.32£9.18 96.98
28.62 900 860.76 + 47.16 873.36 + 48.64 94.05
120.96 90 212.04+17.82 213.66 +16.23 101.28
120.96 180 296.82 +24.80 283.68 £18.97 94.26
120.96 900 1018.31+81.18 1064.78 + 61.75 104.30
680.94 90 755.28 +47.89 760.50 + 60.12 98.65
680.94 180 843.48 £61.74 875.88 £65.16 101.74
680.94 900 1614.87 £94.68 1526.35 +141.3 96.54

Beer 4.82 5 9.74£0.71 9.67 £0.72 98.47
4.82 10 13.53+£0.84 13.84£0.94 93.39
4.82 50 55.83 £3.52 57.85+4.17 105.53
18.36 5 23.16 £2.07 24.08 £1.16 103.08
18.36 10 28.28£1.95 31.10+£1.38 109.66
18.36 50 68.47 + 4.69 67.23 £3.46 98.35
48.65 5 52.88 +3.03 53.46 +3.02 99.65
48.65 10 55.43 £6.10 56.82 +5.99 96.88
48.65 50 99.18 £9.75 98.97 £10.87 100.32

¢ Standard deviation.

3.3. Analytical performance

Various intensities of the luminescence spectra obtained in the
presence of different concentrations of ZEN was shown in Fig. 5. As
could be seen in the figure, the changes of the fluorescent intensi-
ties gradually increased with the increase of the addition amount
of the target molecules (ZEN). A good linearity between the
decreases in the fluorescence intensities (Al) and the logarithm
concentrations of ZEN was observed from 0.05 pg/L to 100 pg/L
with a correlation coefficient of 0.9957 and a linear regression
equation of y = 425.59 Igx + 728.08.

In this work, the detection limit (LOD) of the sensing system
was 0.007 pg/L for beer and 0.126 pg/kg for corn, respectively.
For comparison, the analytical performances of several conven-
tional fluorescence-based detection methods for ZEN reported in
the literature were listed in Table S1. As could be seen, compared
with the current existing methods, the LOD obtained from the pro-
posed method was much lower.

Chen et al. (2013) also developed a ZEN detection method based
on a magnetic separation/preconcentration procedure using the
ZEN aptamer. The working range (0.05-100 pg/L) of our method
was broader than that of their assay. In addition, LOD (0.007 pg/
L) of our method was much lower than that of their method
(0.25 pg/L). Furthermore, in comparison with their method, our
assay was more suitable to be applied in complex systems due to
the unique advantages of UCNPs used in our method (FAM was
used in their assay).

3.4. Evaluation of specificity

The selectivity and specificity of the proposed sensing method
toward EC was evaluated by determining and comparing the
fluorescent-signal changes caused by ZEN and its structure ana-
logues (a-ZEN, B-ZEN, ZEN-G and ZEN-S) and five other mycotoxins
(i.e. AFB 1, AFB 2, OTA, FB 1 and FB 2), which were widely-found in
food raw materials. As illustrated in Fig. S2, among these targets,
ZEN led to a dramatic fluorescence intensity change at 543 nm.
Although the concentrations of the other targets (10 pg/L) were
10 times higher than ZEN (1 pg/L), the changes of the fluorescence
intensities of them were still far below that observed for ZEN.

3.5. Analytical application

The accuracy of the proposed aptamer-based bioassay for deter-
mining ZEN levels in real food samples was evaluated by detecting
ZEN in corn and beer samples spiked with a series of known quan-
tities of ZEN. The results of recoveries were summarized in Table 1.
All the three spiking levels applied showed good recoveries from
93% to 110%. In addition, food samples spiked with ZEN at three
levels were analyzed by commercial ELISA kits to verify the practi-
cability of the developed method. No significant difference
(p > 0.05) between the results obtained by the applied bioanalysis
method and those obtained using an ELISA method was observed,
indicating that the proposed method has great potential for ZEN
detection in corn and beer samples.

4. Conclusions

In summary, a novel biosensor for the determination of ZEN in
food samples was established in this research. The biosensor com-
bined the sensitivity of the upconverting nanoparticles (UCNPs),
the specificity of the aptamer and the magnetic separation effect
of MNPs. Excellent reorganization specificity, wide linear range
and a low detection limit was achieved using this sensing system.
In addition, the fabricated system was successfully applied for the
fluorescence sensing of ZEN in corn and beer samples with good
recoveries. These satisfactory results demonstrated that the novel
fluorescent method developed on this work had great potential
in the sensitive and economic detection of ZEN in food samples.
This easy-to-operate method also could be extended to fluorescent
detection for other mycotoxins, and this makes it a widely applica-
ble approach for hazardous substances analysis.
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