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Ochratoxin A (OTA) is a well-known carcinogenic contaminant in food commaodities. The highly sensitive
and specific detection of the OTA level is an essential way to prevent the health risks to humans/animals.
In this work, an SERS-based competitive immunoassay platform has been developed for the detection of
OTA. This assay contains two compartments: OTA-BSA-immobilized SERS nanotags and anti-OTA anti-
body-functionalized magnetic beads. In the presence of target OTA, a competitive reaction towards mag-
netic beads occurs between the target OTA and SERS nanotags. The characteristic peaks of SERS nano-
tags adsorbed onto magnetic beads were used for the quantitative analysis of OTA. Under optimized con-
ditions, a good linear relationship was obtained in the range of 1 pg mL™* to1000 pg mL™. The limit of
detection (LOD) was estimated to be 0.61 pg mL™ using the IUPAC standard method. In addition, this
proposed method was also successfully applied for the detection of OTA in wine samples and satisfactory
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1. Introduction

Ochratoxin A (OTA) is one of the most well-known and
deleterious mycotoxins derived from several fungal species
including Aspergillus ochraceus, Penicillium viridicatum, and
A. carbonarius."* OTA is a highly stable compound and widely
exists in human and animal food supplies, and it has been
known to play a vital role in the pathogenesis of some dis-
eases. For example, OTA can cause teratogenic nephropathy
and cancer in a variety of animal species and sex-related
differences.> Other adverse effects include immunosuppres-
sion, immunotoxicity, DNA damage, increased lipid peroxi-
dation, and inhibition of mitochondrial respiration. For these
reasons, OTA has been classified as a Group 2B compound
possibly carcinogenic to humans by the International Agency
for Research on Cancer.”” Both China and the European
Union have set the maximum guidance or indicative limits for
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petitive method holds great potential for highly sensitive and specific detection of mycotoxins.

OTA and other types of mycotoxins in food and feed commod-
ities. To ensure food safety, it is very urgent to develop highly
sensitive and specific detection methods for monitoring even
trace amounts of OTA in food systems.

To date, many techniques have been used to develop a
reliable analysis method for the identification of OTA, includ-
ing chromatography techniques and enzyme-linked immuno-
sorbent assay (ELISA). Chromatography techniques, such as
high-performance liquid chromatography (HPLC), gas chrom-
atography-mass spectrometry (GC-MS), and liquid chromato-
graphy-mass spectrometry (LC-MS) have a satisfactory limit of
detection.* " However, these methods require expensive
equipment, skilled operators, and multiple operation steps,
which are time-consuming and unsuitable for routine analysis
applications. Considering the high reliability and reproducibil-
ity, ELISA using a 96-well plate has become one of the most
widely used immunoassay methods in biological laboratories,
and various commercialized ELISA kits have been developed
for the determination of OTA. However, the enzyme-mediated
color change at low concentrations of the target cannot be
identified by the microplate reader. Thus, ELISA alone is not
sufficient to sensitively detect OTA."* To overcome these short-
comings, a variety of transduction methods have been inte-
grated into ELISA to improve the detection capability, includ-
ing photoelectrochemical assay, fluorescence assay, surface
plasmon resonance assay, and surface-enhanced Raman scat-
tering (SERS) assay.'*™'®

Among these techniques, SERS spectroscopy has attracted
great attention and become a powerful spectroscopy technique
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due to its rapid and sensitive detection capability."’*° The
detection sensitivity of SERS is 10-14 orders of magnitude
higher than that of conventional Raman spectroscopy, which
is similar to that of fluorescence detection.'® Recently, a SERS-
based immunosensor using functionalized nanotags has
become a promising alternative for highly sensitive detection
with ELISA."*?°7*> SERS nanotags are a kind of novel light scat-
tering optical probe composed of Raman reporter molecules
and noble metal nanoparticles; when they are exposed to a
single excitation light source, the incident field is significantly
enhanced at active sites called electromagnetic “hot spots” due
to localized surface plasmon effects.'® In addition, it possesses
many advantages over fluorescence dyes and quantum dots for
their tremendous quantification capability, multiplexing
capacity, and high photostability and biocompatibility. Up to
now, SERS-based immunoassays have been applied for investi-
gations reaching from the building blocks of life (DNA and
RNA) to functional complex structures (proteins and polysac-
charide) and whole cells and tissues.”*>°

In the present work, we report a simple and sensitive SERS-
based competitive immunosensor for OTA detection. Briefly,
monoclonal anti-OTA antibody-modified magnetic beads were
used as supporting substrates; the samples were added fol-
lowed by OTA-BSA-immobilized SERS nanotags. After incu-
bation and washing, the Raman signal was recorded from the
magnetic bead immunocomplexes, which was found to
decrease with the increasing level of OTA in the samples.
Compared to planar substrates, the magnetic beads possess
two main advantages.'®*” First, they have a high loading
density of immunocomplexes due to their high surface-to-
volume ratio. Second, the magnetic bead-based immunoassay
requires a short reaction time due to its fast-molecular
diffusion near three-dimensional magnetic beads. By taking
advantage of the SERS nanotags and functional magnetic
beads, our proposed method greatly reduces the assay time
and lowers the limit of detection (LOD). In addition, this
simple detection platform can be used for real-time analysis in
the field using a commercialized portable Raman system. We
expect that this proposed method will provide another insight
into food security analysis.

2. Experimental
2.1 Reagents

Gold chloride trihydrate (HAuCl,-3H,0), sodium citrate (Naj-
citrate), dihydrolipoic acid (DHLA), 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide ~ (EDC),  N-hydroxysuccinimide
(NHS), bovine serum albumin (BSA), 2-(N-morpholino)ethane-
sulfonic acid (MES), phosphate-buffered saline (PBS) (pH 7.4,
0.1 M), Tween 20, ochratoxin A (OTA), fumonisin B (FUMB),
aflatoxin B1 (AFB1), and ochratoxin A-conjugated BSA
(OTA-BSA) were purchased from Sigma-Aldrich (St Louis, MO,
USA). Malachite green isothiocyanate (MGITC) and carboxylic-
activated magnetic beads were purchased from Invitrogen
Corporation (Carlsbad, CA, USA). Mouse anti-ochratoxin A
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monoclonal antibody (Anti-OTA antibody) was purchased from
Abcam (Shanghai, China). All solutions were prepared with
ultrapure water (18 MQ cm™') obtained from a Milli-Q water
purification system (Billerica, MA, USA). All reagents were of
analytical reagent grade and used without further purification.

2.2 Instrumentation

UV-vis absorption spectra were measured by a UV-2600 UV-vis
spectrophotometer (Shimadzu, Kyoto, Japan). Dynamic light
scattering (DLS) data were obtained using a Nano-ZS90 appar-
atus (Malvern Instruments, Malvern, UK). High-magnification
transmission electron microscopy (TEM) images were acquired
using a JEOL JEM 2100F instrument (JEOL, Tokyo, Japan).
Raman measurements were carried out using a Renishaw
invia Raman microscope system (Renishaw, UK).

2.3 Preparation of SERS nanotag

Gold nanoparticles (Au NPs) were synthesized according to the
previously reported kinetically controlled seed-growth method
by Bastus et al.®® Briefly, 75 mL of 2.2 mM Naj-citrate was
heated to boiling in a three-necked round-bottomed flask with
rapid magnetic stirring. As soon as boiling commenced,
0.5 mL of 25 mM HAuCl, was added, and the mixture changed
from yellow to bluish grey and then to a soft pink color within
10 min. The resulting gold seeds were cooled to 90 °C and
then 0.5 mL of 60 mM Naj-citrate and 0.5 mL of 25 mM
HAuCl, were alternately added 12 times (time delay ~2 min).
Finally, the solution was kept stirring under 90 °C for 30 min
and then cooled to room temperature. The color of the resul-
tant solution changed from pink to deep red. SERS nanotags
were prepared by the published procedure;"® 5 pL of 107> M
MGITC was added to 1 mL of 0.1 nM Au NPs. The MGITC-Au
NP mixture was reacted for 30 min under gentle stirring.
DHLA was added as a linker and the solution was incubated
for 2 h. Then, the unreacted chemical reagents were removed
by centrifugation. The -COOH terminal groups on the surfaces
of AuNPs were activated by adding EDC and NHS. After
40 min, OTA-BSAs were reacted with the solution for 2 h at
room temperature. Finally, the unreacted sites on the surfaces
of the Au NPs were deactivated using 1 mM ethanolamine for
30 min. The nonspecific binding chemicals were washed away
through centrifugation twice and the remaining SERS nano-
tags were suspended in a PBS buffer solution ready for further
use.

2.4 Preparation of antibody-conjugated magnetic bead

To conjugate anti-OTA antibodies on the surface of magnetic
beads, 5 pL of 0.1 M EDC and NHS were added to 400 pL of
0.5 mg mL~" ~COOH terminal group-modified magnetic beads
and the mixture was incubated with gentle shaking at room
temperature. After 30 min, the mixture was separated by a
magnet and washed three times with PBS buffer solution.
Subsequently, the magnetic beads were resuspended in PBS
buffer solution and reacted with 1 mg mL™" anti-OTA anti-
bodies overnight under continuous shaking. The unreacted
—-COOH groups were deactivated by incubation with 1% BSA
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for 30 min. Finally, the above mixture was washed with a PBS
buffer solution to remove unbound chemicals and stored in
PBS buffer solution at 4 °C before use.

2.5 SERS-based competitive immunoassay for OTA

Competitive immunoassay for OTA was performed with
spiked samples at nine different concentrations. Briefly,
20 pL of antibody-conjugated magnetic beads, 10 pL of OTA-
spiked sample and 40 pL of SERS nanotags were mixed and
allowed to react under constant stirring for 1 h. The mixture
was isolated by a magnetic bar on the wall of the microtube
and washed three times with PBS containing 0.05 wt% Tween
20. Finally, the immunocomplexes were resuspended in PBS
buffer solution and transferred to a capillary tube for Raman
analysis.

2.6 Preparation of wine samples

To evaluate the practicality of the developed sensing method,
wine obtained from the local supermarket was diluted 5 times
with PBS buffered solution, and then passed through a
0.22 pm membrane. The OTA stock solution was spiked in the
above purified wine to prepare 10 pg mL™", 100 pg mL ™", and
500 pg mL ™" OTA wine samples.
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Fig.1 (a) DLS distributions of AuNPs and SERS nanotags; (b) UV-vis
spectra of Au NPs and SERS nanotags.
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3. Results and discussion

3.1 Principle of SERS-based competitive immunoassay for
detection of OTA

The SERS nanotag consists of Au NPs, Raman reporters, and
OTA-BSA conjugates. The Au NPs were synthesised by the seed
growth method. MGITC was used as the Raman reporter and
the strongest peak intensity that centered at 1613 cm " was
used for the quantitative analysis of OTA. DHLA bonded with
the Au NP surface through the interactions of Au atoms with
the thiol group. The -COOH groups were activated by EDC and
NHS, with the OTA-BSA conjugates subsequently being
immobilized on Au NPs. The effects of OTA-BSA conjugates
immobilized on the surface of Au NPs were assessed by UV-vis
and DLS measurements. The average hydrodynamic size of the
Au NPs increased from 44 to 53 nm upon conjugation, accord-
ing to the DLS data shown in Fig. 1a. The UV-vis spectral
result also demonstrated that the surface plasmon band was
slightly shifted from 527 nm to 532 nm as shown in Fig. 1b.
Scheme 1 shows a schematic of the SERS-based competitive
immunoassay. Here, the magnetic beads were employed as the
separation and concentration agents, and the Au NPs were
employed as the SERS substrate for signal amplification. As
shown in Fig. 2a, in the absence of target OTA, the SERS nano-
tags are captured by anti-OTA antibodies on the surface of the
magnetic beads. These magnetic immunocomplexes were
washed and isolated using a magnetic bar. Strong SERS
signals were observed due to the SERS effect of the SERS nano-
tags upon the exposure of the laser, as seen in Fig. 2c.
However, in the presence of target OTA, a competitive reaction
toward anti-OTA immobilized magnetic beads occurs between
the target OTA and SERS nanotags. When the anti-OTA anti-
bodies capture target OTA, they cannot react with the SERS
nanotags. Consequently, as shown in Fig. 2b, the number of
SERS nanotags bound on magnetic beads decreased, which
resulted in the very low SERS signal, as seen in Fig. 2c.

(c)

Weak SERS signal 6328 nm

ol

-~ SERS nanotag o OTA
a*

Scheme 1 Schematic illustration of the SERS-based competitive immunoassay for the determination of OTA. (a) Anti-OTA antibody immobilized on
the magnetic beads; (b) OTA-BSA-conjugated SERS nanotags were captured by the anti-OTA antibodies on the magnetic beads; (c) target OTA and
OTA-BSA conjugated SERS nanotags competitively react with anti-OTA antibody on the magnetic beads.
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Fig. 2 SEM images of the SERS-based competitive immunoassay
without (a) and with (b) target OTA; (c) corresponding SERS spectra of
(a) and (b).

Thus, in this assay, the SERS signal decreased with the
increasing level of target OTA in the sample, and the SERS
signal of the formed immunocomplexes can be measured and
analysed for the quantitative evaluation of target OTA.

3.2 Optimization of immunoassay parameters

To acquire an optimal analytical condition for the SERS-based
competitive assay, the volume ratio of magnetic beads to SERS
nanotags and the incubation time for the competitive
immunoassay were systematically investigated. The optimiz-
ation process was carried out by changing one parameter
while keeping all the others constant.

The volume ratio of magnetic beads to SERS nanotags was
very crucial since it strongly affected the detection sensitivity
of the competitive immunoassay. Therefore, the volume ratio
of magnetic beads to SERS nanotags (1:0.5, 1:1, 1:1.5, 1:2,
1:2.5,1:3, and 1:4) was first explored. Specifically, 20 puL of
magnetic beads were incubated with different volumes of SERS
nanotags for 2 h, followed by washing three times with
PBS-Tween 20 (PBST), and dispersing in PBS. As shown in
Fig. 3a, the Raman intensity gradually increased with increase
in the volume of SERS nanotags in the range of 1:0.5 to 1: 2.
However, a further increase in the volume of SERS nanotags
could not cause significant differences in Raman intensity
because as the anti-OTA antibodies on the surfaces of mag-
netic beads were fully occupied by the SERS nanotags, no
binding sites were remaining on the surface of magnetic beads
for the excess SERS nanotags. Based on this result, the optimal
volume ratio was determined to be 1:2 in this work.

Next, we investigated the incubation time of the anti-OTA
immobilized magnetic beads and SERS nanotags for the detec-
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Fig. 3 Optimization of immunoassay parameters. (a) Volumetric ratio of
magnetic beads and SERS nanotags; and (b) incubation time for the
competitive reaction among magnetic beads, SERS nanotags, and target
OTA.

tion of OTA. Specifically, 20 pL of magnetic beads, 40 pL of
SERS nanotags and 10 pL of OTA were incubated for 15 min,
30 min, 45 min, 60 min, 75 min, 90 min, and 105 min, respect-
ively. As shown in Fig. 3b, the Raman intensity decreased
gradually with the incubation time increasing up to 60 min
and further incubation did not cause any significant change.
Our results indicate that the competitive reaction was com-
plete within 60 min. Therefore, 60 min was selected as the
optimal incubation time in the subsequent assays.

3.3 Analytical performance of the SERS-based immunoassay

Under optimized detection conditions, the performance of the
SERS-based competitive detection platform for the quantitative
analysis of OTA was evaluated. Fig. 4a shows the Raman
spectra for various concentrations of OTA in the 0 to 2500 pg
mL™" range, which was in accordance with the fact that with
an increase in the OTA concentration, more targets were able
to form immunocomplexes with the magnetic beads and fewer
SERS nanotags would bind to the magnetic beads. Thus, the
Raman intensity was gradually decreased. The corresponding
calibration plot from the Raman intensity variations at
1613 em™" is shown in Fig. 4b and the error bars indicate stan-
dard deviations from three measurements. The limit of detec-
tion (LOD) value was calculated to be 0.61 pg mL™" by the
TUPAC standard method (LOD = Ypjank + 3 % SDplank, Yblank iS
the average signal intensity at zero and SDpj,nk is the standard
deviation of the blank measurements). The value determined
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Fig. 4 (a) SERS spectra of the increasing concentrations of OTA ranging
from 0 to 2500 pg mL™%; and (b) variation of SERS signal at 1613 cm™ as
a function of OTA concentration. The inset shows a linear relationship in
the concentration range from 1 pg mL™* to 1000 pg mL™™.
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Table 1 Comparison of the SERS-based competitive assay results with the previously reported methods using other detection techniques

Method Linear range LOD Sample volume (pL) Real sample Ref.
Electrochemiluminescence 0.2-1000 pg mL ™" 0.075 pg mL™" 10 Wine 29
Electrochemical 0.01-100 nM 14 pM 8 Wine 30
Colorimetry 0.05-2.0 ng mL™" 23 pg mL ™" 200 Corn 31
Colorimetry 1.25-250 nM 0.069 nM 20 Grape juice 32
Fluorescence 20-5000 nM 16.5 nM 200 Wine, beer 33
Fluorescence 0.001-100 pg mL™" — 50 Beer 34
Fluorescence 0.01-20 ng mL™" 2.5 pgmL™" — Peanuts 35
SERS 5-5000 pM — — Wine 36
SERS 0.01-50 ng mL ™" 4 pg mL ™ — Wine 37
SERS 1-1000 pg mL™" 0.61 pg mL™" 10 Wine This method

by the proposed method is more sensitive than that of the tra-
ditional ELISA method and the reported methods for OTA
detection as shown in Table 1.

3.4 Specificity of the SERS-based immunoassay

The specificity of the SERS-based assay platform was also
investigated. Two mycotoxins, zearalenone (ZEN) and aflatoxin
B1 (AFB1) were selected as the negative controls because they
are very commonly found mycotoxins in food and
environment;**?° their chemical structures are shown in
Fig. 5a. The tests were performed for five samples with
different mycotoxins. Sample 1 contains 0 pg mL™' myco-
toxins; sample 2 contains 1000 pg mL™' of ZEN; sample 3
contains 1000 pg mL™' of AFB1; sample 4 contains 1000
pg mL ™" of OTA; and sample 5 contains 1000 pg mL ™" of ZEN,
1000 pg mL ™" of AFB1 and 1000 pg mL ™' of OTA. As shown in
Fig. 5b and c, only OTA and its mixtures lead to a significant
decrease in Raman intensity and no obvious changes were
observed for the other samples. The results demonstrated that
the proposed method shows high specificity for OTA.

3.5 Real sample analysis

Wine has been identified as the second major source of OTA
ingestion by humans in Europe. To assess the practical appli-
cability of the SERS-based competitive immunoassay, the
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Fig. 5 (a) Molecular structures of ZEN, AFB1, and OTA; (b) SERS spectra
of blank, ZEN, AFB1, OTA, and their mixtures; (c) comparison of the rela-
tive SERS signals at 1613 cm™.
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Table 2 Recovery values corresponding to four wine samples

Spiked SERS method Recovery RSD
Sample (pg mL™") (pg mL™) (%) (%)
1 0 — — —
2 10 9.06 90.60 2.97
3 100 103.29 103.3 2.65
4 500 492.32 98.46 2.47

developed method was applied to detect OTA in wine samples
using the standard addition method. As shown in Table 2, the
recovery rate of spiked wine ranged from 90.60% to 103.3%,
and the relative standard deviation (RSD) was between 2.47%
and 2.97%. The results were statistically close to the spiked
value, which demonstrated that the proposed method could be
successfully applied to detect OTA in wine samples.

4. Conclusions

In the present work, a SERS-based competitive immunoassay
platform using OTA-BSA conjugated SERS nanotags and anti-
OTA functionalized magnetic beads was reported for the
highly sensitive and specific detection of OTA. Here, the target
OTA and OTA-BSA-conjugated SERS nanotags reacted competi-
tively with the anti-OTA antibodies immobilized on the surface
of magnetic beads. The Raman peak of the SERS nanotags at
1613 cm™" was monitored and its variation was used for the
quantitative determination of OTA. A linear relationship was
obtained with a concentration range of 1 pg mL™" to 1000 pg
mL ™" and the LOD was determined to be 0.61 pg mL™" based
on the IUPAC standard method. In addition, the SERS-based
competitive assay was successfully used for detecting OTA in
wine samples with a satisfying recovery of 90.60%-103.3%. It
is believed that this SERS-based competitive assay has great
potential for the highly sensitive and specific quantification of
various mycotoxins and other biotarget molecules.
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