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The development of new sensors for on-site food toxin monitoring that combine extraction, analytes distinction
and detection is important in resource-limited environments. Surface-enhanced Raman scattering (SERS)-based
signal readout features fast response and high sensitivity, making it a powerful method for detecting mycotoxins.
In this work, a SERS-based assay for the detection of multiple mycotoxins is presented that combines extraction
and subsequent detection, achieving an analytically relevant detection limit (~ 1 ng/mL), which is also tested in

corn samples. This sensor consists of a magnetic-core and mycotoxin-absorbing polydopamine-shell, with SERS-
active Au nanoparticles on the outer surface. The assay can concentrate multiple mycotoxins, which are iden-
tified through multiclass partite least squares analysis based on their SERS spectra. We developed a strategy for
the analysis of multiple mycotoxins with minimal sample pretreatment, enabling in situ analytical extraction and
subsequent detection, displaying the potential to rapidly identify lethal mycotoxin contamination on site.

1. Introduction

Human food poisoning caused by mycotoxins from fungal pathogens
is a global concern that has serious economic and environmental nega-
tive impacts on the agricultural sector and food safety (Avery et al.,
2019; D. Huang et al., 2021). The number of deaths caused by myco-
toxins from contaminated foods such as dried fruits, grains, nuts, and
spices is estimated at 1.6 million per year, with more than one billion
people suffering from non-lethal poisoning (Almeida et al., 2019;
Casadevall, 2018; Molloy et al., 2017). Indeed, the Food Agricultural
Organization (FAO) reports high levels of mycotoxin contamination in
food, originally estimated at around 25% of global food crops (D. Huang
et al., 2021), with around 60-80% having mycotoxins above detectable
levels (Eskola et al., 2020), of which corn is one of the most commonly
contaminated foods (Munkvold et al., 2019). To avoid major economic
damage or serious health risks, the detection of mycotoxins should
ideally be carried out quickly and with high sensitivity on-site (Kasoju,
Shahdeo, et al., 2020; Kasoju, Shrikrishna, et al., 2020).

Among mycotoxins, aflatoxin B; (AFB;), ochratoxin A (OTA), and

deoxynivalenol (DON) are commonly found in spoiled foods (Brase
et al., 2009; H. J. Lee et al., 2015) and their maximum acceptable levels
(action levels) in foods are regulated by the World Health Organization
(WHO), European Commission, US and China, for example that of AFB;,
OTA and DON by EC regulations are 2, 200 (in baby foods), 2(in wine)
ng/Kg, respectively, the more details can be seen in Table S4. Up to date,
the gold standard method for the detection of mycotoxins relies on high-
performance liquid chromatography and mass spectroscopy (HPLC-MS)
(Mahoney & Molyneux, 2010), whereas also other detection methods
exist, e.g., immunoassays (enzyme-linked immunosorbent assay, fluo-
rescent immunoassay) (Shengyang Zhou et al., 2020), or antibody (X.
Huang et al., 2016) and aptamer-based nanosensors (Xiong et al., 2022).
Although some of these analytical techniques meet the standards
required for the accurate detection of various mycotoxins, they are not
well suited for rapid on-site detection in low resource settings. For
example, the analysis of potentially spoiled food requires laborious pre-
processing steps if HPLC-based detection methodologies are utilized. In
addition, HPLC is impractical for on-site detection, especially in remote
areas. Therefore, developing a novel strategy to overcome these
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shortcomings is of great interest.

Considerable progress has been made in the area of detection
methods through the integration of nanomaterials (Aragay et al., 2012;
L. Yang et al., 2021). The inherent properties of nanomaterials, such as
their small size, large surface-to-volume ratio and superior physico-
chemical properties, together with their distinct target binding capa-
bilities, have significantly improved the specificity and sensitivity of
detection methods. For example, magnetic nanoparticles have been used
to isolate and concentrate aflatoxins for subsequent analysis by high-
performance liquid chromatography-mass spectrometry (HPLC-MS),
simplifying sample preparation from complex food matrices (McCullum
et al., 2014). In addition, antibodies and aptamers in combination with
nanoparticles have been widely used for the detection and identification
of mycotoxins in food samples. (J. Li et al., 2020; X. Liu et al., 2019; Yin
et al., 2022). Nevertheless, antibody-based detection methods for my-
cotoxins, although effective, are problematic in terms of cost and sta-
bility, especially for on-site detection applications (D. Huang et al.,
2021; Xiong et al., 2022). So, it is significant to develop a detection
method with lower cost, more stable and easier preparation steps.
Nanosensors using SERS as a signal readout are interesting because they
can provide specific “fingerprint” spectra of analytes that can be
analyzed for qualitative and quantitative detection in complex envi-
ronments, and achieve excellent detection limits. Indeed, SERS
fingerprinting-based detection has been widely used in the detection of
chemicals (Kasera et al., 2012; Phan-Quang et al., 2017), biomarkers
(Panikkanvalappil et al., 2019; Y. Zhang et al., 2018), and more complex
targets such as bacteria (S. Zhou et al., 2022), archaea (Y. Wang et al.,
2021), and cells (Lenzi et al., 2022) and in combination with chemo-
metric analyses, e.g. machine learning algorithms, high-throughput
measurements of complex analyte mixtures can be analyzed with high
accuracy (Ding et al., 2023; dos Santos et al., 2023; Ho et al., 2019).
Among these statistical techniques, principal component analysis (PCA),
linear discriminant analysis (LDA), and partial least squares regression
(PLS) are commonly used for dimensionally reduction, which extract
key indicators from complex data for classification and regression
analysis (Kutsanedzie et al., 2020; F. Wang et al., 2023). Multiclass
partial least squares-discriminant analysis (MPLSDA) is a popular clas-
sification method that is based on the PLS approach, where the final
predication results depend on all the submodels. Additionally, DA
analysis is to create a discriminant model by utilizing the samples of
know categories, to identify the unknown samples, to minimize wrong
judgment (Feng et al., 2015; Pomerantsev & Rodionova, 2018).

With respect to mycotoxin detection, the most sensitive detection
capabilities have been realized through the application of SERS tagging
techniques using plasmonic nanoparticles functionalized with anti-
bodies or aptamers (Y. Yang et al., 2022; W. Zhang et al., 2020; Zhao
et al., 2015). These methods take advantage of the high affinity between
the target mycotoxin and the SERS-based nanosensor, resulting in high
sensitivity and specificity for individual mycotoxin analysis. Despite
these advances, the ability of detecting multiple mycotoxins with one
nanosensor is a major challenge. For the detection of multiple myco-
toxins, maintaining a balance between affinity and multiplex detection
in one sensor is important(Wu et al., 2021). Developing an effective
receptor for the detection of multiple mycotoxins, which have a high
affinity and is robust in harsh environment, presents a challenge. In this
sense, polydopamine (PDA), known for its high affinity to mycotoxin
molecules and its superior stability in complex solutions, proves to be a
viable alternative to antibody/aptamer-based mycotoxin recognition
units (Dai et al., 2022; Wan et al., 2017; L. Wang et al., 2019). Given the
complexity of food samples and the need to detect mycotoxins, the
development of robust, easy-to-use SERS-active nanosensors capable of
extraction, identification and detection is important (Andreasen et al.,
2018; Z. Liu et al., 2016; McCullum et al., 2014). However, to the best of
our knowledge, there are no reports of a nanoparticle-based SERS
detection method that allows the extraction of mycotoxins in food
samples and their subsequent differential detection with the required

sensitivity.

In this work, we present a SERS-based nanosensor assay which
provides rapid extraction, discrimination, and detection of mycotoxins
(aflatoxin B,, ochratoxin A, and deoxynivalenol) with a limit of detec-
tion (LOD) of ~1 ng/mL (Scheme 1). We accomplished this through a
nanoparticle preparation strategy in which the mycotoxins present in a
sample are anchored in a polydopamine shell that surrounds magnetic
core nanoparticles. The subsequent deposition of Au nanoparticles on
the polydopamine layer creates the necessary “hot spots” for SERS-based
detection. This method enables the identification of adsorbed myco-
toxins based on their unique spectral fingerprints. Importantly, no spe-
cial pretreatment of the food sample is required for mycotoxin detection
other than a simple filtration step. To analyze the complex and similar
Raman spectra of mycotoxins, a machine learning categorization model
based on multiclass-partial least square discrimination analysis
(MPLSDA) was employed and the method enable the identification of
three mycotoxins in corn samples with accuracies >93%. Overall, our
results show that this multifunctional SERS platform is effective against
mycotoxins and can extract, discriminate, and detect multiple myco-
toxins, reaching the detection limits required by food authorities. This is
significant for multiple and rapid detection. Since the nanosensor also
works in complex food samples, we can foresee it being applicable in
drug testing, food safety, and medical diagnostics.

2. Experiments
2.1. Materials and instruments

Ethylene glycol, ethanol, Iron(III) chloride hexahydrate
(FeCls-6H,0), tris hydrochloride, sodium citrate dihydrate, gold (III)
chloride hydrate, anhydrous sodium acetate, hydroxylamine hydro-
chloride, sodium hydroxide (NaOH), dopamine hydrochloride, meth-
anol, and hydrochloride were purchased from Sinopharm. All reagents
were of analytical reagent grade (>99.0%). The mycotoxins including
aflatoxin B; (AFB;), deoxynivalenol (DON), and ochratoxins A (OTA)
were provided by Sigma Aldrich and used as received. Silicon wafer
(single slide polished) was obtained by Sigma Aldrich. Water (resistivity
of 18.2 MQecm) was purified by a Milli-Q system.

The morphologies of nanoparticles were characterized using scan-
ning electron microscopy (SEM, Hitachi Regulus 8100). The samples
were prepared by drop-casting aqueous solutions of nanoparticles on an
SEM holder (0.5 mg/mL), and the samples were dried at ambient pres-
sure. The normal transmission electron microscopy (TEM) images were
obtained by a JEM-2100 (JEOL, Japan), and samples were prepared by
immersing a graphite-coated copper grid into the nanoparticle solution
(1 mg/mL). The high-angle annular dark-field (HADDF) images and
energy-dispersive X-ray (EDX) maps were obtained by a TF20 (FEI
company, USA). Dynamic light scattering (DLS) and Zeta potential
measurements were carried out with a Zetasizer Nanoseries (Broo-
khaven, Nano ZS90, USA). Thermogravimetric analyses (TGA) were
performed on a Perkin-Elmer Thermogravimetric Analyzer (Q5000).
Samples were heated from room temperature to 800 °C (rate, 20 °C/min,
air as furnace gas). An XploRA Nano Raman spectrometer (HORIBA
France SAS) was used to record the Raman data. The SERS spectra were
obtained using a laser of 638 nm with 10% power, 10 X objective, and a
1200 g/mm grating, where the exposure time was 10 s with 5 accu-
mulations for each measurement. Fourier transform infrared spectra
(FTIR) were measured on a Nicolet iS20 Fourier transform infrared
spectrometer (Thermo Fisher Scientific) equipped with attenuated total
reflectance (ATR), over the range of 500-4000 cm . High-performance
liquid chromatography (HPLC) analyses were performed on an LC-20 CE
system (Shimadzu, Japan) equipped with two pumps, fluorescent de-
tector, and UV-vis detector. All the measurements were repeated by
three times and the average value and deviation were calculated as the
final data.
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Scheme 1. A schematic representation of the operating principle of the SERS-based nanosensor for mycotoxins detection.

2.2. Preparation of magnetic nanoparticles modified by poly-dopamine
(Fes04@PDA)

Fe304 nanoparticles were prepared according to the literature with
slight modifications (J. Liu et al., 2009; Zheng et al., 2015). Briefly, 2.17
g of FeCl3-6H20 (8 mmol), 0.4 g of sodium citrate dihydrate (1.4 mmol)
and 2.4 g of sodium acetate (29 mmol) were dissolved into 40 mL of
ethylene glycol with stirring at 50 °C for 30 min until a homogenous
dispersion formed. Then the mixture was transferred into a teflon-lined
stainless-steel autoclave (100 mL capacity) sealed and heated at 200 °C
for 10 h. Subsequently, the autoclave was allowed to cool to room
temperature and the precipitate was washed with ethanol (3 x 90 mL)
and with water (3 x 90 mL). Finally, the black precipitated (Fe304 NPs)
was lyophilized (yield ~100 mg).

The poly-dopamine-coated magnetic nanoparticles (Fe304@PDA)
were synthesized by adapting a previously reported oxidative self-
polymerization procedure (Zheng et al., 2015). Briefly, 20 mL of Tris-
HCI buffer (10 mM, pH 8.5) was used to disperse 40 mg of the Fe304
nanoparticles via short sonication (30 s, 50 w, 40 kHz). Then 40 mg of
dopamine hydrochloride was added to the particle dispersion and the
dispersion was sonicated. The resulting dispersion was split into 4 equal
parts. Each dispersion was gently stirred in an orbital shaker and reacted
for 6 h at room temperature. The resultant products were washed 4 x
with water (30 mL) and collected by a magnet. The obtained
Fe3O4@PDA (yield ~70 mg) nanocomposites were lyophilized for
further use.

2.3. Preparation of mycotoxins samples

Different concentrations of AFB;, DON, and OTA were prepared by
diluted standard solutions with methanol and water (see Supporting
information). The mycotoxin-spiked corn samples were prepared as
follows: 5 g of dried corn was grounded to a fine powder. Then the
powder was suspended in a methanol-water (v/v, 70/30) mixture, and
sonicated for 10 min. The solids were removed by filtration (8000 rpm,
20 min), and AFB;, DON, and OTA standard samples with various
concentrations were added to the supernatant, respectively. The
mycotoxin-spiked corn samples were used as application-appropriate
samples to mimic the real environment for further detection.

2.4. Extraction of mycotoxins

The mycotoxins stock solutions (AFB; 1 mg/mL in Acetonitrile, OTA
0.1 mg/mL in Methanol, DON 0.01 mg/mL in Acetonitrile) were used.
The work solutions of different mycotoxins with different concentrations
were freshly obtained by appropriated dilution with water/methanol
(50/50, v/v). To a plastic centrifuge tube containing 7 mg of solid
Fe304@PDA, 5 mL of a mycotoxin work solution was added. The
mixture was sonicated for 1 min to disperse the nanoparticles, followed
by shaking on a rotatory shake for 25 mins. The nanoparticles were
settled down by being placed on a magnet and the supernatant was
transferred to another clean tube. For the MPLSDA analysis, each
mycotoxin had 30 samples, which were divided into three groups
averagely. The three groups were corresponding to three concentrations
3, 5, 10 ng/mL. After extraction and separation with a magnet, the
mycotoxin in the supernatant was quantified by HPLC, and the extrac-
tion efficiency was calculated. (Mahoney & Molyneux, 2010). In the
HPLC analysis of mycotoxins, a C18 column (ShimNex CS C18, 5 pm
particle size, 4.6 x 250 mm) was used for detecting the residue of my-
cotoxins in the supernatant. The mobile phase was composed of meth-
anol and water (v/v, 60/40) at a constant flow rate of 0.6 mL/min. The
sample injection volume was 15 pL.

The extraction efficiency was calculated by the following equations:

(Co-C)

E=-——"-x100%
Co X (

where Cp (pg/L) and C (ug/L) are the concentration of mycotoxin in the
solution before and after the addition of magnetic nanoparticles
(Fe304@PDA).

2.5. In situ preparation of au nanoparticles and SERS measurements

After the magnetic nanoparticles absorbed mycotoxins (Fe304@P-
DA@MT), they were collected by a magnet and dispersed in 5 mL of
water. Subsequently, 500 pL of HAuCl4 (5 mM), and 500 pL of hydroxyl
amine hydrochloride (50 mM) were added to the particle dispersion
consecutively, and the reaction mixture was mixed by sonication and
incubated for 10 min at room temperature. The Au nanoparticles, as a
Raman-enhancing substrate, were formed on the surface of Fes04@P-
DA@MT in situ, to form the final magnetic - plasmonic gold - nano-
complex (which is abbreviated as MPNc). The MPNc were separated by a



magnet and transferred to a silicon slide (1 ecm x 1 cm) for subsequent
SERS measurements. For each sample, 6 random spots were chosen for
obtaining the Raman spectra, and the SERS result was got by average of
these 6 spectra. Based on the SERS results, the data from solution sam-
ples diluted from mycotoxins stock solutions was used to calculate the
linearity, while the data from mycotoxin spiked corn samples were used
to obtain the recovery rate.

2.6. Statistical analysis

The smooth, baseline correction of SERS spectra were performed in
LabSpec 6 (Horiba Scientifics, France) software based on polynomial
fitting. The analysis of multiclass partial least square discrimination
analysis (MPLSDA) was obtained by using SIMCA 14.0 software. Three
batches of spectra were set as X, and the corresponding category labels
were set Y. The Y consisted of three column vectors, where each one can
be seen as one class. In each vector, if the samples belonged to this class,
the samples were assigned as one, whereas as zeros. After calibration,
the calibrated model was applied to prediction. In prediction, the pre-
dicted label of one sample could be shown as a row vector. In this row
vector, the location of the element above 0.5 could be applied to iden-
tifying the corresponding class. The more details were put in supporting
information.

3. Results and discussion
3.1. Characterization of Fe304@PDA

Iron oxide nanoparticles (Fe3O4) were chosen as the magnetic core
for our nanosensor as they can magnetically separate from the bulk
solution. This will facilitate the recovery of the nanosensor from food
samples, which are then analyzed using SERS to detect mycotoxins
(Scheme 1). The citrated-capped Fe304 NP were prepared by modifying
a previously reported procedure.(J. Liu et al., 2009) TEM images showed
that the FegO4 nanoparticles have a spherical shape (Fig. 1a, Fig. S2)

with an average diameter of 210.9 + 34.6 nm (Fig. 1b). Dynamic light
scattering analysis revealed that the hydrodynamic diameter of Fe3sO4
was 231.2 + 12.9 nm with a polydispersity index (PDI) of 0.22 + 0.02
(Fig. 1c, red line). Zeta potential measurements of the particles revealed
a negative surface ( 25.2 + 0.5 mV) charge due to the citrate on the
surface of the particles, which is also responsible for the good stability of
the particle dispersion (Fig. S3).

Next, a suitable method for forming a PDA shell around the Fe3O4
nanoparticles by oxidative polymerization of dopamine in basic media
(Tris buffer, pH = 8.5) was aimed for. The deposition and polymeriza-
tion of dopamine around the Fe3O4 core particles is driven by the
electrostatic interaction between the negatively charged citrate groups
of the nanoparticles and the positively charged -NH3 groups of dopa-
mine, and this is also enhanced by the hydrogen bonding between the
citrate groups of the magnetic nanoparticles and the catechol group of
dopamine (Choi et al., 2019; Sun et al., 2018). We were pleased to see
that, as shown in Fig. 2a, a PDA shell was successfully formed around the
core of Fe304 nanoparticles (see Supporting Information), resulting in a
well-defined spherical core-shell structure (Fig. 2a) of PDA-
functionalized particles (Fe3O4@PDA) with a PDA shell thickness of
31.9 £+ 3.2 nm. The hydrodynamic diameters of the particles increased
compared to the Fe3O4-nanoparticles to 640.5 + 15.3 nm due to parti-
cles aggregation (Fig. lc, blue line). Additionally, the zeta potential
increased to 8.3 & 0.7 mV owing to the catechol groups from the PDA
shell (Fig. 1d).

3.2. Adsorption of mycotoxin

TGA was used to quantitatively estimate the amount of organic
content in Fe304@PDA and Fe304. Fig. 2b shows that a 10.6 wt% weight
loss was observed for the Fe304 nanoparticles, which can be attributed
to the presence of the citrate groups on their surface. After PDA func-
tionalization a 36.9 wt% loss in weight was observed, mainly due to the
presence of the PDA shell. The presence of the PDA in Fe30,@PDA
nanoparticles was further confirmed via attenuated total reflectance
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Fig. 1. (a) The TEM images of Fe30,4 nanoparticles. (b) The size distribution of Fe304 nanoparticles, with an average size of 210.9 + 34.6 nm. (c, d) The DLS size and
zeta potential of Fe304 nanoparticles (red line) and the nanoparticles covered by the polydopamine shell (Fe;04@PDA, blue line). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) The TEM images of Fe30,4@PDA nanoparticles. (b) TGA curves of Fe304, and Fe304@PDA. (c) The ATR-FTIR spectra Fe;0,4 nanoparticles, Fe304@PDA

nanoparticles, and Fe30,@PDA@AFB; nanoparticles.

Fourier transform infrared spectroscopy (ATR-FTIR) shown in Fig. 2c.
While the citrate-capped FesO4 showed the characteristic -COO- trans-
mission bands (1390 and 1587 c¢cm 1) in the FTIR-ATR spectrum, the
Fe3sO4@PDA nanoparticles additionally possessed the transmission
bands at 1575 em ! (C=C), 1506 cm ' (C=N) and 1344 cm ! (C-N-Q),
which are characteristic bonds of PDA (Yu et al., 2018).

After preparing the Fes04@PDA, we investigated the interaction of
the nanoparticles with mycotoxins. PDA coating consists of planar
oligomers that is stacked together based on n-n interactions, producing
graphite-like layered aggregates (Ye et al., 2011). The PDA exhibit
highly delocalized n-n conjugated system, active groups, hydrophilicity,
and large specific surface area. PDA materials have been used widely for
developing numerous sorption-based extraction methods and applied to
enrich mycotoxins in food samples for further analysis (Che et al., 2017).
Chemical adsorption is common adsorption method based on interactive
chemical reactions, others like boronate affinity material and cis-diols
containing molecules (Q. Li et al., 2023). PDA comprises dopamine
units, indoledione, and dihydroxyindole, which contains abundant ar-
omatic rings, phenolic hydroxyl, and amino groups, which can provide
hydrogen bonding, electrostatic and n-n stacking interactions with
mycotoxin molecules, as an effective adsorbent (Dai et al., 2022;
Liebscher et al., 2013; McCullum et al., 2014). To this end we mixed a
dispersion of Fe304@PDA (1.4 mg/mL) with AFB;(10 ng/mL) for 25 min
and collected the particles subsequently with the use of a magnet. The
adsorption of the aflatoxin onto Fe3O4@PDA was investigated via ATR-
FTIR analysis. The new transmission bands occurring at 1015 cm 1 (Ve.
o-c, symmetric, phenyl), 1210 cm 1 (-CH, deformation modes), and
1623 cm ! (stretching of benzene ring) can be assigned to AFB; (Fig. 2¢)
(K. M. Lee et al., 2015).

The extraction efficiencies were investigated via HPLC measure-
ments of the supernatants. We investigated the influence of the amount
of Fe304@PDA used to adsorb the mycotoxin. In a set of tests, 1, 3, 5, 7,
and 10 mg of Fe304@PDA were added to different 5 mL portions of a

solution containing 10 ng/mL AFB; (This value was chosen based on the
maximum level of FDA (20 ng/g) and lower than it, to investigate
whether this sensor was much sensitive and fit the regulations (see
Supporting information for further details and Fig. S4a, 4c, 4e). We
observed that the extraction efficiency for AFB; increased from 40.1 +
3.0% to 83.2 + 3.9% with increasing the amount of Fe304@PDA, and
the efficiency reached a plateau when >5 mg of Fes04@PDA was used.
The similar results were also obtained in the extraction of OTA, and
DON, the maximum efficiency are 86.3 + 1.1% and 81.5 + 1.5% for
OTA and DON, respectively. To keep the operational consistency, 7 mg
of Fe304@PDA was used to extract mycotoxins in 5 mL solutions. The
influence of extraction times (5, 10, 15, 20, and 25 min) was also
evaluated. The maximum extraction efficiency of AFB; got 81.9 + 1.5%,
after 25 min (Fig. S4b), while it also got the maximum for OTA (86.9 +
1.6%) and DON (81.5 + 2.1%) during this time (Fig. S4d, 4f). Fig. S5
shows the original results of the HPLC test of each mycotoxin under the
optimum conditions, the peak area drastically decreased after the
adsorption of Fe3O4@PDA (Table S2). In these three mycotoxins, we
found the DON has lower dosage of nanoparticles and shorter adsorption
time to get the maximum, this might be because of lower molecule
weight of DON (296.3) compared with AFB; and OTA. The optimized
conditions for the extraction of mycotoxins are obtained by using 1.4
mg/mL of Fes04@PDA (this was equal to 7 mg of nanoparticles, if the
volume is 5 mL) and 25 min of incubation time, these parameters were
used for the following SERS-based sensing. Under this condition, we also
tested the selectivity of Fe304@PDA toward the other three mycotoxins
that we have, Patulin (PAT), Citrinin (CIT), and Alternariol (AOH) by
HPLC analysis. The spectrum kept the same before and after the
adsorption of Fe304@PDA (Fig. S6). The results show the Fe304@PDA
has negligible adsorption to these three mycotoxins (Table S3).



3.3. Formation of SERS substrate

Once the optimal parameters for mycotoxin adsorption were deter-
mined, the next step was to functionalize the surface of Fe304,@PDA
(after mycotoxin extraction) with SERS-active Au nanoparticles to
obtain the final SERS-active nanoparticles. We used hydroxylamine
hydrochloride as a reducing agent for achieving a mild, efficient for-
mation of Au nanoparticles (Kumar et al., 2014). At first, the reduction
process of Au(Ill) ions involves the oxidation of catechol to quinone of
the PDA shell, forming Au(0), which is deposited on the surface of the
PDA shell and forms the first Au nuclei. In a subsequent step, additional
hydroxylamine was added to reduce the remaining AuCly ions, which
promotes the growth of Au nanoparticles and prevents further reaction
with catechol. The resulting nano complex (FesO4@PDA@Au with
mycotoxin, namely MPNc) has exhibited characteristic red-color, and
the UV-Vis spectra showed an absorption maximum at 648 nm (Fig. 3b,
inset for details). Scanning electron microscopy (SEM) images confirmed
the dense distribution of Au nanoparticles on the PDA-coated Fe3O4
surface (Fig. 3c), while transmission electron microscopy (TEM) images
showed Au nanoparticles on the outermost layer of Fe304@PDA parti-
cles (Fig. S7a). Energy dispersive X-ray (EDX) analysis showed the ex-
istence of C, Fe, and Au elements, which are corresponding to the
polydopamine and mycotoxin, FegO4 and Au. High-angle annular dark-
field (HAADF) imaging and corresponding elemental mapping showed
the uniform distribution of Au nanoparticles on the surface (Fig. S7b-f).

SERS measurements revealed a significant enhancement in the
Raman signal of Fe304@PDA@Au compared to the Fe3O4 nanoparticles
with only a PDA coating, suggesting the enhanced performance of the
assay as a SERS sensor (Fig. S8). Finite-Difference Time-Domain (FDTD)
simulations indicated strong local electromagnetic fields around the Au
nanoparticles, attributed to their discrete and proximal arrangement on
the surface (Fig. S7h, 7i) The SERS spectra of PDA resembled those
found in prior studies, with two distinctive bands at 1395 cm ! and
1572 cm ! corresponding to the deformation and stretching of aromatic
rings, respectively(Cortés et al., 2019; Ma et al., 2015).

3.4. Identification of mycotoxins by MPLSDA analysis

First, we further tested the selectivity of Fe304@PDA to other pes-
ticides under the optimal conditions for mycotoxins. These pesticides are
very common in agricultural products, including Isocarbophos, Imida-
cloprid, Iprodione, Chlorpyrifos and Thiabendazole. Each chemical had
two testing concentrations, which were varied dependent on the official
standards; from the HPLC analysis, Fe304@PDA had much lower
extraction efficiency toward these pesticides (< 10%) (Table S5). The
extraction efficiency toward Thiabendazole (4 ng/mL) was 9.1 + 1.5%,
and this for Chlorpyrifos (1 ng/mL) was 0.3 = 0.1%, while the extrac-
tion efficiency to others were between these two values. These results
showed the Fe304@PDA had good selectivity toward mycotoxins, and
we concluded that the Fe304@PDA could adsorb mycotoxins efficiently.

Then, we collected the SERS spectra of MPNc (Fe304@PDA@Au with
mycotoxin), every mycotoxin had 30 replications (30 samples). The
SERS spectrum include the information from polydopamine and myco-
toxin, eg, for AFB; it had the molecule information of polydopamine and
AFB;. But, as the high degree of similarity among the SERS spectra of
mycotoxins and each MPNc, it was difficult to distinguish each other by
visual inspection (Fig. S9). So, a chemometric method was processed to
identify different mycotoxins automatically and accurately by using
MPLSDA (the more details were described in the supporting informa-
tion). 90 Raman spectra of mycotoxins respectively, obtained by this
nano sensor, including 30 AFB;, 30 DON and 30 OTA samples were
divided as calibration and prediction sets randomly. In each random
division, 15 AFBj, 15 DON and 15 OTA samples were used to calibrate
the model, while the residual samples were to predict. Fig. S1 shows the
2-fold cross validation of mycotoxin, the prediction results of each
mycotoxin are all nearly 1 (Table S1). This shows the high prediction
accuracy. Moreover, in order to further analyze the results of cross
validation, the calibration and prediction set were randomly generated.
After generation, the prediction accuracy can be predicted by cross
validation. After repeated running 100 times, the average prediction
accuracy of three batches of samples were all above 93%, which are
shown in Fig. 4. This indicated that the MPLSDA analysis was able to
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find a factor correlated with the differences. Based on this dataset,
MPLSDA can point out the following input spectra belonging to which
mycotoxin. These results demonstrated the feasibility of classifying
mycotoxins.

After the identification of mycotoxins from each other, combining
the differences between the SERS spectra of Fe304@PDA@Au with/
without mycotoxin in the presence of higher concentration of mycotoxin
(Fig. S9c¢) and the Raman spectra of mycotoxins (Fig. S9b), the charac-
teristic peaks at 1345 cm !, 1364 cm ! could be assigned to CHs
bending of AFB; and DON respectively (J. Li et al., 2019), while the
characteristic band at 1002 cm ! belonged to the ring breathing model
of OTA, based on the previous researches and Fig. S7b (Rostami et al.,
2020). Further, we also tested the reproducibility of the SERS spectra
obtained by Fe3O4@PDA@Au with/without mycotoxins, each of them
was tested by five repeated samples, the results show a good

reproducibility in different repetitions (Fig. S10).

3.5. Mycotoxins detection

We investigated the quantitative detection of mycotoxins using a
SERS-based sensor with Fe3s04@PDA nanoparticles. Under optimized
conditions, 7 mg of these nanoparticles were added to 5 mL of AFB;
solutions at concentrations ranging from 1 to 10 ng/ml, stirred for 25
min and then magnetically collected. After redispersion and in situ
preparation of Au nanoparticles, the resulting MPNc was analyzed using
a Raman spectrometer to record the SERS spectra which included AFB;.
The intensity of the Raman peaks increased with AFB; concentration,
with a clear difference occurring at 10 ng/mlL. The characteristic AFB;
band at 1345 cm 1 correlated linearly with the mycotoxin concentra-
tion and reached a detection limit of 0.84 ng/mL. (Fig. 5a-b). Consid-
ering the affinity of PDA to OTA and DON, we extended the detection to
these mycotoxins under similar conditions. The characteristic peaks for
DON and OTA were identified and showed good linear relationships
with their concentrations (Fig. 5c-f).

There was an interesting phenomenon here. Due to the peak overlap
between mycotoxins and PDA, increasing mycotoxin concentrations
resulted in stronger adsorption by Fe3O4@PDA, which also enhanced
the SERS signal of PDA. Additionally, there were some fluctuations in
the SERS spectra, mostly because of the polymer conformational
changes after mycotoxins interaction. These phenomena were also
observed in previous reports, which used polymers as affinity agents for
mycotoxins analysis (V. M. Szlag et al., 2018; Victoria M. Szlag et al.,
2019).

The limit of detection (LOD) was calculated, the details of the
calculation and the equation are described in the supporting informa-
tion. According to the definition of the signal-to-noise method addressed
by the International Union of Pure and Applied Chemistry (IUPAC)
(“IUPAC compendium of chemical terminology the gold book,” 2006),
the LOD of the nanosensor for AFB1, DON, and OTA were 0.84, 0.72, and
0.63 ng/mL, respectively. Compared with the maximum residue limits
of AFB;, DON, and OTA in the published regulations of China, the US,
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AFB; (5 ng/mL, 3 ng/mL) based on this nanosensor under optimal conditions
for detection, compared with SERS spectra of Fe3O04@PDA nanoparticles
as control.

and the European Union, the LOD values in this method are much less
than these maximum residue limits (Table S4), reflecting the excellent
performance of our nano-system in mycotoxin detection. We also
compared the sensitivity with previous researches based on SERS
fingerprinting detection (Table S6) and labeled SERS detection (Table
S7), our method exhibited good sensitivity.

For further evaluation of the capability for real sample detection
with multiple targets, spiked samples were used. We selected corn as a
sample model spiked with different concentrations of AFB; (3 ng/mL, 5
ng/mL), and the spectra were obtained in Fig. 6. This was done by a
blind test, the SERS spectra were identified by the MPLSDA analysis, the
predication was same with the fact. Then we assigned the characteristic
peak (1345 cm 1) and calculated the amount of AFB; based on the
standard curve. The recovery values obtained from the analysis were
92.4 + 2.1%, and 93.6 + 1.7%, respectively (Table S8). In the same
way, the practical utility of our sensor for detecting OTA and DON was
also evaluated, and the spectra were displayed in Fig. S11. The results
listed in Table S8 show good recovery rate between 93.6 and 101.10%,
with the relative deviation range of 2.1-4.8%, demonstrating the prac-
ticality and reliability of this sensor. In comparison to other methods,
our nanosensor showed excellent sensing performance, suggesting the
feasibility and potential applicability for the discrimination of multiple
mycotoxins in real environmental samples.

4. Conclusions

This research provided a new SERS-based sensor for mycotoxins
(AFB;, OTA, DON) detection. Compared to previous sensors, our design
described an overall more straightforward and efficient strategy that
combined mycotoxin extraction, discrimination, and detection, which
covered the whole process of mycotoxins analysis in corn samples. This
was accomplished by a new design principle for the nanosensor opera-
tion: the nanosensor is formed directly and stepwise in the sample so-
lutions to be analyzed without the need for lengthy and complicated
sample pretreatments, with the LOD of ~1 ng/mL, satisfying the re-
quirements of food authorities. Considering the significant and global
problem of mycotoxin-related food poisoning, which requires rapid and
often on-site detection of food samples, the nanosensor presented here
offers the possibility of multiple robust and effective screening of food
samples. Combing the adsorption of mycotoxin and formation of SERS
substrate in situ, the entire procedure only needs 35 min, and the whole
analysis will be finished in one hour. Although this research explored a
new strategy for quantitatively detecting mycotoxins with a label-free
SERS method assisted by MPLSDA, it is necessary to acknowledge that

this study still have improvements. The ability of detecting mycotoxins
simultaneously isstill under investigated by developinga more powerful
machine learning algorithm. The influence of mycotoxins on the for-
mation of Au substrate and SERS stability are also need to be
investigated.
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