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Abstract

An aptamer based colorimetric assay is described for the determination of zearalenone (ZEN). It is based on the inhibition of the
peroxidase-mimicking activity of gold nanoparticles (AuNPs) by the ZEN aptamer. However, in the presence of ZEN, the
aptamer is bound by ZEN and can no longer inhibit the peroxidase-mimicking activity of AuNPs. The color change of solution
is related to ZEN concentration and observed with bare eyes. Under optimal conditions, the absorbance (at 630 nm) increases
linearly in the ZEN concentration range of 10-250 ng'mL™", and the limit of detection is 10 ng'-mL™". The specificity
of the assay was verified by studying the effect of potential interferents. The recoveries from ZEN spiked corn and
corn oil range from 92 to 110%, and the relative standard deviations are between 2.4 and 6.4%. The results are in

good agreement with those obtained by an ELISA.

Keywords Zearalenone - Colorimetric assay - Mimetic enzyme - Enzyme mimicking nanomaterial - Aptasensor - Gold

nanoparticles - Rapid detection - Mycotoxin analysis

Introduction

Zearalenone (ZEN) is an estrogenic mycotoxin produced by
several fusarium species [1]. ZEN and its derivatives can
widely contaminate agricultural products especially wheat,
corn, barley, soybeans, as well as oats. ZEN in contaminated
agricultural and animal products can accumulate in the human
body through food chains and poses a great threat to human
health. Previous studies have indicated zearalenone would
bring strong mutagenicity, teratogenicity, neurotoxicity, repro-
ductive toxicity and induced-cancer to animals and human [2].
ZEN has the characteristics of wide distribution and fast pro-
duction. It is highly resistive in nature with long residual time
and very difficult to clear away. To protect human from
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exposure to ZEN and reduce probable economic losses, the
limits of the concentration of ZEN in different foodstuffs are
set from 20 pgkg ' to 1000 pg-kg ' by governments around
the world [3]. Therefore, efficient, sensitive and specific
methods were required in detecting and monitoring the level
of ZEN in food products.

Various instrumental methods including high-performance
liquid chromatography (HPLC), liquid chromatography-mass
spectrometry (LC-MS) and gas chromatography-mass spec-
trometry (GC-MS) are commonly used for ZEN detection
[4]. Though these methods have high sensitivity and accuracy,
majority of them need laborious sample pretreatments,
sophisticated instruments and skilled professional. As
alternative strategies, enzyme-linked immunosorbent as-
say (ELISA) that characterized with simpleness and
quickness has been increasingly used for detection of ZEN
in agricultural and food samples [5]. Other immunosensors
such as immunochromatographic strip [6], electrochemical
immunoassay [7] and fluorescence immunoassay [8] were
also used for the rapid detection of ZEN. However, these
immunoassays are seriously reliant on the utilization of the
antibodies. The prepartion of the antibodies via animal immu-
nization are often time-consuming, costly and susceptible. In
addition, the ELISA kits are easy to be inactivated during
storage and transportation and can’t be reused.
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Aptamers possess the characteristic of easy synthesis
in vitro without animal need, broad range of targets, high
affinity and specificity, easy preservation and modification,
low cost, high stability as well as reusability [9]. Based on
the above outstanding advantages, aptamers have been con-
sidered as better alternative recognition elements to antibody
and attract increasing interest in the construction of biosen-
sors. For detection of mycotoxin, a series of aptamer-based
biosensors were developed for the detection of ochratoxin A
and aflatoxin B, [10-13]. Few studies have been done in the
rapid detection of ZEN based on the aptamer biosensors [3,
14, 15]. As a potential analysis tool for rapid test, optical
aptasensors with easy operation, visible detection and high
sensitivity have attracted great interest [16]. On the basis of
unique optical property and easyness of synthesis, the gold
nanoparticle (AuNPs) has become one of the most widely
applied materials in these biosensors [17]. However, these
AuNP-based assays often rely on the aggregation of disperse
AuNPs under high salinity. Due to the uncontrolled aggrega-
tion caused by complex environmental factors, it might pro-
duce unsatisfied results by using above AuNP-based assay
[18]. The recent discovery of peroxidase-like activity of
AuNPs has aroused researchers’ interest [19, 20]. On the ac-
count of the higher peroxidase-like activity stability, lower
production cost, higher flexibility and controlled size [21],
AuNPs have been used in the biosensing assay by ways of
substituting natural enzymes such as horse radish peroxidase
(HRP). This assay strategy was independent of the AuNP
aggregation and has been successfully used for the rapid de-
tection of H,O, [22], glucose [23], thrombin [24], heparin [25]
and food contaminants such as pesticide [26], antibiotics [27]
and so on. Few researches have been reported for the myco-
toxin detection based on the utilization of AuNP peroxidase-
like activity individually or combining with aptamers.

In this paper, a sensitive and specific colorimetric array for
the rapid detection of ZEN was built based on the inhibition of
ZEN aptamer on the peroxidase-like activity of AuNPs. The
key parameters and the reliability of assay were investigated
by a series of control experiments. In addition, the selectivity
and specificity of the assay for ZEN detection were verified
against various interferents. ZEN in real corn and oil samples
were successfully detected using this colorimetric assay.

Experimental

Materials and instruments

ZEN aptamers with the sequences of 5-GAT GGG GAA
AGG GTC CCC CTG GGT TGG AGC ATC GGA CA-3'
[28] were synthesized and purified by high performance liquid

chromatography (Sangon Biotechnology, Shanghai, Inc.
http://www.sangon.com/). Zearalenone (ZEN), aflatoxin B1
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(AFB;) and ochratoxin A (OTA) standard substances were
purchased from Sigma Aldrich (St. Louis, MO, USA. http://
www.sigmaaldrich.com). AuNPs were synthesized by sodium
citrate reduction of HAuCl, according to the previous
literature [29]. UV-vis spectrophotometer (UV-6100S,
MAPADA instruments, Shanghai, Inc. http://www.mapada.
com.cn/) was used to characterize the absorption of AuNPs.
The UV —vis spectrum of AuNP solution exhibited a
characteristic absorption peak at 520 nm. The monodispersed
and spherical AuNPs with an average size of 13 nm were
confirmed by performing transmission electron microscopy
(HT7700 TEM, Hitachi High Tech Co. Ltd., Tokyo, Japan.
https://www.hitachi-hightech.com/global/). 3,3',5,5'-
tetramethylbenzidine (TMB)-H,0, was purchased from
Solarbio Co., Ltd. (Beijing, China, http://www.solarbio.bioon.
com.cn/). Chloroauric acid (HAuCl,) and trisodium citrate
were analytically pure and purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China, http://www.
sinoreagent.com/). Cormns and corn oil were purchased from
the local supermarket. The organic solvents in the experiment
were chromatographically pure. ELISA kit for ZEN was
purchased from Quicking Biotech company (Shanghai,
China, http://www.quicking.cn/). Spectra absorbance was
obtained by using RT-6000 Microplate Reader (Rayto life sci-
ence Co. Ltd., Shen Zhen, China, http://www.rayto.com).

Procedure for colorimetric assay

In a typical experiment, 50 pL of 1 uM aptamer solution,
50 pL of gold nanoparticles and 50 pL of zearalenone with
different concentrations were added into the 96-well micro-
plate and incubated for 5 min. Then 20 uL of 0.5 mol-L™'
H,0, and 50 uL TMB were added and incubated for
15 min. Subsequently, the absorbance of reaction system at
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Fig. 1 Schematic illustration on the principle of AuNP nanozyme assay
for ZEN detection
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Fig. 2 Linear correlation between the the concentration of ZEN and
absorbance of samples at 630 nm under the optimal reaction conditions

630 nm was measured by a microplate reader. All reactions
were performed at room temperature. Each reaction was re-
peated and detected three times. In addition, the possible dis-
tractions including AFB;, OTA and some common metal ions
(Ca®*, Na*, Mg”*, Zn>*) were analyzed with the same strategy
as described above.

Real sample detection

The ZEN contamination in corn and corn oil samples were
analyzed by using the above colorimetric assay. Corns and
corn oil samples were firstly prepared by spiking with differ-
ent ZEN concentrations (50 ng'mL ™" and 100 ng'-mL""). The
corn samples was mashed and dissolved in 60% methano-
water solution with 1:5 m/v ratio and shaken for 3 min. The
liquid was centrifuged at 10000 r/min for 10 min, and then the
supernatant solution was diluted 100 times with phosphate
buffer (2 mM, pH 7.0). For the analysis of corn oil samples,
2 g of spiked oil sample was mixed with 4 mL of n-hexane and
4 mL of 80% methanol-water solution. After being shaken for
1 min, the mixture was centrifuged at 4000 r/min for 5 min
and the underlying solution was diluted 100 times with phos-
phate buffer. After that, 50 uL of each dilution was added into
microplate and incubated with 50 puL of 1 uM aptamer solu-
tion and 50 pL of gold nanoparticles. 5 min later, 20 pL of
0.5 mol-'L ! H,0, and 50 uL TMB were added into the plate.
Then the absorbance of sample at 630 nm was measured after
15 min. In addition, each dilution was also detected by the

commercially ELISA kit according to the specification. The
results were compared and evaluated by the recovery and
relative standard deviation (RSD).

Results and discussion
Optimization of the assay for ZEN

The colorimetric assay in this study is based on the underlying
concept (Fig. 1). In the absence of ZEN, the ZEN aptamer can
absorb on the surface of AuNPs by electrostatic interaction,
thus inhibiting the peroxidase-like activity of AuNPs to oxi-
dize TMB due to the shielding of AuNP surface [26].
However, in the presence of ZEN, the aptamer would bind
with ZEN by the high specific affinity and can’t absorb on
the AuNPs because of the structure change, thus promoting
the restoration of peroxidase-like activity of AuNPs to oxidize
the colorless TMB into blue oxTMB. The color change can be
observed with bare eyes. In the general competitive process,
an appropriate amount of aptamer and target is required to
develop the sensitive detection method. In addition, the reac-
tion environment and incubation period are also key parame-
ters for the development of sensitive aptamer based assay.
Several experimental parameters including: (a) sample pH
value; (b) temperature; (¢c) H,O, concentration; (d) incubation
time; (e) aptamer concentration were optimized. Respective
data and figures are given in the Electronic Supporting
Material (ESM). The following experimental conditions were
found to give best results: (a) Best sample pH value of 4; (b)
Optimal temperature of 25 °C; (c) Optimal H,O, concentra-
tion of 0.5 mol-L " !; (d) Optimal incubation time of 15 min; (e)
Optimal aptamer concentration of 1 uM.

Quantitative detection of ZEN

Under the optimal detection conditions, the performance of
the assay was evaluated by using the various concentration
of ZEN. As can be seen in Fig. 2, the spectra absorbance of
reaction gradually increased with the increase of the target
concentration (ZEN). A good linearity between the absor-
bance of reaction system and the concentration of ZEN was

Table 1 Comparison of the present work with other reported aptasensors for determination of zearalenone

Method Material LOD Linear range Reference
Fluorescence sensing Upconverting nanoparticles and magnetic nanoparticles 0.007 ug'L™" 0.05-100 pugL™"  [31]
Fluorescence quenching assay Exfoliated functional graphene oxide 05ngmL" 0564 ngmL™'  [15]
Aptamer-based Lateral Flow Test Strip  Gold nanoparticles 20ngmL™'  5-200 ngmL™"  [30]
Colorimetric aptasensor Gold nanoparticles (AuNPs)/exonuclease 111 10 ngmL™"  20-8000 ngmL ™" [14]
Colorimetric apatasensor Gold nanoparticles 10 ngmL™" 10250 ngmL™"  In present work
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Fig. 3 Specificity of colorimetric assay for detection of ZEN by
comparing it to other non-targeted mycotoxins and metal ions (Ca**,
Na*, Mg**, Zn**) at 0.01 M level. a: concentration of 50 ng'mL™". b:
concentration of 5 pg'mL . ¢: concentration of 50 ng'mL ' for ZEN and
5 ug'mL ™! for AFB; and OTA

observed at the concentration of 10-250 ng'mL ™" with a cor-
relation coefficient of 0.9888 and a linear regression equation
of y=0.385 + 0.0003x. The detection limit (S/N=3) of ZEN
was found to be 10 ng'mL"". The sensitivity of this assay for
ZEN detection was compared with the recently reported
aptasensors [14, 15, 30, 31] listed in Table 1. Although the
sensitivity of this assay is lower in comparison with the
aptamer-based fluorescence assay [15, 31], it still can meet
the measuring requirement on account of the lowest tolerance
limit (20-1000 pg-kg ') of ZEN set by authorities. What’s
more, the current method is rapid, low cost and visual without
the need for expensive instruments, modification of aptamers

Fig. 4 The morphology of a
AuNPs in different reaction .
system. a AuNP solution. b -
AuNP and ZEA aptamer
compound system. ¢ triple .
complex of AuNP, ZEN aptamer 4
and ZEN. d AuNPs in high salt
solution

-

» .
b
]
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and use of fluorescent dye. Therefore, the assay has great
potential in the field test.

Specificity of the assay

The selectivity and specificity of the assay were also evaluated
by determining and comparing ZEN and other non-targeted
mycotoxins (AFB; and OTA) as well as metal ions (Ca’",
Na*, Mg** and Zn**) with the same procedure. As illustrated
in Fig. 3, absorbance of the system with ZEN (50 ng'mL ")
obviously increased comparing with the blank (no analyte).
While the absorbance of reaction systems with OTA and
AFB,; were basically consistent with the blank control group
even though their concentrations were 100 times higher than
ZEN. What’s more, the absorbance of reaction system with a
mixed solution including 50 ng'-mL ' of ZEN and 5 pg'mL ™"
of interfere mycotoxins had no obvious change comparing
with that of single ZEN solution. The similar absorbance
change was also observed in the presence of various metal
ions (0.01 M). These results demonstrated that this method
was appropriate for the specific detection of ZEN.
Furthermore, in order to confirm the spectroscopic results
were indeed caused by TMB oxidization rather than aggrega-
tion of AuNPs, the change of AuNP morphology and the
absorbance spectra under different reaction systems were re-
spectively checked by TEM and UV spectrophotometer. As
can be seen in Fig. 4, comparing with the aggregation mor-
phology of AuNPs under high salt, AuNPs in the assay always
kept dispersion with the similar particle size no matter whether
adding aptamer or target. The absorbance variation and color
change of different solution systems are presented in Fig. 5.
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Fig. 5 The absorbance spectra (a) and color change (b) of different
solution systems. (1) AuNP solution; @AuNP+H,0, + TMB system;
(® AuNP+ZEN aptamer system; @) AuNP+ZEN aptamer+H,O, +
TMB system; (5) AuNP+ZEN aptamer+ZEN system; (6) AuNP+ZEN
aptamer+ZEN + H,0, + TMB system

The absorption peak of pure AuNP solution, AuNP/aptamer
compounds, as well as triple complex of AuNP, aptamer and
ZEN all appeared in 520 nm. There is no obvious absorption
appeared in around 630 nm (Fig. 5a). The color of above three
solution system kept in purple red, though the spectra values
decreased and the colors became shallow gradually after
adding aptamer and ZEA in AuNP solution because of the
dilution effect (Fig. 5b). The above results strongly demon-
strated the reliability of the nanozyme-aptamer based colori-
metric assay in this study. In addition, the obvious inhibition
of aptamer on the peroxidase-like activity of AuNPs are also
reflected in Fig. 5. Comparing with the pure AuNPs, the

absorbance obviously decreased in 630 nm and color was fade
in AuNP/aptamer compound after adding the H,O, and TMB,
while the absorbance reincreased and color was deepen after
adding ZEN in AuNP/aptamer compound, followed by
adding H,O, and TMB. The observation is different from a
report [32] that claims single stranded DNA or RNA enhance
the activity of citrate-capped AuNPs. This maybe due to the
nucleotide components of the oligonucleotide sequences and
reaction parameters used in our work are different from the
previous report, which can effect the multiplexing catalytic
activity of AuNPs [32]. Nevertheless, these findings verify
that the inhibition of aptamer on nanozyme activity of
AuNPs can be employed to develop aptamer based assay for
ZEN detection.

Actual sample analysis

The practicality of the assay was evaluated by detecting corns
and corn oil samples spiked with different concentration of
ZEN. The results of recoveries and relative standard deviation
(RSD) are summarized in Table 2. The recovery ratio and
RSD of ZEN concentration in spiked samples detected by
the assay were 92-110% and 2.37-6.35%, respectively.
These data had good agreement with that of ELISA analysis
with the recovery and RSD being 92-115% and 1.03-6.72%
respectively. The results demonstrated that the aptamer based
colorimetric assay in this study is feasible for the rapid and
specific detection of ZEN levels in the actual food samples.

Conclusion

In this work, a rapid and visual aptamer-based colorimetric
assay for determining ZEN was developed on the basis of
the inherent peroxidase-like activity of AuNPs. The high sen-
sitivity of the assay mainly attribute to the enzyme mimic
activity of AuNPs independent of the uncontrolled aggrega-
tion. The high specificity and feasibility for real-sample anal-
ysis of this colorimetric assay have displayed great potential in
detection of ZEN. In addition, this method may also be ap-
plied to the determination of other food contaminants if ap-
propriate aptamers are available. Overall, this work just

Table 2 Recovery of ZEN in

spiked samples by using the Sample ZEN spiked / (ng'mL ™) Colorimetric assay ELISA
colorimetric assay
Recovery /% RSD /% Recovery /% RSD /%
Corn oil 50 102.10 5.12 101.24 3.23
100 92.65 4.51 104.92 6.72
Corns 50 110.42 237 115.59 6.34
100 95.57 4.61 92.34 1.03
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provide the preliminary design of colorimetric assay by using
the peroxidase-like activity properties. The high sensitivity of
the assay is still the challenge. In future, the combination of
AuNP and other nanomaterials or signal amplification strate-
gies should be considered to improve the sensitivity and
broaden the analytic range of the assay.
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