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Abstract The authors describe an electrochemical immunoas-
say for ultrasensitive detection of the mycotoxin zearalenone
(ZEA). A nanocomposite was prepared from carboxy-
functionalized multi-walled carbon nanotubes and chitosan
(cMWCNTSs/Chit). The morphology and electrochemical per-
formance of the materials was characterized by field-emission
scanning electron microscopy, atomic force microscopy, differ-
ential pulse voltammetry, cyclic voltammetry, and electrochem-
ical impedance spectroscopy. In this assay, ZEA—BSA conju-
gated covalently to activated cMWCNTSs/Chit film, then the
indirect competition between ZEA-BSA and free ZEA when
immobilization of excess anti-ZEA. The secondary antibody is
labeled with the enzyme alkaline phosphatase which can hy-
drolyze the substrate 1-naphthylphosphate to produce 1-
naphthol which gives a stable and strong anodic electrochem-
ical signal at a low working voltage of 0.3 V (vs. Ag/AgCl).
The use of the modified GCE results in a strongly enhanced
electrochemical current response. Compared with conventional
methods, the established immunosensor exhibited a high level
of sensitivity. Under optimal conditions, this immunoassay can
quantify ZEA in the 10 pg'rmL—1 to 1000 ng'mL—1 concentra-
tion range with a detection limit of 4.7 pg'mL—1 and the sensi-
tivity is 0.51 pA-uM—1-cm—2. The method was applied to the
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determination of ZEA in cereal and feedstuff samples. Results
showed satisfactory recovery and good consistency with high-
performance liquid chromatography. Therefore, the indirect
competitive electrochemical immunosensor provide a viable
tool based on bioanalysis.
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Introduction

Zearalenone (ZEA) is a mycotoxin that is produced by several
Fusarium species with a high estrogenic activity in vitro and
in vivo [1] and can cause serious damage to the reproductive
systems of humans and animals [2]. ZEA reaches cereal grains,
feedstuft, and animal products through fungal [3] and water
contamination. Regarding biological systems, ZEA exerts ad-
verse effects such as hepatotoxicity, hematological toxicity,
genotoxicity, immunotoxicity and neurotoxicity [4]. The
European Food Safety Authority claims that the tolerable daily
intake of ZEA should not exceed 0.25 mg'kg ' [5]. Thus, de-
veloping a sensitive and reliable detection method to prevent
detrimental effects to human health is vital. Various analytical
strategies and techniques have been reported for the quantitative
monitoring of ZEA in food and fodder, including high-
performance liquid chromatography (HPLC) coupled with mass
spectrometry [6], lateral flow immunoassays [7], and enzyme-
linked immunosorbent assays [8]. These methods can detect
ZEA with high accuracy and robustness. However, such proce-
dures require expensive apparatuses, sophisticated sample prep-
aration, intensive labor, and a high investment; therefore, on-line
determinations are restricted. For food safety analysis, electro-
chemical immunosensors are used in portable devices and point-
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of-care applications [9]. Compared with the direct and sandwich
methods, the indirect competition assay can provide high sensi-
tivity and selectivity, particularly for small molecules (such as
ZEA), due to a run that is based on a competitive principle in a
hydrodynamically focused fluid stream [10]. Thus, such sensing
elements show significant potential and prevent the drawbacks
of traditional methods.

Graphene [11], cellulose nanowhiskers [12], gold-dotted
nanoparticles [13], and carbon nanotubes (CNTs) [14] repre-
sent nanomaterials that are considered efficient and facile so-
lutions [15] in constructing typical sensing interfaces. Among
these materials, CNTs and multi-walled carbon nanotubes
(MWCNTs) have attracted considerable interest in the areas
of supramolecular nano-bio-assembly and nano-biosensor
fabrication [16]. Carboxylic-group-functionalized MWCNTs
(cMWCNTs) are extensively applied because these nanotubes
allow for the rapid and direct electron transfer in a wide range
of electron active species and electrode materials.
Nevertheless, the agglomeration of cMWCNTs in aqueous
solutions restricts their application [17]. Chitosan (Chit), a
polymer abound with amino groups, exhibits good film-
forming properties [18]. Consequently, Chit presents a suit-
able matrix for immobilizing bioactive molecules and con-
structing biosensors [19]. cMWCNTs can substantially im-
prove the properties of polymers with low loadings [20].
cMWCNTs/Chit nanocomposites can be formed by integrat-
ing cMWCNTs with Chit through their carboxy and amino
groups. This formation not only reduces the impedance [21]
but also improves the electrochemical signals [22]. The sensi-
tivity is highly related to the current signal difference, which is
caused by analytes, and is significantly affected by the
immunosensor conductivity [23]. Thus, cMWCNTs/Chit can
increase the sensitivity of electrochemical immunosensors.

In this study, we developed an electrochemical
immunosensor that is based on the indirect competitive for-
mat, where cMWCNTs/Chit acts as an electrotransfer media-
tor, and «-naphthyl phosphate (c-NP) serves as the enzyme
substrate for ZEA detection in cereal grains and fodder. First,
ZEA-bovine serum albumin (ZEA-BSA) was covalently
conjugated to the activated cMWCNTs/Chit film; then, the
indirect competition occurred between ZEA-BSA and free
ZEA during the immobilization of excess anti-ZEA. After
incubation with the AP-anti-antibody, DPV was conducted
when the «-NP enzyme substrate was added to the
dicthanolamine (DEA) buffer as the redox mediator. In this
methodology, the blocking step was unnecessary because the
antigens, ZEA—BSA, were immobilized on cMWCNTs/Chit;
therefore, a substantial amount of BSA that was coated onto a
surface eliminated the non-specific binding effect and
blocked the remaining active sites [24]. Experimental studies
showed that electrodes modified with cMWCNTs/Chit nano-
composites exhibited excellent sensing performance during
ZEA detection.
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Experimental
Reagents and apparatus

ZEA-BSA, ZEA, anti-ZEA, a negative corn sample and ZEA
immunoaffinity columns were purchased from Beijing Huaan
Magnech Biotechnology Co., Ltd. (Beijing, China, http://www.
magnech.com). cMWCNTs (diameter, <8 nm) were purchased
from XFNANO Technology Co., Ltd. (Nanjing, China, http://
www.xfhano.com). Samples (corn, wheat and fodder) that were
naturally contaminated with ZEA were purchased from Qingdao
Pribolab Biotechnology Co., Ltd. (Qingdao, China, http:/www.
pribolab.cn). Chitosan, alkaline phosphatase (AP)-anti-
antibody, N-hydroxysuccinimide (NHS), «-NP and 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)
were obtained from Sigma-Aldrich (USA, http:/www.
sigmaaldrich.com). A 0.1 M phosphate buffer (pH 7.4) was
utilized as the working buffer. A diethanolamine (DEA) buffer
(pH 9.6) that contained 0.1 M DEA, 1 M MgCl, and 0.1 M KCI
was used as the reaction solution, and the pH was adjusted to 9.6
with 0.1 M hydrochloric acid. All other reagents were of ana-
lytical grade and used without further purification. All aqueous
solutions were prepared using Millipore-Q water (>18 MQ-cm).
Electrochemical measurements, including cyclic voltamm-
etry (CV), differential pulse voltammetry (DPV), and electro-
chemical impedance spectroscopy (EIS), were all performed
on an AUTOLAB PGSTAT302 N electrochemical worksta-
tion (METROHM AUTOLAB B.V., The Netherlands, www.
metrohm-autolab.com) with a conventional three-electrode
configuration. It consisted of a platinum wire as auxiliary
electrode, Ag/AgCl (with 3 M KCl) as reference electrode,
and 3 mm diameter glassy carbon electrode (GCE) modified
by cMWCNTs/Chit (geometrical surface area of all working
electrodes =0.07 cm?) were purchased from Gaoss union
Technology Co., Ltd. (Wuhan, China, http://www.
gaossunion.com) as working electrode. Field emission
scanning electron microscopy (FE-SEM) images were obtain-
ed using a Hitachi S4800 system (Hitachi Limited, Japan).
Atomic force microscopy (AFM) images were acquired by
Bruker Dimension icon (USA). All measurements were per-
formed at room temperature under ambient conditions.

Electrochemical measurements

All electrochemical experiments were conducted in an elec-
trochemical cell containing a conventional three-electrode
chemical system. CV was performed in a 5.0 mM
[Fe(CN)6]37/47 solution that contained 0.1 M KCI from
—0.1 Vto+0.6 Vatascanrate of 0.1 V's~'. EIS was performed
in 5.0 mM [Fe(CN)g]> " that contained 0.1 M KClI in a
frequency range from 0.1 Hz to 10° Hz. DPV was conducted
ina 0.1 M fresh DEA buffer (pH 9.6) that contained 0.75 mg:
mL " «-NP. The potential ranged from —0.05 V to +0.55 V at
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a scan rate of 0.025 V s™'. The following DPV parameters
were utilized: the modulation amplitude was 0.07 V, the mod-
ulation time was 0.05 s, and the interval time was 0.2 s.

Synthesis of cMWCNTs/Chit

cMWCNTs/Chit nanocomposites were prepared following the
procedure from a previous study [25] with minor modifica-
tions. First, 50 mg of chitosan powder was dispersed in 10 mL
of'a 1% acetic acid solution, vigorously shaken for 2 min and
then sonicated for 1 h. Second, 40 mg of fine powder of the
cMWCNTs was dispersed in the prepared Chit solution.
Third, the solution was sonicated for at least 2 h until the
homogeneous dispersion of the cMWCNTs/Chit nanocom-
posites was achieved. Finally, the prepared cMWCNTs/Chit
dispersion liquid was stored at 4 °C until further use.

Fabrication of the electrochemical immunosensor

Bare GCEs were successively polished into mirrors using both
0.3 um and 0.05 pm alumina slurries on microcloth pads. The
electrodes were then subjected to ultrasonic cleaning in ultra-
pure water, nitric acid and acetone (1:1, v/v) for several mi-
nutes. After drying in nitrogen at room temperature, 2 uL of
the 1 mgrmL ™' cMWCNTs/Chit dispersion was coated onto
the surface of the prepared GCEs.

EDC/NHS is a moderate cross-linking reagent. The amino of
cMWCNTs/Chit integrated with the carboxy of BSA on the
surface of the GCE using EDC/NHS. Subsequently,
cMWCNTs/Chit/GCE was treated with 50 pL of freshly pre-
pared 0.4 M EDC-0.1 M NHS for 1 h at 37 °C. Next,
cMWCNTs/Chit/GCE was thoroughly rinsed with a 0.1 M
phosphate buffer (pH 7.4) solution. After washing as previously
described, 10 uL of 1 pgmL ' ZEA-BSA, which was a diluted
phosphate buffer solution, was quickly dropped onto the GCE
and the electrode was incubated for 1.5 h at 37 °C. The electro-
chemical immunosensor was successfully fabricated.

For the competition assay, 5 pL of diluted anti-ZEA (1:50,
v/v) was blended with 5 pL of the ZEA standard solution with
concentrations ranging from 0 to 1000 ng'mL™". After 30 min
of competition in a centrifuge tube, 10 pL of miscible com-
petition fluid was deposited onto the electrode surface that
was modified with ZEA-BSA and the electrode was incubat-
ed for 1.5 h at 37 °C. During incubation, immobilized ZEA—
BSA competed with the ZEA standard solution for anti-ZEA.
The electrode was washed with a phosphate buffer solution at
least three times after each incubation step. Subsequently, the
prepared immunosensor was incubated with 10 uL of AP-
anti-antibody (1:200, v/v) for 1.5 h at 37 °C. After thorough
rinsing with the DEA buffer, the resulting electrode was im-
mersed into a freshly prepared DEA solution that contained
0.75 mg'mL™" of «-NP for the DPV measurements.

Sample preparation

Food samples were purchased from Beijing Huaan Magnech
Biotechnology Ltd. Co. (Beijing, China, http://magnech.bioon.
com.cn). The ZEA-free corn sample was prepared as follows.
First, a 20-g corn sample was added to 100 mL of deionized
water and acetonitrile (1:4, v/v) in a plastic centrifuge tube.
Then, the ZEA-free corn samples were spiked with appropriate
concentrations of ZEA and vigorously shaken for 20 min. Next,
the mixture was centrifuged for 10 min at 12,000 rpm, and the
supernatant color changed from colorless to canary yellow. The
supernatant was filtered through a fast qualitative filter paper to
remove solid matter. Next, 10 mL of filtrate was carefully dilut-
ed with 40 mL of the phosphate buffer solution and 0.05%
Tween-20, which was used for the antigen-antibody reaction.
The extract was filtered through a microfiber glass filter
(Whatman 934-AH) to remove solid particles. Subsequently,
25 mL of the filtrate was filtered through an immunoaffinity
column at a flow rate of 1 drop/s and then washed twice with
10 mL of deionized water to remove interfering compounds.
Enriched ZEA was eluted with 1 mL of methanol and collected.
Pretreatments of corn, wheat, and cattle fodder with ZEA were
the same as those of the ZEA-free corn samples. Finally, the
sample solution was diluted to appropriate concentrations and
stored at —20 °C for subsequent use.

Results and discussion
Choice of material

cMWCNTs have an excellent electrical conductivity and have
emerged as a low-cost interesting carbonaceous nanomaterial
[26]. Important sensor parameters such as selectivity, sensitivity,
reproducibility and detection limit are significantly improved
with cMWCNTs-based nanocomposites. In contrast, the studies
of Karimi et al. revealed that Chit exhibits an excellent
film-forming ability that can decrease the aggregation of
cMWCNTs. During the past 20 years, a considerable amount
of work has been reported on chitosan and its potential use in
various bioapplications. Therefore, we have prepared
cMWCNTs/Chit and demonstrated its applicability in ZEA
sensing. Our studies revealed that cMWCNTs/Chit nanocom-
posites showed excellent sensing attributes towards ZEA in
cereal grains and fodder samples that were measured in the
laboratory.

Design of a ZEA immunosensor
Scheme 1 illustrates the overall preparation of the
immunosensors. The GCE was modified with a functionalized

cMWCNTs/Chit nanocomposite film (c(MWCNTs/Chit/GCE)
to amplify the immunosensor signal and reduce the limit of
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Scheme 1 Schematic of reaction
and protocols involved in
preparation of electrochemical
GCE immunosensor for ZEA

Current (uA)

Potential(V)

LN2

¢cMWCNTs/CS ZEA

detection (LOD). This enhancement is attributed to desirable
physicochemical and electrical properties and the large ratio
surface area of cMWCNTs/Chit. ZEA-BSA was covalently
conjugated to the activated cMWCNTs/Chit film. In the com-
petitive stage, after the immobilization of excess anti-ZEA and
the reaction between ZEA-BSA and antigens in solution, the
remaining unconjugated anti-ZEA attached to the ZEA-BSA-
modified electrode. The quantitation of ZEA was performed
with a secondary antibody, AP-anti-antibody, and DPV was
conducted when the x-NP enzyme substrate was added as the
redox mediator. A linear relationship existed between the
DPV peak currents and the logarithm of ZEA concentration.
Therefore, the concentrations of ZEA in the samples were
successfully monitored.

Morphological characterization of cMWCNTs/Chit
and the stepwise modification of the immunosensor

FE-SEM and AFM were performed to characterize nanocom-
posites on the immunosensor surface and to demonstrate varia-
tions in physical properties and sizes of these nanocomposites
during immunosensor synthesis. Fig. 1 shows FE-SEM images
of the surface morphologies of cMWCNTs and cMWCNTs/

Fig. 1 FE-SEM images of a

Chit nanocomposite
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Chit composite powders. Without Chit (Fig. 1a), cMWCNTs
demonstrated curved and coiled tubular structures because of
their large surface area [17]. The tubes formed three-
dimensional (3D) networks with a porous structure and agglom-
erated with one another. After Chit addition (Fig. 1b), the Chit
contained a substantial amount of amino groups that dramati-
cally increased the dispersion of cMWCNTs in a water solution
and prevented the agglomeration of cMWCNTs [17].
Consequently, the nanomaterials constituted a highly close-
knit 3D network. The cMWCNTs/Chit nanocomposites exhib-
ited a homogeneous distribution and were further incorporated
into the polymers [27].

Fig. 2 shows typical AFM topographical images of the
stepwise modification of immunosensors [28]. Fig. 2a shows
the accumulation of a packed cMWCNTs/Chit monolayer
with ridged and tubular topography. This figure provides ev-
idence of abundant binding sites on the cMWCNTSs/Chit sur-
face with covalently bound ZEA-BSA with a height of
62.24 nm. The electrode topography changed to a typically
smooth morphology as result of the covalent linkage of ZEA—
BSA to cMWCNTs/Chit. In Fig. 2b, the layer height signifi-
cantly increased to a height of 367.87 nm. This outcome can
be attributed to a blocking of non-specific binding sites and
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Fig. 2 AFM images of a
c¢cMWCNTs/Chit, b ZEA-BSA/
cMWCNTs/Chit, ¢ anti-ZEA/
ZEA-BSA/cMWCNTs/Chit d
AP-anti-antibody/anti-ZEA/
ZEA-BSA/cMWCNTs/Chit

the formation of a uniform immunosensor surface. Then, the
promontory height on the sensor surface significantly in-
creased after the interaction of the anti-ZEA and anti-antibody.
This phenomenon is due to the specific binding of the anti-
body and antigen with heights on the sensor surface of
660.57 nm and 1.26 um, respectively. (Figs. 2¢—d).

Electrochemical characterization of various modified
electrodes

CVand EIS measurements were performed after each incuba-
tion step to examine interfacial properties of the modified
electrodes during fabrication. In Fig. 3a, a bare GCE curve
exhibited a well-defined reversible redox peak. In curve b of
the cMWCNTs/Chit-modified electrode, the redox peak cur-
rent significantly increased because cMWCNTs/Chit facilitat-
ed electron transfer [29]. After applying the ZEA-BSA coat-
ing, the peak current remarkably declined (curve c) because

b
a
_ 100 ¢ a
< e
2 o
I—Q
-100-
-200-
0100010203 040506 07

E(V)

Fig. 3 a CVand b EIS responses of different electrodes in 0.1 M KCl
aqueous solution containing 5.0 mM [Fe(CN)¢]**": (a) bare GCE, (b)
cMWCNTSs/Chit/GCE, (¢c) ZEA-BSA/cMWCNTSs/Chit/GCE, (d) anti-

15
¢1.0 b ac.d e
Nos{ " -
fv""wfv
0.0

ZEA-BSA modified the surface covering of cMWCNTs/Chit/
GCE and induced the decrease in conductivity. Consequently,
antigen binding causes a shielding effect and a reduction of the
electron transfer rate. As expected, the peak current continu-
ously dropped after the interaction of anti-ZEA with ZEA—
BSA (curve d) because the antigen-antibody reaction pro-
duced a high electric resistance, and the antigen functioned
as an inert-electron-and mass-transfer-blocking layer [9].
Finally, the peak current was reduced to a minimum because
of'the specific binding of AP-anti-antibody to anti-ZEA (curve
e). This result is attributed to the production of
immunocomplexes that blocked active sites of the mediator
and decreased its electron transfer capability. CV results agree
with those of EIS (Fig. 3b). In EIS, the semicircle diameter
equals that of the electron transfer resistance (Ret), which
controls the electron transfer kinetics of redox probes at the
electrode interface [24]. Consistent CV and EIS, the results
illustrate the successful construction of immunosensors.

10 15 20 25 30 35
7' (KQ)

ZEA/ZEA-BSA/cMWCNTs/Chit/GCE, and (e) AP-anti-antibody/anti-
ZEA/ZEA-BSA/cMWCNTs/Chit/GCE

@ Springer



3344

Microchim Acta (2017) 184:3339-3347

Fig. 4 a Typical DPV response of designed immunosensor to ZEA
concentrations of (a) 0, (b) 10 pg~mL71, (c) 100 pg~mL71, (d)
500 pg-mLfl, (e) 1 ng-mLfl, ) 10 ng-mLfl, (g) 100 ng-mLfl, (h)

Optimization of experimental conditions

Certain external experimental parameters influence performance
of fabricated electrochemical immunosensor, and they should be
optimized to achieve high sensitivity, high selectivity, and low
detection limit. These parameters include (a) concentration of
ZEA-BSA, (b) dilution ratio of anti-ZEA, (c) dilution ratio of
AP-anti-antibody, (d) concentration of «-NP, (¢) pH value of
supporting electrolyte, and (f) competition time. The results
are presented in the Electronic Supporting Material (Fig. S1)
The following experimental conditions yielded optimal results:
(a) ZEA-BSA concentration of 1 pgmL ", (b) anti-ZEA dilu-
tion ratio of 1:100, (c) AP-anti-antibody dilution ratio of 1:200,
(d) «-NP concentration of 0.75 mg~mL71; (e) pH value of 9.6;
(f) competition time of 30 min.

Analytical performance of the electrochemical
immunosensor

Sensitivity of the immunosensor for ZEA determination

Under optimized experimental conditions, effects of different
concentrations of ZEA on analytical capability were examined
by DPV in DEA (pH 9.6). In Fig. 4a, redox peak currents
clearly decline with increasing concentrations of ZEA. The
results indicate the successful incorporation of ZEA with

b
184 i), (A)=13.646-1.603x1gC
z_
16 R=0.9992
annd
< 141
=2
N’
=121
10
8 —
1E-3 0.01 0.1 1 10 100 1000

Concentration of ZEA(ng/mL)

1 pug'mL™"; b plot of DPV current with respect to logarithms of different
ZEA concentrations (Error bars represent average standard errors for
three measurements)

anti-BSA; therefore, the AP-anti-antibody also cannot inter-
act. Calibration plots between the DPV response and the log-
arithm of ZEA concentration display a good linear relation-
ship from 0.001 pg'mL " to 1000 ng'mL " (Fig. 4b) and fit the
linear regression equation i,(A) = 13.64067—
1.60317 x logCyrpa (ngmL "), R? = 0.9992. The error bars
represent the standard deviation (SD) of three measurements.
The detection limit was 4.7 pg'-mL " and was estimated to be
three times that of the SD of the blank sample/slope. The
sensitivity was 0.51 pA-uM '-cm 2. The immunosensor
achieved a wider linear dynamic range with an acceptable
detection limit compared with other existing ZEA detection
methods, as shown in Table 1.

Specificity of the immunosensor

The specificity of the immunosensor was evaluated using
1 ngmL™' ZEA and a 100-fold mass ratio of competitors
(100 ng-mLfl), including deoxynivalenol (DON), ochratoxin
(OTA), fumonisin B; (FB,), aflatoxins B; (AFB;) and a mix-
ture of all abovementioned mycotoxins compounds (Mix).
Fig. 5 presents the current responses for six types of samples
and a blank. First, the current responses of DON, OTA, FB;,
and AFB; did not exhibit significant differences from the
blank sample. Second, as shown in Mix current response
and compared to only 1 pg-mL ™' ZEA, the current responses

Table 1 Comparison of linear
and detection limits of designed
immunosensor and other ZEA

detection methods

Methods Linear dynamic Limit of detection Reference
range (ng~mL71) (ng~mL71)

Electrochemical immunosensing 0.004-9.5 0.002 [30]
Electrochemical immunosensing 0.005-50 0.0015 [31]
Electrochemical immunosensing 0.05-50 0.016 [32]
Electrochemical immunosensing 0.03-35 0.01 [33]
HPLC-MS /MS 0.54-42.5 0.04 [6]
Multiplex lateral flow immunoassay — 0.42 [7]
Recombinant cell fluorescence biosensor 10-100 32 [34]
Enzyme-linked immunosorbent assay 0.07-2.41 0.04 [35]
Electrochemical immunosensor 0.01-1000 0.0047 This work
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ip (RA)

ZEA Blank OTA AFB1 DON FB1 Mix

Fig.5 Specificity of electrochemical immunosensor for 1 ng'mL ™' ZEA,
blank, 100 ngmLf1 of OTA, AFB1, DON, FB1 and mixture

still did not significantly vary when the concentrations of other
mycotoxins increased to 100 ng'mL ™" and were combined
with 1 pg'mL™" ZEA. The results indicate a non-specific in-
teraction of other toxins on the electrochemical
immunosensor. These foreign mycotoxins had a negligible
effect on the ZEA determination.

Reproducibility and stability of the designed immunosensor

In Table S1, the reproducibility of the electrochemical
immunosensor was evaluated for detecting ZEA with concen-
trations of 10 pgrmL ™', 1 ngmL ", and 1 pg'mL ™" in five
separate electrodes that belong to the same batch but were
independently welded by the same assembly procedure.
These separate electrodes exhibited similar DPV responses.
The relative SD for ZEA concentrations of 10 pgrmL™",
1 ngmL™", and 1 pgmL ™" were 2.43%, 2.39%, and 1.88%,
respectively. The results demonstrate that the fabricated
immunosensor exhibits an acceptable reproducibility. The sta-
bility represents another important parameter in the quantita-
tive detection of an immunosensor. Fig. S2 shows that the
DPV current for 2.9% activity was retained after storing the
sensor under dry conditions at 4 °C for 15 days.

Accuracy of ZEA in the samples

The applicability and reliability of the immunosensor for the
determination of ZEA in cereal grains and fodder were eval-
uated. The negative corn sample was spiked with ZEA at 0,
10, 100, 1000, and 10,000 pg~kg_] concentrations, whereas
corn, wheat and fodder samples that are naturally contaminat-
ed with ZEA were tested by the designed method and conven-
tional HPLC. In Table 2, the recovery rates of the spiked corn
samples range from 94% to 106.4%. At the same time, the
relative errors between the results of the two methods range
from 0.72% to 6.06% (naturally contaminated corn sample),
0.81% to 1.02% (naturally contaminated wheat sample), and
0.25% to 1.26% (naturally contaminated fodder sample).
These results demonstrated that the electrochemical
immunosensor can detect ZEA in various foods.
Consequently, the immunosensor is highly promising and pre-
sents an innovative method for the determination of ZEA.

Conclusions

In this work, an ultrasensitive electrochemical immunosensor
for ZEA was successfully constructed using an indirect com-
petitive format and eliminating the blocking step. The
immunosensor utilized the AP enzymatic reaction and
cMWCNTs/Chit to achieve signal generation and amplifica-
tion. Under optimal conditions, this immunosensor exhibited
a wide linear range from 0.001 ng'-mL"" to 1000 ng'mL " and
low detection limit of 4.7 pgrmL~". The fabricated biosensor
was successfully applied to the detection of ZEA in cereal
grains and fodder and showed satisfactory recovery and good
agreement with the conventional HPLC method. However,
one limitation is that the method involves several time-
consuming steps or a 3.5 h analysis time, which will be ad-
dressed in future work.

Table 2 Application of

immunosensor for ZEA Spiked sample no. Added (ug'kg™) Electrochemical immunosensor (ugkg™")* Recovery (%)
determination in cereal grains and
fodder 1 0 229+0.3 0
2 10 940 +1.22 94
3 100 101.18 + 27.08 101.2
4 1000 1064.73 + 121.36 106.4
5 10,000 9983.26 + 823.51 99.8
Naturally contaminated corn samples® Relative error (%)
1 16.49 16.61 +£4.99 0.72
2 0.33 0.35+£0.17 6.06
Naturally contaminated wheat samples® Relative error (%)
1 245 247 +32.67 0.81
2 49 4.85 +0.04 1.02
Naturally contaminated fodder samples® Relative error (%)
1 47.41 47.29 + 6.03 0.25
2 1.58 1.56 £0.17 1.26

% Mean + SD of three mesurements

° The results were obtained by HPLC and this work
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